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ABSTRACT

Kahsar, Karl Rudolph (Ph.D, Chemical and Biological Engineering)
Modification of Supported Metal Catalysts with Thiol Self-Assembled Monolayers

Thesis directed by Professor J. Will Medlin & Professor Daniel K. Schwartz

The study of catalysis is of fundamental importance to the petrochemical industry where
the fast, precise production of desired products is prized for its ability to conserve energy and
save money. Here we created selective catalysts by modifying Pt/Al,O3 and Pd/Al,O3 with thiol
self-assembled monolayers (SAMs), modifiers with the capacity to influence the near surface

environment of the catalyst.

SAM coatings were first explored for liquid phase hydrogenation of epoxybutene (EPB)
in an extension to the liquid phase of previous work performed in the gas phase. These studies
indicated that while general improvements in selectivity for this reaction still occurred in the
liquid phase, there were other important parameters that affected the selectivity and activity of
the reaction. For example, an octadecanethiol coating did not improve the selectivity of the
reaction whereas a thioglycerol coating improved the selectivity from 40% to 75% when
solvated in heptane. Ethanol solvated reactions were shown to have consistently lower
selectivities than reactions solvated in heptane, possibly due to increased desorption of the

monolayer.

The use of alkanethiols as catalyst modifiers for liquid phase reactions was next extended
to larger reactants, fatty acids, which inherently require liquid phase study due to their high

boiling points. The partial hydrogenation of unsaturated fatty acids is difficult to control, but an



alkanethiol coated catalyst increased selectivity of the sequential reaction pathway to
monounsaturated fatty acids, a desirable result for the production of biodiesel. This effect was
attributed to the ability of alkanethiol tails non-specifically restricting access to the surface for

monounsaturated fatty acids.

Finally, the use of functional SAMs was explored for the liquid phase hydrogenation of
a,B-unsaturated aldehydes over Pt/Al,O3 catalysts. Here, the tail ligands of the thiol modifiers
were specifically chosen to selectively orient the reactant cinnamaldehyde with the catalyst
surface in a manner that serves as a functional handle for controlling selectivity. The work was
extended to modification of Pd/Al,O3 catalysts, which showed an increase in selectivity after
thiol modification, but without ligand-specific control seen for modification of Pt catalysts.
Repeated recycling of these catalysts showed a decrease in efficacy, which was subsequently

stabilized by adding a coating regeneration step between recycles.
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CHAPTER 1

Introduction

“I am the wisest man alive, for [ know one thing, and that is that I know nothing.” -Socrates

As the world moves well into the 21% century, the demand for energy and resources is
projected to grow at an increasing rate as developing countries require more refined goods, and
developed countries look increasingly for ways to make refined goods more efficiently’. The
petrochemical industry is fundamental to meeting these demands through selective conversion of
crude hydrocarbon and biomass inputs to desirable outputs. Underlying this entire industry is the
field of catalysis, concerned fundamentally with the study of catalytic materials, typically metals,

which can convert raw inputs quickly and precisely to useful products®®.

A primary concern in the production of fine chemicals is the ability to direct reactions as
efficiently as possible to the desired product of a reaction pathway®. Catalytic efficiency
requires a combination of desirable traits, particularly a high rate of reaction accompanied by
high selectivity to the desired product. Unfortunately for the petrochemical industry, controlling
the selectivity of a multifunctional reaction pathway is difficult because natural energetics and
thermodynamics lead to side reactions and undesirable products. Selectivity control is therefore

among the most important parameters when considering useful modern catalysts”***2. Methods

13,14

for improving selectivity include choosing different reaction pressures =", temperatures,

16,17 18-20

metals™, bimetallics'®"’, catalyst promoters'®?°, changing the catalyst support® and recently,

modification of the catalyst surface with thiol self-assembled monolayers (SAMs) as will be

discussed in this thesis®?*%',



1.1 Fundamentals of Catalysis

One of the earliest recorded instances of a catalyzed reaction was made by Humphry
Davy in 1817. While working with fine platinum wires, Davy recorded a “new and curious
series of phenomena” where coal gas (methane) and a supply of oxygen would cause the
platinum wire to glow red-hot. Unbeknownst to Davy, this was a simple case of heterogeneous
catalytic oxidation, and the two metals that he identified as capable of exhibiting this
phenomenon, platinum and palladium, would turn out to be two of the most valuable catalytic
materials today. The culmination Davy’s work and other early observations was the defining of
the “catalytic force” by Swedish chemist J.J. Berzelius of the Stockholm Academy of Sciences in
the 1836 annual chemistry review?. As research and interest increased, the term catalysis came
to be ubiquitous in modern English, used not only to describe chemical phenomena, but also to

describe instigators, people or things that facilitate action, sparks that change the status quo.

This rise of the colloquial use of the word “catalyst” is strongly correlated with its use in
industry. As the industrial revolution progressed into the early 20™ century, the use of oil and
petrochemical derivatives took flight as demand for fuels, industrial chemicals, and household
items became increasingly important®®. Inventors and investors took notice of the tremendous
potential of catalysts®®, and in 1913 the first large scale reactor began production of ammonia
over iron catalysts via the Haber process, a process still responsible for much of the world’s

313 platinum and palladium, the exceptional metals studied by Davy and

supply of fertilizer
discussed here in this thesis, became famous in the 1970s for their use in the modern catalytic
converter which since its inception has dramatically reduced automobile pollution®. Today, 80-

90% of all industrial chemicals interact with a catalyst at some point during processing, in an

industry worth trillions of dollars worldwide”.



Clearly catalysts are an important technology for providing the inputs to our everyday
lives, and are of similarly great importance to a chemical engineer. Chemical kinetics and the
study of catalysis are basic curricula in the chemical engineering education. Important concepts
include the study of rate order, catalyst design, synthesis, and deactivation, each vital to the
toolbox of a chemical engineer®. In this introduction Chapter, | will describe some of the most

relevant concepts for understanding the subsequent Chapters of this thesis.

1.1.1 Concepts of reactions: In the late 1700s, the French scientist Antoine Lavoisier
completed a series of fundamental experiments that would lay the framework for modern
reaction chemistry. With a fine balance, Lavoisier determined that when a metal was oxidized
inside a sealed container, the mass of the container did not change®. In addition, he noted that
reactions always take place in fixed proportions based on the amount of starting material®’.
These two observations laid the foundations for the laws of the conservation of mass and the
rules of reaction stoichiometry, pillars of reaction chemistry. We now know that atoms must
always be conserved and that they will only react in discrete amounts. With this simple
understanding of chemical reactions, we can describe a reaction system by its conversion as a

function of initial and final concentrations, an important metric for describing the extent of

reaction.

, [initial] — [final]
Conversion = — x 100%
[initial]

As the field of reaction chemistry developed, so did different classes of reactions. Some
reactions took place in the gas phase, some on a solid surface, and some were a combination of
phases. Reactions that took place between two distinct phases are termed heterogeneous

reactions and reactions that take place in the same phase are termed homogenous reactions>",

3



These terms are also applied to modern catalysts, that is, catalysts that exist in the same phase as
the reactant are homogenous catalysts, and reactants that exist in a different phase are

heterogeneous catalysts®%%,

Many fine chemical reactions take place over homogenous
catalysts®, whereas the majority of all industrial catalysis is heterogeneous, typically between a
solid metal surface and a liquid or gas phase reactant. The reactions discussed in this thesis are

all heterogeneous—Iliquid phase reactants and solid metal catalysts.

1.1.2 Reaction rates: Inherent to reaction chemistry is the study of rates. Friedrich
Wilhelm Ostwald was a German chemist who spent considerable time studying sugar inversions
in the presence of acid catalysts. He coupled his studies with all the present literature of reaction
rates in a large meta-analysis and eventually came up with the modern rate equation®®. Here, n is
the order of the reaction, k is the fitting constant and Cp, is the concentration of reactant A in the

system.
Ty = —ky (CA)n

From this equation, reactions with n=1 are called ‘first-order’ reactions, those with n=2
are called second-order and so on. Simplifying this equation, first order reactions can therefore

be represented as follows.

_dCy

Ty = E = _knCA

This equation indicates that a first order reaction can be expected to show an exponential
decay in the concentration of reactant similar to the data plotted in Figure 1-1. Because the rate
of reaction is defined as the change in concentration over time, the initial slope of this plot

should be proportional to the initial rate of reaction, that is, the maximum rate of reaction in the



absence of mass transfer limitations. This simple analysis is typically very accurate provided
there are enough data points at short times in the data set. It is for this reason that throughout
this thesis, data points are taken at exponentially increasing time intervals, so as to capture as

much data from early on in the reaction as possible.

(a) 1.0 Reactant (B) 0.0 - 4+— intercept
— Product - In(Cy)
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Figure 1-1: Extraction of reaction rate from first-order kinetic data for the simple reaction
A->B (a) kinetic plot where the rate of reaction can be estimated from the slope of the
concentration (b) linearized form of the same data where the slope can be used to

determine the reaction constant k and therefore the rate of the reaction

Data that exhibit first order kinetics can be linearized, as shown in Figure 1-1 (b) by
taking the natural log of the concentration data set and plotting these data against time®**¢. This
linear version of the data has an intercept equal to the natural log of the initial concentration and
a slope equal to the negative of the rate constant. The linear analysis of the rate provides a more
robust measurement by taking into account the entire data set and can therefore be a powerful

method for extracting rate information.



The study of reaction rates is at the heart of the catalysis industry and catalysis research
where, historically, scientists sought to make unfavorable reactions proceed more quickly and
with less of a thermal barrier®. As the field has progressed, researchers now spend more time
developing lower cost catalysts, more environmentally benign catalyst materials, or studying
how the selectivity of reactions can be enhanced?“%*!, Still, at the heart of these new pursuits is
the notion of rate, and how to improve other catalyst properties while preserving a high rate of

reaction*?,

1.1.3 Reaction selectivity: The selectivity of chemical reactions is important in many
families of reaction systems and particularly pertinent to the content of this thesis®****. As
chemical processing industries have become more advanced, demand has increased for catalysts
that can produce a pure product stream without adding separation steps. For highly specialized
industries like pharmaceutical processes the demand for very pure products is obvious, but for

large petrochemical processes, high selectivity is also desirable’=0444¢.

In both cases, some
purification is likely to follow any reaction steps to ensure a product stream of the proper
composition®’.  For most chemical processes the construction and operation of separations
processes accounts for 40-70% of all costs; as such, economics is a major factor for reducing this

percentage*’*°. A catalyst which can produce the desired product at high selectivity and reduces

these costs is highly valued™.

The selectivity of a reaction can be defined a few different ways depending on the text, so

it is important to note which version of selectivity is being referenced®***,

Throughout this
thesis, 1 will refer to selectivity S; as the total amount of desired product species i, divided by the

total amount of all products, including species i.



total amount of species i
S; = . x 100%
total amount of products of interest

This definition of selectivity easily allows for the analysis of the efficacy of the reaction
in terms of a percentage where 100% selectivity means a reaction that proceeds entirely to the
desired product. A similarly important term which will be referenced throughout this thesis is
the yield Y; which refers to the total amount of species i formed in relation to the amount of

reactant fed to the reactor™*.

total amount of product i formed
i =

x 100%

initial amount of reactant fed

Chapter 3 will highlight the usefulness of yield when examining the selective
hydrogenation of polyunsaturated fatty acids. A reaction system can have a high selectivity but
if that selectivity is present only at low conversion, then the yield of useful product will not be
very high®. In contrast, a reaction with high yield will produce a larger amount of product
relative to the amount of reactant fed, thus indicating a reaction where high selectivity is
maintained to high conversion. High yield is a desirable catalytic condition similar to high
selectivity in that it results in a greater production of desired product. A higher selectivity means
less purification steps and a higher yield means that the process can be run at a higher

conversion, thus minimizing recycling of the reactant*’>".

1.1.4 Transition state theory: The fundamental concepts of activity and selectivity
presented in 1.1.3 and 1.1.4 are important macroscopic deliverables of the catalyst system, but
the fundamental drivers of these processes are the microscopic changes that occur on the catalyst

surface as a chemical reaction takes place®'®.



During any chemical reaction, atoms of reactant molecules are arranged via a transition
state into product molecules®. Statistical mechanics tells us that this process naturally occurs in
both the forward and reverse directions, without a catalyst, and even after equilibrium is reached
in a state of dynamic equilibrium; however, the probability of the reaction occurring can be very
small without a catalyst. Therefore, the use of a catalyst can be essential for enabling a reaction
to reach an acceptable conversion in a reasonable time frame. For example, reduction with
hydrogen requires the breaking of an H-H bond, a process which in the gas phase would require
a high energy collision to overcome the high potential energy barrier of pulling two hydrogen
atoms apart. Catalysts that can stabilize hydrogen and disassociate it into hydrogen adatoms are

therefore vital for achieving hydrogenation reactions with reasonable rates.

The way a catalyst works is by changing a series of high energy steps between reactant
and product to a new set of steps with lower barriers. Considering the hydrogenation example,
exchanging the high energy barrier of splitting hydrogen in the gas phase with a stabilization and
splitting step on the surface of a catalyst. A model reaction coordinate is shown in Figure 1-2 for
the conversion of reactant A - product B where the transition state is the peak of the potential

energy curve.

T Without
catalyst

With
catalyst

N

Potential energy

I T

Reaction coordinate



Figure 1-2: Reaction coordinate of a simple reaction A = B. The potential energy barrier
for this reaction X+Y is reduced to only Y with the use of a catalyst. The AHx, is Z for

both cases.

For an uncatalyzed reaction to proceed, it must overcome the potential barrier of X + Y in
order to reach the transition state and fall to the potential energy well of product B3*¢°2 As
shown in Figure 1-2, the use of a catalyst does not affect the energy of the products (B) or
reactants (A), but merely reduces the potential energy barrier that must be overcome by creating
a transition state which is stable at lower energy®’. Out of this falls one of the fundamental

definitions of a catalyst: a material which stabilizes the transition state of a reaction®.

The predominant reactions studied throughout this thesis are the reduction of olefins and
aldehydes, discussed in detail in section 1.3, each of which are composed of a double bond, rich

in electrons. These groups can bind to a metal catalyst surface, such as the case shown in Figure

1-3 for epoxybutene, a molecule discussed in Chapter 22°°4%,
0
\/) "2 Ha j>
=
H, \ o (@] /
—_—
H H H H H
|| | H [ |

Palladium Metal

Figure 1-3: Hydrogenation of epoxybutene over a palladium catalyst. Palladium
stabilizes the olefin as well as hydrogen adatoms that can add sequentially to the olefinic

carbons to the yield epoxybutane product
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The hydrogenation of epoxybutene proceeds rapidly on the surface of a palladium
catalyst, but without a catalyst to stabilize the olefin and the hydrogen adatoms and allow them
to interact, it is highly unlikely that hydrogenation would occur. Pt and Pd, the two metals
studied throughout the content of this thesis, are particularly effective at stabilizing hydrogen
(H,) on their surface by disassociating it into elemental hydrogen adatoms®. Although
functionalized reactants such as epoxybutene can interact with many types of metal catalysts,
hydrogen is not very reactive on many materials, making Pt and Pd catalysts highly

valuable!?°%%'

With hydrogen adatoms on the surface of the catalyst, hydrocarbon reactants can more
easily interact and reach a transition state associated with hydrogenation—in the case of Figure
1-3, the point at which a hydrogen atom is added to each olefinic carbon. It is important to note
that the transition state is not a reaction intermediate, as are shown in Figure 1-3, but rather a
high-energy amalgam of the initial and final state. As such, there are transition states associated

with each of the steps shown in Figure 1-3*,

The addition of a thiol coating to the catalyst surface, the novel modification made in this
thesis, further changes the potential energy diagram of the reaction. For example, the sulfur head
group of a thiol modifier is strongly electronegative and can change the electronic properties of a
metal catalyst surface, which in turn affects how strongly the reactants and products can bind to

the catalyst surface®*®.

This ability to further adjust the potential energy diagram via the
presence of sulfur is one of the most important properties of thiol SAM catalyst modifiers and is

associated with much of the selectivity improvement presented in his thesis?>#**®_ Still, SAMs
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provide other mechanisms of selectivity improvement, such as orientation effects described in
Chapters 4, 5, and 6 which also affect the potential energy diagram by stabilizing certain
conformations of reactants, adsorbed intermediates, and even products through non-covalent

interactions.

1.1.5 Metals as catalysts: The background provided in this introduction has focused on
explaining the usefulness of catalysts, how their efficacy is measured, and general concepts of
how they work. Particular focus has been given to platinum and palladium, the metals studied
extensively throughout this thesis; however, platinum and palladium are two of the most
expensive and rare of all the metals in the periodic table®. What is it that makes these two

metals so useful as catalysts, and for that matter, why do we use metals in the first place?

Typical metals studied in catalysis are those in the d-block of the periodic table that have
incomplete filling of their d-orbital. These metals have an electronic band structure which is
narrowly concentrated near the Fermi level. In contrast, s-orbital and p-orbital electrons have a
band structure which spreads much wider above and below the Fermi level. The result is that d-
band metals can easily “loan” and “receive” electrons from contacting molecules, stabilizing
them, and allowing them to react®. This is especially true for a reactant rich in electrons such as
an olefin or an aldehyde. As discussed in Chapter 1.1.4, the ability to stabilize reactive

intermediates and reduce the transition state of a reaction is vital to the efficacy of a catalyst.

Each of the metals in the d-block of the periodic table have differing structure of their d-
band due to a combination of atom-specific electronic properties including, most fundamentally,

36,59

different numbers of electrons in their d-orbitals It is easy to think that the filling of

electrons is representative of how well reactants can bind to the surface, but this is not a
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complete picture. Thermodynamically, Ni has similar filling of its d-orbitals and similar binding
energies for potential reactant groups, but because of its smaller atomic size has different
catalytic properties. A widely held hypothesis is that Pt and Pd have the right d-band symmetry
around the Fermi Level to allow for the formation of the most important reaction intermediates

such as those for C-H bond scission and formation®.

When all of these subtle parameters are considered simultaneously, the important
outcome is the ability of a metal catalyst to bind reactive intermediates to its surface. Out of this
falls a fundamental theory of catalysis, the Sabatier Principle, which states that in order for a
catalytic process to proceed effectively, it must bind a reactant strongly enough to stabilize it for
reaction, yet weakly enough so that when the reaction is completed, the molecule can detach

36,59

from the surface This concept is shown in Figure 1-4, adapted from Heterogeneous

Catalysis and Solid Catalysts™.
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Figure 1-4: The Sabatier Principle shown for aldehyde hydrogenation over a variety of

metal catalysts. The metals on the left of the chart bind the reactants too weakly to
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achieve reactivity, and the metals on the right bind the product too strongly such that it

cannot desorb and therefore clogs the surface®®

Typically, metal catalyzed reactions proceed through a series of steps discussed in section
1.1.4 where the reactants adsorb on the surface of the metal, undergo surface reactions, and
finally desorb from the surface as products. Shown in Figure 1-4, metals on the left of the plot
such as gold and silver tend to bind reactants too weakly to achieve reaction, whereas metals on
the right of the plot such as tungsten or iron bind reactants too strongly such that products cannot
desorb from the surface. Not surprisingly, platinum group metals are in the center of this plot
indicating that they bind reactants just strongly enough to react but weakly enough so that

12
b2,

products can desor Although Pt and Pd are expensive and rare metals, they are highly

effective as catalysts and therefore are studied extensively in catalysis literature??142224:2543,60-64
Still, there is room for improving the catalytic properties of these metals by slightly altering their

electronic properties or near surface environment. In this thesis, these effects are achieved with

the addition of thiol self-assembled monolayers.

1.2 Self-Assembled Monolayers

Self-assembled monolayers (SAMs) are large ordered domains of organic molecules that
form spontaneously on a substrate. SAMs have been studied since the 1940’s when Zisman et al.
first published findings of the formation of oleophobic octadecylamine monolayers on polished
Pt surfaces®®. At the time, the work found no large-scale application and therefore generated
little interest. Then in 1983, Nuzzo and Allara published the first work on the formation of

13



alkanethiol SAMs on gold surfaces, and it was after this point that the characterization and use of

SAMs began to increase dramatically®®®’.

Today, SAMs made from silanes, amines, fatty acids, and thiols have been studied and
used for applications as sensors, etch resists, capping nanoparticles, and recently for their use as

Cata|yst mOdiﬁel"SZZ’25’27’41’43’66’68-70_

For catalytic reactions, modifiers or promoters are an
important industrial means of improving catalytic activity, suppressing undesirable side
reactions, and improving selectivity®®. While each of the aforementioned types of SAMs could
potentially be used as a catalyst modifier, current interest is focused on those formed from thiols
due to their ability to form a covalent bond with a late transition metal surface. The hypothesis is

that these modifiers can form a robust coating on the catalyst surface, which can be used to direct

reactions on the surface.

1.2.1 Metal structures: Before discussing the formation of thiol SAMs, it is useful to
discuss the underlying metal crystal structure on which the monolayer will form. For metal
crystals, there are four basic crystal structures: simple cubic, face centered cubic (FCC), body

8,71 Each of these structures forms a

centered cubic (BCC), and hexagonal close packed (HPC)
unique unit cell, the smallest repeatable structure in the lattice. Platinum group metals form in

the FCC structure, which we will consider in detail here.

Although the underlying structure of a metal crystal is repeatable and identical, the
exposed face of a crystal is different depending on which side of the lattice is exposed. For
example, the exposed face of an FCC crystal looks different when cut in different directions.
Some of the earliest descriptions of a lattice structure were provided by Miller and Whewell who

in 1829 identified different faces of rocks while studying crystallography of minerals’®".
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During this time, there was great interest in the periodic arrangement of crystals, and the idea
that a crystal’s geometry will look the same when viewed from any equivalent lattice point.
Eventually in 1850, Auguste Bravis showed that there are 14 possible symmetry groups, or unit
cell arrangements, in three-dimensional space; these are known today as the 14 Bravais
Lattices’™. With this basis in theoretical geometry, scientists began to look for the structures of
real crystals. The famous J. Willard Gibbs proposed that a system of atoms or droplets will re-
arrange itself in a manner to minimize its surface energy thereby minimizing its Gibbs free

75,76

energy >"". This was demonstrated by Georg Wulff who in 1901 used a combination of Gibbs’

and Bravais’ theory to determine the equilibrium shape of a selection of droplets or atoms in a

|72,77-79

crysta . As predicted, a collection of particles would adopt a common material-specific

underlying packing structure (BCC, FCC, cubic, or HPC) with distinct lattice faces (111, 110,

100, etc.) each of which would have a different surface energy”>"*%,

For a lattice comprised of
Pt or Pd, there are many theoretical faces such as (211) or (755), but the most common are the

(111), (110), and (100) facets, shown in Figure 1-5.
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Figure 1-5: The 4 facets of the FCC lattice shown by SEM of spherical colloids®™®. A
model crystal is shown in the center. (a-b) The (111) lattice (c) the (110) lattice (d) the

(100) lattice

The most stable surface face, defined by Miller Indices, is the so called (111) face.
Atoms on the (111) face can each bind to 9 nearest-neighbor atoms, 6 around it and 3 beneath it
whereas the (110) surface allows only 6 nearest neighbor interactions and the (100) surface only
8 nearest neighbor interactions (noting that the overlap of electron orbitals in these nearest-
neighbor interactions are also different such that the 100 surface is the least stable)***>##4  This
can be seen in Figure 1-5 (a, b) where the atoms are closer packed than in Figure 1-5 (c, d). As
predicted by Gibbs, since the (111) face is the most stable, it is also the most commonly
occurring face and as such, is one of the most important metal surfaces for catalytic reactions.
Not surprisingly, it receives a great deal of attention in the literature, especially for ultra-high

vacuum and theoretical studies>*%>61:84-86,

The (111) face makes for a useful basis of study, but real catalysts, such as the supported
nanoparticles studied in this thesis, are particles and therefore contain additional faces such as
the (110) and (100) shown in Figure 1-5 (c, d). Some reactions, such as the hydrogenation of
benzene show higher activity and lower activation energy on (100) surfaces®’. In general, olefin
hydrogenation on Pt and Pd is also faster on defect sites where the rate trends as (110) > (100) >
(111)%%° Again, since the (111) surface is the most stable, atoms will preferentially rearrange
themselves to maximize their surface area in this form, but where the (110) and (100) facets can

become especially important for nanoparticle catalysts is at the interface of two terrace surfaces,
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points where one face ends and another begins®? ®. For example, a step edge between two (111)
terraces creates a (100) plane in that single step®. The smaller a nanoparticle catalyst becomes,
the more curvature it contains, and therefore, more edge sites and defects. All of these features
make the study of catalysts a challenging undertaking. Next we will consider an additional level

of complexity by adding thiol SAMs to these surfaces.

1.2.2 Formation of SAMs: The formation of alkanethiol SAMs on the (111) face of gold
surfaces has been extensively characterized, and such studies have in recent years been extended
to other coinage metals as well®®®98490% " |n 3 standard SAM deposition, thiols are introduced to
the metal surface from a dilute thiol solution, typically 1-100 mM in ethanol or n-alkane?26%¢%%
The sulfur head groups have a strong affinity for metal surfaces and quickly adsorb through bulk
diffusion to form a disordered initial coverage. During the adsorption step, the sulfur covalently

22,83,93. Over

binds to the catalyst surface, resulting in a strong bond, and releasing hydrogen gas
time, thermal motion facilitates ordering of the adsorbed thiols on the metal surface, which
subsequently allows additional thiols to access and adsorb on the surface. When allowed
sufficient time, this slow two-dimensional organization step to yields a well-ordered monolayer

bound to the active metal surface by a metal-sulfur bond®®®*%2, This process is depicted in

Figure 1-6.
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Metal surface Metal surface Metal surface

Figure 1-6: Formation of octadecanethiol self-assembled monolayer on a metal surface.
Initially, there is a fast step of disordered surface coverage followed by a slow re-

ordering step facilitated by thermal motion

As thiols bind to a metal surface, they arrange themselves to form a monolayer that is
organized not just in the one dimension but in two dimensions. Looking at the formation of an
alkanethiol monolayer on a (111) surface from the top view, alkanethiols form a periodic V3x3
structure on the underlying metal crystal surface with a nearest neighbor distance of
approximately 5 A on Au, Pd, and Pt®®%®* This is referred to as a 1/3 monolayer coverage and

the structure is depicted in Figure 1-7.
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Figure 1-7: Alkanethiols form a periodic V3x\3 structure on the surface of a metal (111)

crystal

Nearly all of the thiol SAMs discussed in this thesis form a V3x\3 structure on (111)
surfaces; however, some types of thiol SAMs form different overlayers on metal crystals. For
example, 1-adamantanethiol has a bulky tail which forms a (7 x 7) structure on the (111) facet
and has a nearest neighbor distance of 7 A due to steric interactions of its large organic

Iigand27,93,96

. Even with exceptional cases such as adamantanethiol, a major advantage of using
thiols as catalyst modifiers is that they will reproducibly form the same structure on an

underlying metal surface.

Beginning with their inception, thiol SAMs on Au have received much attention, and as
such, these studies comprise the foundation of knowledge on the structure and properties of thiol

modifiers®®®’

. The entirety of work in this thesis is on Pt and Pd surfaces, so it is useful that
many of the studies carried out on Au can be used to understand what is occurring on Pt and Pd
surfaces as well®®. For example, thiols have been shown to form the same V3XV3 coverage

structure on Pt and Pd (111) metal surfaces®™®. The wetting behaviors of alkanethiol SAMs on
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palladium are similar to those observed for the same SAMs on gold, silver, and copper
substrates™. Similarly, alkanethiols on platinum have been shown using XPS not to undergo C-S
bond scission or to contain weakly adsorbed species™. There are however relevant differences
between SAM formation on different metals. For example, the aliphatic chains of alkanethiol
SAMs have been shown to orient at an angle normal to the surface on platinum® whereas they
form an angle of approximately 38° with respect to the surface normal on gold and 14-18° on

93,97

palladium™™ ", Subtle differences such these can be very important, especially for design of the

catalyst near surface environment.

One of the biggest challenges for extending the use of thiol modifiers to supported metal
catalysts is understanding how the thiols assemble on edge sites, including the (110) and the
(100) facets of the metal crystal. As discussed in section 1.2.1 and here for the formation of thiol
SAMs, much research has been conducted on the (111) facet but relatively less work has been
done on other sites. One of the challenges of studying alternative facets of these crystals is that
they will spontaneously re-organize into the more stable (111) structure. In fact, the cases that
have received the greatest study are metals that are more thermodynamically stable in these
alternative lattice structures. For example, alkanethiol modified Cu(100), and GaAs surfaces
have been studied for their ability to increase resistance to acidic corrosion®®°. On Au(100)
surfaces, a butanethiol modifier was shown to exhibit a striped structure with interatomic sulfur
spacing of about 5.2A which is approximately the same as the 4.7A spacing observed for
alkanethiols on an Au(111) surface”’. More importantly, it has been shown that thiol mobility is
much lower on edge sites than on terrace sites indicating that once a thiol becomes present on a
step edge, it is unlikely to be removed during reaction®°*%%’ " Although no systematic study has

been carried out on the (110) or the (100) facets of a Pd or Pt crystal, these studies indicate that
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thiols will likely form some periodic structure on their surfaces, perhaps with greater binding

strength and less mobility than on the (111) facet.

Because alkanethiol SAMs are readily fabricated in a controlled, reproducible manner,
they offer an excellent way to control the near-surface environment. Regioselectivity studies
have been pursued previously using organic monolayers to create favorable geometries for
directing organic photoreactions*®, and various types of organic modifiers have been
successfully used to non-specifically tune the surface of heterogeneous catalysts®?2+26:102103
One of the main goals of this thesis is to develop an understanding of thiol SAMs sufficient to

rationally and precisely tune chemoselectivity of a catalyst through non-covalent interactions in

the near surface environment.

1.3 Hydrogenation of olefins and aldehydes

Throughout this thesis, a number of different reaction pathways were used to probe the
chemistry of interaction between the thiol SAM modifier, the reactant, and the catalyst surface.
The relevance of each of these reactants to the petrochemical processing industry will be
discussed specifically in each chapter, but here it is important to provide a basic background for

these reactions, focusing specifically on hydrogenation chemistry.

All of the reactions discussed in this thesis are hydrogenation reactions, meaning
reactions where a certain moiety, or functional group of the reactant, is reduced by elemental
hydrogen®”. The predominant moieties studied throughout this thesis are olefins (C=C) and

aldehydes (C=0), which are also two of the most commonly studied groups in catalysis
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literature218:2>43°657.104 "5 fact, one of the most important types of molecules studied in this

thesis are a,B-unsaturated aldehydes, molecules that contain both of these moieties.

1.3.1 Hydrogenation of olefins: Catalytic hydrogenation of olefins was first conducted by
Sabatier and Senderens in 1897, and since then has become one of the most studied reactions in

the field of catalysis'’®?*%. Although the reaction is relatively simple, there is still not complete

consensus on how olefins are hydrogenated on the surface of a catalyst'®'®. The ongoing
debate centers on whether the hydrogen atoms are added to the olefin in a stepwise procedure®,
in a concerted step™®, or via transfer of hydrogen from a neighboring hydrocarbon

species’?'%® These alternative pathways are shown in Figure 1-8.
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Dehydrogenation to Alkylidyne

Figure 1-8: Hydrogenation pathways for olefins on Pt and Pd surfaces. The olefin can be
reduced by a concerted step, individual steps, or can be converted to carbonaceous

deposits through dehydrogenation which participate in subsequent hydrogenations'®
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In the past 10 years, the literature on olefin hydrogenation has converged on the idea that
no reaction occurs on a clean surface, but instead on a surface covered with strongly adsorbed
carbonaceous species, organic fragments of other reactants'®®*®. This effect is due to the strong
binding energies of organic hydrocarbons to Pd and Pt surfaces which results in rapid
decomposition of the adsorbed species to form stable ethylidyne species on the surface of the

105107109112~ The strongly bound ethylidyne intermediates are thought to exert important

catalyst
effects on the kinetics of hydrogenation, influencing both how additional hydrocarbon reactants
access the surface and how the surface atomic hydrogen forms and is incorporated to the
reducing group'®*%1%_ This might seem tangential to the study of SAM coated catalysts, but in
fact, thiol coatings can cover a catalyst in a similar manner as would be expected to occur by

22,25,27,43,109,112

coking under reaction conditions In this way, thiol SAMs might not change the

surface off the catalyst as dramatically as expected for olefin hydrogenation.

For example, Chapter 6 will demonstrate how thiol SAMs might in effect “pre-coke” the
surface with thiolates thereby preventing further coking by the reactants. Supported by infrared
spectroscopy of the catalyst surface, these studies indicate thiol modifiers may in fact keep the
surface more free of coking products than it would be without a SAM. Olefin hydrogenation has
been studied for over 100 years without a consensus on its mechanism, and even though here we
introduce a completely new aspect, a thiol SAM coating, it is possible that the coated catalyst
surface is not entirely different from the surface produced under ordinary hydrogenation

conditions.

1.3.2 Hydrogenation of aldehydes: Aldehyde hydrogenation is similar to olefin

hydrogenation, in that aldehydes can undergo reduction on Pt and Pd surfaces with similar

18,20,24,61,85,113

reaction conditions The mechanism of hydrogenation is proposed to begin with
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formation of a C-H bond to produce an alkoxy intermediate followed by addition of another

hydrogen atom to form the adsorbed alcohol*****°,

Much of the work on aldehyde hydrogenation is focused on the study of o,B-unsaturated

aldehydes, molecules that contain both an olefin and aldehyde moiety!®20:246185113

. In studying
the adsorption energies and geometries of o,B-unsaturated aldehydes, the field is concerned with
developing catalysts that can improve the selectivity of this reaction towards production of

unsaturated alcohol as shown in Figure 1-9 (a).

(a) unsaturated aldehyde unsaturated alcohol (b)
H, Acrolein Crotonaldehyde
R O — R OH
W \/\/ (0] (0]
N W
HZ H2
Prenal Cinnamaldehyde

saturated aldehyde saturated alcohol 0
H, . =
R~z —= R NN, \(\/ ©\/\/O
-

Figure 1-9: Hydrogenation of o,B-unsaturated aldehydes. (a) pathway for sequential

hydrogenation. (b) common a,B-unsaturated aldehydes

In the liquid phase, selectivity to the unsaturated alcohol is approximately 30% over a

141841113~ 1n addition to differences

platinum catalyst and as low as 0% over palladium catalysts
in the metal used for hydrogenation, as the tail segment of a,B-unsaturated aldehydes becomes
larger, the average adsorption energy decreases due to the substitution effect on the B-carbon™.
This leads to more selective hydrogenation for larger molecules like cinnamaldehyde shown in

Figure 1-9 (b). For each of these unsaturated aldehydes, reduction of the olefin is

thermodynamically favorable over reduction of the aldehyde by approximately 35 kJ/mol, a
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point made repeatedly and often misleadingly in the a,B-unsaturated aldehyde literature to justify
the naturally higher selectivity of these reactions towards olefin hydrogenation'®**”. The kinetic
barrier of the transition state is what ultimately leads to the differences in the observed rate and
selectivity in practice—the root of the thermodynamic argument can be traced back to a study by
Jenck et al. which showed that in general, for aldehydes, ketones, and olefins, the

thermodynamic barriers of reaction are a good predictor of selectivity**®.

This chapter on the hydrogenation of olefins and aldehydes is important for
understanding the reaction chemistry underlying the hydrogenation process, but it is necessary to
remember that for this thesis, these hydrogenation reactions serve mainly as a probe. The
ultimate goal is to identify the underlying effects that the thiol SAM imparts on the catalyst

surface so that future catalysts can be rationally designed.

1.4 Description of Common Techniques

Across this thesis, many of the same techniques were used to prepare the catalysts and to
test them, including the SAM deposition procedure, the procedure used to run catalytic reactions,
and some of the basic Fourier Transform Infrared Spectroscopy (FTIR) techniques used to
analyze the catalysts. Below is a brief summary of the techniques used. Each of the individual

chapters will address specific technique concerns.

1.4.1 Preparation of thiol coated catalysts: Each of the catalysts discussed in this thesis is
either platinum or palladium metal supported on alumina or carbon, and was purchased from
Sigma Aldrich. The defining characteristic of the catalysts is the addition of a thiol self-
assembled monolayer (SAM) to the surface of the metal. Consistent with standard catalytic
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practice, the early chapters of this thesis discuss an oxidation and reduction step for the catalysts
before the SAM deposition; however, it was later determined that this step does not significantly
affect the functionality of the thiol coating. That is, for the reactions presented here, the
oxidation and reduction step did not result in a discernable difference for the uncoated catalyst or
the coated catalysts. Infrared spectroscopy also did not show any discernable differences
between coated catalysts that had been oxidized and reduced beforehand. This result is not
surprising since studies were limited to platinum and palladium, noble transition metals, which
stay relatively clean under ambient conditions. If studies were extended to less noble metals, the

119

pretreatment step may become more important For this reason, it would be prudent to test

this control before trying other reaction systems and catalysts in the future.

SAM-coated catalysts were prepared by immersing the catalyst in an ethanolic solution of
10 mM for thiols that were liquid at room temperature and 1 mM for thiols that were solid at
room temperature, as has been done in many previous studies of SAM catalysis and SAM

22.25,21,4370.93.94 - A concentration of 1-10 mM is effective because it is 10-50x the

characterization
total amount of thiols required to completely cover the surface. As will be shown in Chapter 6,
using too low a deposition concentration results in formation of an incomplete monolayer

whereas too high a concentration can result in poor ordering of thiols in the self-assembly

process, including the formation of multilayers.

The thiols were deposited overnight for use the next day, a deposition time of 12-16 hr.
The following day, the thiol solution was poured off and the catalyst was rinsed for 3 hr in
ethanol to remove any weakly adsorbed thiols. Ethanol was typically the solvent used to perform
these steps, but other solvents might be considered for varying abilities to solvate the thiols. As

discussed in section 1.2 on the chemistry of self-assembled monolayers, the rinse step is
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important to remove any potentially physisorbed thiols from the surface of the catalyst. Such
thiols do not have much effect on reactions run in the gas phase since they would not participate
in the reaction happening on the surface of the catalyst, but for reactions in the liquid phase,
these thiols, if not rinsed off will be solvated in the reaction solution if transferred with the
catalyst. The effect of such a transfer is discussed briefly in Chapter 2 and more extensively in
Chapter 6 when thiols are intentionally dosed into the reactor. For systems where thiols are not
especially soluble in the deposition solution, care should be taken to prevent accidentally

transferring physisorbed thiols to the liquid phase reaction.

Finally, after the rinse procedure, the ethanol supernatant was again poured off and the
catalyst was dried under vacuum for 20 min in a vacuum desiccator. As discussed in section
1.2.2 and in Chapter 6, thiols are susceptible to autoxidation in air, so storing them under vacuum
is not only an effective method for drying the catalysts, it is also a good way to reduce oxidative
degradation. Throughout chapters 2 and 3, the thiol-modified catalysts were used within a few
days of preparation with little noted effect on the results, but from Chapter 4 on, it was noted that
ligand specific effects between the thiol and the reactant were susceptible to degradation in air

and henceforth all catalysts were used immediately following their deposition.

1.4.2 Surface area and particle size measurements of the catalysts: Surface area and
particle size measurements of the catalysts are important parameters for understanding the results
of kinetic studies and making rate calculations. Chemisorption, gas phase titration of the catalyst
metal surface is one of the most common techniques for gaining this information. During
chemisorption, a catalyst is first cleaned by oxidizing it to burn off any carbonaceous species and
then reducing it under hydrogen to return the metal to its ground state and remove any metal

oxides that may have formed during the oxidation step. Next, a chemical such as CO or Hj; is
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dosed on to the surface from an inert or vacuum environment. The total metal sites present on
the catalyst surface can then be determined by measuring either the amount of dosant that is
adsorbed from a known input stream, or by evacuating the chamber and heating the catalyst to
measure the amount of dosant that subsequently comes off the surface. In either case, the
chemical dosant is used to measure how many metal sites are present on a known mass of
catalyst, thereby allowing a measurement of the total metal sites per gram of catalyst.
Knowledge of the weight loading of the catalyst allows for the further calculation of the catalyst
dispersion, or the percentage of exposed metal atoms vs metal atoms submerged in the bulk of a

nanoparticle.

The commercial uncoated 5wt% Pt/Al,O3; and the commercial uncoated 5wt% Pd/Al,O3
used throughout this thesis were both characterized by chemisorption of CO on a Quantachrome
Autosorb-1 to determine their active surface area. For measurements of the uncoated catalysts,
the powder was first reduced in situ at 473K for 16 hours. The active surface area of the 5wt%
Pd/Al,O3 was determined as 3.7 m2/g with a dispersion of 17%. The 5wt% Pt/Al,O3 had an
active surface area of 2.9 m*/g and a dispersion of 27%. One of the key benefits of using the
commercial Pt and Pd catalysts was that these same catalysts were used for the majority of the
studies discussed in this thesis and the values for surface were considered to remain constant.
This assumption was, however, verified at various time intervals by re-running the chemisorption
with hydrogen and also characterizing the particle size using SEM. Shown in Figure 1-10 is an
example SEM image showing the large porous poly-disperse alumina support (1-50 um) with the
small white palladium atoms on the surface (average particle size 7 + 1 nm). Particle size of the

Pt/Al,O3 was also measured by SEM as 4 £ 1 nm.
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SE  SEM LEI 2.0kV 2,000 WD 8.8mm 10um

Figure 1-10: SEM of Pd/Al,O; catalyst

1.4.3 The reactor system: Reactions were run in a 100 mL Parr semi-batch reactor. For
many of the systems described in this thesis, the temperature was held at 50°C and the reactor
was pressurized to 40 bar with hydrogen gas. Both higher and lower temperatures and pressures
are discussed. For different reaction pressures a low pressure regulator can be used between 1.2
bar and 5.5 bar whereas a high pressure regulator can go up to 200 bar. For safety reasons, no
reactions run here were any higher than 40 bar hydrogen, which is still considered high pressure
and results in highly effective hydrogenation over Pd and Pt catalysts. For sampling reasons, no
pressures lower than 1.2 bar were used because at lower pressures, the procedure for taking

samples does not have enough internal reactor pressure to expel a sample.

Reactor contents were prepared as 48 mL solvent, 5 mL internal standard for the GC
analysis, and 1 mL of reactant giving the system a reactant concentration of approximately 0.15
M. For most of the reactions discussed, ethanol was chosen as the reaction solvent as light

18,113

alcohols have been shown previously to give the highest rates Chapter 4 provides a
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discussion of solvent choice and shows that ethanol does in fact yield higher rates and selectivity
for cinnamaldehyde hydrogenation than benzene, heptane, or cyclohexane. It is important to note
that higher reaction temperatures would require solvents with higher boiling points to maintain
liquid phase reaction—even if reactor pressure keeps the solvent liquid, there is potential for it to

flash to vapor upon sampling causing loss of solvent or internal standard.

All reactions discussed in this thesis were run for either 90 min or 60 min during which
eight 1.5 mL liquid samples were taken at exponentially increasing time intervals. As discussed
in section 1.1.2, data points at low conversion are especially important for extrapolating rate
information, so more samples were taken at short times in order to capture this effect. Longer
reaction times were avoided because the reactor itself showed the ability to induce
hydrogenation, a confounding effect on measurements of activity. Shorter reaction times can
outcompete the reactor but are more susceptible to experimental differences. Therefore, a

moderate reaction time is optimal for capturing the intrinsic kinetics of the reaction.

The ability of the reactor to self-catalyze reactions is worth its own discussion because it
IS a constant source of frustration. Over time, Parr reactors are known to undergo “seasoning”
where nanoparticles of metal catalyst from previous reactions can become deposited on the
interior of the reactor and the glass liner, and lead to the unaccounted for activity of the reactor.
This effect is one of the most elusive and confounding of the entire SAM catalysis project.
Thorough and frequent cleaning of the interior of the reactor can help to moderate this effect, but
future researchers should be aware of this effect and periodically run control reactions with no
catalyst to test the inherent activity of the reactor walls. In addition, the glass liner is an effective
way of reducing the effect of “ghost reactions”, but it too can become “seasoned” with

deposition of displaced metal nanoparticles from previous reactions. As such the glass liner
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should be replaced with a new liner or cleaned in an aqua regia solution to dissolve any
transplanted metal. The reactor should be frequently sonicated, scrubbed, and periodically

polished.

hvdrogen hydrogen

hydrogen

Figure 1-11: Parr liquid phase batch reactor sampling mechanism. (a) hydrogen
pressurizes the reactor (b) pressure in the reactor is used to expel liquid through the
sample loop (c) the reactor is re-pressurized through the sample loop forcing any excess

liquid from the previous sample back into the reactor

For taking samples, hydrogen pressure on the interior of the reactor was used to push
liquid samples out of the sample tube and through a disposable filter which was replaced after
each sample, as shown in Figure 1-11. By sampling the liquid catalyst mixture and filtering out
the catalyst, the reactor setup allows the ratio of catalyst to reactant to remain constant within the

reactor independent on how much liquid was sampled.

The final step in the reaction procedure was to analyze the sample vials to determine the
concentration of reactants and products—this was done using a gas chromatograph (GC). In its

most simple form, a GC is simply an oven that is used to heat a collection of molecules while
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pushing them through a long narrow capillary column such that molecules with different sizes,
shapes, and functional groups take differing amounts of time to elute from the column*®. At the
end of the column, a detector measures a signal based on the quantity of molecules eluting at any
given time. For most GC analysis, the temperature of the oven can be controlled on a set
program to ramp from low to high temperature in a time specific method. When a sample of
molecules is injected to the GC and the same method is run, each molecule will elute at its
characteristic time. As shown in Figure 1-12, numerous different products can be identified from

their characteristic elution time.
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Figure 1-12: GC chromatogram obtained from the analysis of a cinnamaldehyde
hydrogenation. Important peaks are labeled including the reactant, products, internal

standard, and solvent.
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Measurement of the quantity of products eluting can be done with a selection of detectors
including thermal conductivity detectors (TCD) which measure the thermal conductivity of the
eluting stream or flame ionization detectors (FID) which burn the eluting stream in a small
hydrogen flame and measure the intensity of the ionization. Of course, FID requires that a
sample can be burned, so molecules like water and CO, cannot be measured this way. An FID
was used for all of the analysis in this thesis. The response measured by the detector can be
calibrated so that the area of the peak measured can be related to the concentration of molecule
in the sample. In total, the GC thus gives information on what products are present, as well as
how much are present, in a sample. All of the collected liquid samples in this thesis were taken
in 2 mL vials and analyzed in an Agilent 5890A gas chromatograph. The two capillary columns
used in this thesis for separating the samples were an Agilent DB-FFAP capillary column with
dimensions of 30 m x 0.32 mm x 0.50 um and an Agilent HP-5 capillary column with
dimensions of 30 m x 0.32 mm x 0.25 um. The use of each of these columns will be discussed

in each chapter specifically.

A final discussion of the reactor system is necessary to describe the role of the internal
standard. The internal standard is used to calibrate the samples when injected into the GC.
When a sample is injected in the GC for analysis, it is possible that a different volume of sample
can be injected from run to run. The auto sampler used on the Agilent 5890 used throughout this
thesis is typically very good about making precise repeatable injections, but still has periodic
variance. Consider the situation where you have 1 sample vial of component A and you inject it
in the GC two times. Assume that the second time, the GC sample injector injects twice as much
volume as the first time. Analysis would indicate a doubling of the volume of component A, a

condition you know is not true. To fix the analysis problem you now add to the vial a known
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concentration of B, your internal standard. Now, if the GC injects twice as much volume in the
second run, it will inject twice as much A but also twice as much B. In this case the ratio of A/B
will always be constant no matter how much volume is injected to the GC. An internal standard
is a powerful method for converting a highly variable and error prone extrinsic measurement into

a more precise repeatable intrinsic measurement.

The choice of an internal standard is important for obtaining consistent rate and
selectivity data from liquid phase reactions. First and foremost, the internal standard should be
completely inert in the reaction and should not be a product, reactant, or solvent. To work
effectively, the internal standard cannot be produced, consumed, or otherwise altered during
reaction; it serves as the one molecule in the system which has a precisely known concentration,
so any conditions that might compromise its integrity will also compromise the quality of the
results. Throughout this thesis, tetranydrofuran (THF), a cyclic ether, was commonly used as the

internal standard because it met these conditions.

1.4.4 Selectivity and rate calculations: For the SAM coated catalysis discussed in this
thesis, reaction rates for both the coated and uncoated catalysts were calculated as the moles of
reactant consumed per mole of surface metal per second. In conventional catalysis literature, this
would reduce to the turn over frequency (TOF) reported as inverse seconds (s™) where the moles
of reactant consumed would be cancelled with the moles of surface metal*?!. For SAM catalysis,
the moles of surface metal are not well known due to the partial coverage of the catalyst surface
by the thiol adsorbates. It is still unclear to what extent the SAMs block surface sites, and what
differences in coverage arise from different coatings®’. An additional confounding effect is the

surface site requirements of reactants. Therefore, in order to make fair comparisons between
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coated and uncoated catalysts as well as between different types of SAM coatings, all rates are
reported relative to the total surface sites available on the uncoated catalyst. Most of the rates
reported in this thesis use the initial slope of the consumption of reactant per time at short time
intervals where the slope could be approximated as linear (see section 1.1.2). All of the reactions
studied in this thesis are first order in nature and in some cases it was possible to linearize the

reaction data to determine the rate data more accurately.

Reaction selectivity, reported throughout the thesis was calculated as the conversion to a
particular product divided by the total conversion to all products (see section 1.1.3). Therefore,
selectivity always totaled 100%. Error bars in selectivity were calculated from repeat

measurements.

1.4.5 Infrared spectroscopy techniques: Throughout this thesis, various infrared
spectroscopy experiments were employed to characterize the formation of thiols on the surface
of a coated catalyst as well as the molecular interactions of reactants with the surface of a

catalyst.

Infrared spectroscopy (IR) is fundamentally based on the idea that infrared light, light
longer in wavelength and lower in frequency than the visible spectrum, is of the proper

122 All chemical bonds exhibit some form of

wavelength to interact with molecular bonds
vibrations associated with their molecular arrangement including stretching (stretching the bond
length), bending (changing the bond angle), rocking, wagging, twisting, and scissoring to name a

122123 Each of the vibrational modes in a molecule has the ability to absorb infrared

few
frequencies of light characteristic of their structure, so a spectroscopic technique can be designed

to monitor either the absorption of light or the emission of light from a sample, which thereby
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yields information about what structure is present'?®. For example, organic chemists use infrared
spectroscopy extensively to analyze samples of organics and to identify unknown structures.
Historically, scientists had the tedious task of exciting a sample with individual frequencies one
at a time to test for absorption, but the advent of computers made possible the use of Fourier
Transform Infrared Spectroscopy (FTIR) so that an entire spectrum could be collected and

analyzed at once??'%

. Given that the only requirement of IR is to expose a sample to infrared
light and then collect it, many different methods can be used including transmission through a
sample, reflection off of a sample, or more complicated techniques like Diffuse Reflectance
Infrared Spectroscopy (DRIFTS), Attenuated Total Reflection (ATR), or Polarization-

Modulation Reflection Absorption Infrared Spectroscopy (PM-RAIRS) used here.

In this thesis, the most common form of IR employed was DRIFTS, a technique that is
optimal for analyzing powders like supported metal catalysts. In this technique, incident light
can be absorbed and diffusely reflected from the catalyst sample, collected, and focused for
analysis'®. This procedure can be used to analyze thiols deposited on the catalyst surface as
well as coking products, carbon species left over after reactions. The basic DRIFTS spectrum is

shown in Figure 1-13.
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Figure 1-13: IR spectrum for DRIFTS of an octadecanethiol coated Pd/Al,O; catalyst

Looking at Figure 1-13, we can see that vibrational modes associated with stretching are
typically found at higher wavenumbers whereas lower wavenumbers are associated more
commonly with bending*??™?*. Other modes such as twisting and wagging can also be excited in
this low wavenumber region. For the octadecanethiol coated catalyst shown, the most relevant
peak to this thesis is the asymmetric methylene stretch (vi), which refers to asymmetric
stretching of methylene (CH,) groups in the backbone of an alkanethiol tail. As will be
discussed extensively in subsequent chapters, the position of the asymmetric methylene stretch is
indicative of the order of a thiol monolayer where a lower wavenumber corresponds to a more
ordered SAM?22>4368.9394 - £qr alkanethiols, this stretch can be found at a range of frequencies as
low as 2918 cm™ corresponding to a fully crystalline structure to as high as 2936 cm™ for a very
disordered liquid phase structure®.
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A second type of IR used in this thesis is ATR, a technique optimal for looking at a flat
surface'®®. ATR works by totally internally reflecting the incident beam of infrared light on the
inside of a germanium crystal, opposite of which is the sample of interest. When total internal
reflection occurs, an evanescently decreasing field occurs on the outside of the prism*®. This
wave can be used to excite bonds and measure their vibrations to a penetration depth of about 1
pm. In this thesis, this technique was used to analyze pure mixtures of liquid reactants and thiols
that can be placed on the germanium crystal.

The final important IR technique used in this thesis was PM-RAIRS, a technique used for
its ability to analyze vibrational frequencies of molecules on a reflective surface. This technique
was essential to identifying and supporting the orientation effects presented in Chapter 4.
Pioneered in 1966 by Robert Greenler, PM-RAIRS polarizes incident light at a grazing angle to a
reflective sample creating two forms of radiation, s-polarized light which is parallel to the
surface and destructively interferes with itself, and p-polarized light which is perpendicular to the

surface, is phase shifted and IR active at the surface**"*?®

. The benefit of this technique is that
away from the reflective surface, both types of polarized light are absorbed by randomly oriented
molecules, whereas at the surface, only the p-polarized light is absorbed—the s-polarized light

destructively interferes with itself and is canceled out®

. Using some simple calculations, these
two signals can be used to deduce what molecular vibrations are happening at the surface and

subtract what is occurring in the bulk. This process is depicted in Figure 1-14.
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Figure 1-14: PM-RAIRS spectroscopy technique. (a) setup used to analyze liquid samples
of cinnamaldehyde adsorption on a metal surface described in Chapter 4 (b) p-polarized
and s-polarized light reflecting from a surface (c) how p-polarized and s-polarized light

are used to deduce a response on the surface of a sample

As shown in Figure 1-14 (a), the key use of this technique will be discussed in Chapter 4
for analyzing the absorption of cinnamaldehyde on a Pt surface. Although only a thin layer of
cinnamaldehyde is present on the surface of the metal, PM-RAIRS can identify cinnamaldehyde
molecules specifically at the surface, the region of greatest interest.

Throughout this thesis, FTIR analysis was performed with a Thermo Scientific Nicolet
6700. A Harrick closed cell attachment was used for (DRIFTS) and a Thermo Scientific TOM
optical box was used for PM-RAIRS measurements.

1.5 Thesis Goal
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As the field of catalysis continues to develop, demand is increasingly focused on
designing catalysts that not only help a reaction precede in a manageable time frame, but that
also achieve high conversion with high selectivity. The overarching goal of this thesis is to
explore the ways in which thiol SAMs can improve the selectivity of chemical pathways without
compromising rate. These effects will be explored specifically through ligand non-specific and

ligand specific interactions.

In the case of the ligand non-specific reaction environment, the effect of the sulfur head
group and the steric effect of the tail of the thiol will be examined. The second step will be to
explore the modes of ligand specific interaction between a functional group on the thiol and a

corresponding group on the reactant.

1.6 Thesis Scope

Here is a brief description of each of the remaining chapters of this thesis:

Chapter 2: Liquid- and Vapor-Phase Hydrogenation of 1-Epoxy-3-butene Using Self-

Assembled Monolayer Coated Palladium and Platinum Catalysts

Thiol self-assembled monolayers were previously shown to be effective catalyst
modifiers for the gas phase selective hydrogenation of epoxybutene over Pd/Al,O3 catalysts.
Here, this work is extended to the liquid phase and to Pt/Al,O3 catalysts where disordered thiols

were shown to have reduced rate of reaction.
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Figure 1-15: Liquid and vapor phase hydrogenation of epoxybutene—chapter 2

Chapter 3: Selective Hydrogenation of Polyunsaturated Fatty Acids Using Alkanethiol Self-

Assembled Monolayer Coated Pd/Al,O3; Catalysts

Pd/Al,O;3 catalysts coated with various thiolate self-assembled monolayers (SAMs) were
used to direct the partial hydrogenation of eighteen-carbon polyunsaturated fatty acids, yielding a
product stream enriched in monounsaturated fatty acids (with low saturated fatty acid content), a

favorable result for increasing the oxidative stability of biodiesel.
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Figure 1-16: Selective Hydrogenation of Polyunsaturated Fatty Acids—chapter 3
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Chapter 4: Control of Metal Catalyst Selectivity through Specific Non-Covalent Molecular

Interactions

Alkanethiol self-assembled monolayers with terminal phenyl rings were tuned to direct
reactant orientation of cinnamaldehyde approaching a catalyst surface via non-covalent aromatic

stacking interactions in order to control reaction selectivity to cinnamyl alcohol.
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Figure 1-17: Specific Non-Covalent Molecular Interactions—chapter 4

Chapter 5: Hydrogenation of cinnamaldehyde over Pd/Al,O3 catalysts modified with thiol

monolayers

Alkanethiol SAMs used for controlling a,B-unsaturated aldehyde selectivity in Chapter 4
were applied to Pd/Al,O3 catalysts. The coating improves selectivity to unsaturated alcohol but

without specific control seen on Pt/Al,Os.

42



20—

—8— Uncoated
— 3-phenyl1-propansthicl
_ _ o = —d— Dotadecansthicl
=] 5 O B 15 —B Mercaptopropicnic Acid
= s < HQ g Thicghycarl
= = w
":':_: - g — =
= = ‘B = Ew— T
g iy 2 g OH £ :
= = = = 5 —ik
=] L~ =] (1]
o = = = =
o 2 = = = 5 —
s &= 5 5 s = £
[ A Y 3
1)
o0 » *
- Palladium Metal o | ﬁ I I I q

a 20 40 5] 80 100
Conversion (%)

Figure 1-18: Selective hydrogenation of cinnamaldehyde over Pd —chapter 5

Chapter 6: Stability of Self-Assembled Monolayer Coated Pt/Al,O3 Catalysts for Liquid

Phase Hydrogenation of Cinnamaldehyde

Ligand specific selectivity improvements from thiols are not very durable under liquid

phase hydrogenation but can be stabilized by regeneration procedures between reactions. Coated

metal catalysts also degrade in 2 days in air, affecting their catalytic properties.
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Figure 1-19: Stability of thiol coated catalysts for liquid phase hydrogenation —chapter 6
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CHAPTER 2

Liquid- and Vapor-Phase Hydrogenation of 1-Epoxy-3-butene Using Self-Assembled

Monolayer Coated Palladium and Platinum Catalysts
2.1 Abstract

Alkanethiol self-assembled monolayers (SAMs) have previously been shown to be
effective catalyst modifiers for increasing the selectivity of the hydrogenation of 1-epoxy-3-
butene (EpB) to 1-epoxybutane in the gas phase over a Pd/Al,O3 catalyst. Here, we demonstrate
that SAM coatings can similarly be applied to other supported metals (Pt) and in liquid-phase
reaction environments. Coating a Pt/Al,O3 catalyst with n-octadecanethiol resulted in a large
improvement in selectivity during vapor-phase EpB hydrogenation, similar to that observed for
supported Pd. The liquid phase hydrogenation of EpB using SAM-coated catalysts showed
similar selectivity trends in some cases, but interactions of the solvent with the SAM were also
important in controlling selectivity. In particular, using a heptane solvent, epoxybutane
selectivity increased from 36% with an uncoated Pd/Al,O; catalyst to 74% with a thioglycerol
SAM-coated catalyst. SAM quality was shown to have a strong impact on the rate of reaction
but little effect on selectivity. The results generally indicated that selectivity modification with

thiol SAMs is extendable to other supported metals and a variety of reaction environments.

2.2 Background

Methods for controlling the chemoselectivity of reactions are desirable for industrial
catalysts because they reduce separations costs and increase productivity’?. Recently, it was
shown that the coating of a Pd/Al,O3 catalyst with alkanethiol self-assembled monolayers

(SAMs) increased the selectivity for vapor-phase hydrogenation of 1-epoxy-3-butene (EpB) to 1-
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epoxybutane from <20% on an uncoated catalyst to >90% on a SAM-coated catalyst under
equivalent conditions®. For this reaction, the deposition of SAMs to the Pd/Al,Os surface
increases the kinetic barrier to epoxide ring opening while the binding of the olefin functionality
is not significantly changed®. A similar thiol SAM coating technique was also shown to increase
the selectivity for the isomerization of allyl alcohols to the corresponding carbonyl compounds
using a Pd nanoparticle catalyst’. SAM films produced from amines have been applied to
catalysts for the selective hydrogenation of a,f3-unsaturated aldehydes such as cinnamaldehyde
and citral®. More generally, chiral catalyst modifiers such as cinchonidine have been used over
platinum catalysts to steer enantioselectivity for the selective hydrogenation of ethyl pyruvate’.

In previous work, the improved selectivity of EpB hydrogenation was largely attributed
to the sulfur head group of the alkanethiol, which covalently binds to the Pd catalyst surface and
exerts an electronic effect on the metal catalyst®>*. This effect is related in part to the strong
electronegativity of sulfur, but as depicted in Scheme 1, all thiols are covalently bound at the
palladium-sulfide interface®. The thiols were found in surface science experiments to strongly
suppress epoxide C-O scission while still permitting adsorption of the olefin function in a

reactive pi-bound state®.

R
R N <R (R < (R <R R
s 3 S 7 S s(
M
AlO; support Al,O; support

Figure 2-1: Covalent binding process of alkanethiols to the Pd/Al,O; catalyst surface.
Various “tail group” ligands were found to have little effect on selectivity; however, they
played an important role in controlling activity, with longer alkyl tails being associated with

higher rates. It is known that SAMs comprised of precursors with longer tail functions generally
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result in more ordered (e.g. “crystalline”) films as indicated by infrared spectroscopy
measurements>®°,

Compared to gas phase reactions, EpB hydrogenation in the liquid phase presents new
possibilities for tail group effects on selectivity. For example, in some previous work, the
solvent has been shown to play a significant role in catalytic hydrogenation reactions by
affecting hydrogen solubility, thermodynamic interactions of the solvent and reactant, and the
adsorbed structures of reagents, thus affecting the reaction pathways'*™. The hydrophobicity of
the solvent, as measured by the dielectric constant, has also been shown to affect the
enantioselectivity of 1-phenyl-1,2-propanedione hydrogenation™®. However, not all
hydrogenation reactions exhibit solvent effects. The hydrogenation of a,p-unsaturated aldehydes
has been extensively studied in the liquid phase, where solvent composition was shown to have
an insignificant effect on the rate and the selectivity of the reaction*>’,

SAMs may significantly alter solvent-adsorbate surface interactions based on the fact that
the presence of tail groups is expected to modify the nature of the near-surface environment. In
fact, by selecting appropriate tail functionalities it may be possible to control the degree of
solvent exposure near the active catalytic sites. For example, hydrophilic SAMs may be useful
in excluding hydrophobic solvents to promote selectivity. This chapter will extend the analysis

of EpB hydrogenation over alkanethiol coated catalysts to include Pt/Al,O3; and reactions

conducted in the liquid phase.

2.3 Methods
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2.3.1 Catalyst preparation: The 5wt% Pd/Al,O3 or Pt/Al,O3 catalyst (Sigma Aldrich) was
loaded into a glass reactor tube. A mass of 500 mg of catalyst was oxidized under flow
conditions of 100 sccm of 20:80 O,:He at 573 K for 3 hr, followed by reduction under 100 sccm
of 20:80 Hy:He at 473 K for 2 hr. As discussed in the introduction section, this oxidization and
reduction procedure was conducted to maintain consistency with catalysis literature. It was later
determined that this reduction procedure did not affect the efficacy of the SAM coating. After
the reduction step, the catalyst was cooled and added to a stirred beaker containing 40 mL of
ethanolic solution concentrated to 1 mM for octadecanethiol and 10 mM for other thiol SAM
precursors. All thiols were obtained from Sigma Aldrich and were >97% purity. Thiols were
solvated in 200 proof anhydrous ethanol obtained from Sigma Aldrich. The catalyst was
incubated in the solution for 12-36 hr and allowed to settle out of the solution, which was
subsequently poured off. The catalyst was rinsed once in ethanol, again allowing the catalyst to
settle out of solution (3-4 hr) before pouring off the supernatant ethanol. The remaining catalyst
slurry was dried in a desiccator under vacuum. All catalysts were stored under desiccant and
used within two days of preparation.

Poor quality SAMs were obtained by allowing the alkanethiol-coated catalysts to sit for
longer than two weeks prior to use. During this time, oxidation of the Pd-S bonds is known to
result in weakly bound sulfur species that are readily removed®®. This process deteriorated the
quality of the SAM by creating defects in the alkanethiol monolayer®*®. This process results in a

relatively disordered monolayer described here and by others as a poor or disordered SAM®*8%,

2.3.2 Catalyst characterization: As discussed in the introduction chapter, CO

chemisorption was performed on a Quantachrome Autosorb-1 to determine the active surface
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area of the Pd/Al,O; catalysts. Recall that the uncoated commercial 5wt% Pd/Al,O; was
determined to have an active surface area of 3.7 m?/g. Specific to this study, the surface area
measured by CO chemisorption decreased 94% to 0.22 m?/g for a thioglycerol modified catalyst,
similar to the decrease previously reported by Marshall et al.>. Measured for this study, the
uncoated commercial 5wt% Pt/Al,O3 was determined to have an active surface area of 2.9 m%/g.
Catalysts were also characterized using a Thermo Scientific Nicolet 6700 FT-IR with an
attachment for Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) of the
dry powder catalyst. The C-H stretching region of 2800-3000 cm™ was used to characterize the
degree of order of the aliphatic chains as well as thioglycerol adsorption to the catalyst surface.
Unlike n-alkanethiols, thioglycerol has not been extensively characterized on metal
surfaces. As shown in Figure 2-2, thioglycerol was analyzed by ATR and then compared to a

thioglycerol coated Pd/Al,O; sample by DRIFTS.

0.7 —
— \
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Figure 2-2: ATR-FTIR of pure thioglycerol and DRIFTS of thioglycerol

deposited on Pd/Al,O5 for the 2500-3000 cm™ range
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The methylene stretching mode was observed to shift from 2931 cm™ to 2928 cm™ upon
adsorption. One wash of ethanol to remove physisorbed thiols was found to have no effect on
the positions or the intensities of the DRIFTS spectra. ATR of pure thioglycerol exhibited an SH
stretch at 2550 cm™ which disappeared upon deposition of the thiol indicating that thioglycerol

was bound to the surface.

2.3.3 Reaction system: Liquid phase hydrogenation was carried out at 30 °C using the
100 mL Parr batch reactor discussed in the introduction section. Liquid components of the
system were prepared with 48mL of solvent, 5 mL of THF internal standard, and 1mL of
reactant. Prepared catalyst, 1 mg to 200 mg, was added to the reactor which was sealed and
preheated to the desired reaction temperature. The sampling procedure is discussed in the
introduction section. For the experiments presented in this chapter, samples were taken at
increasing intervals from zero to 90 min to allow the system to reach 100% conversion. Catalyst
recycling was performed by filtering the final reaction mixture and allowing the remaining
catalyst to dry in air before being reused.

Gas phase hydrogenation was performed in a flow reactor. EpB was vaporized in the
feed stream by bubbling it with 10 sccm helium at 25 °C. The feed stream was supplemented
with hydrogen at a ratio of 10:1 hydrogen to EpB. The reaction was carried out at 40 °C.
Selectivity was measured at 5% conversion as was done previously®?,

Both liquid and gas phase reaction samples were analyzed with an Agilent 5890A gas
chromatograph and quantified with a flame ionization detector and Agilent software. The

column used in this chapter was the Agilent DB-FFAP capillary column with dimensions of 30

m x 0.32 mm x 0.50 pm.
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Epoxybutene (EpB, >98%) was purchased from Alfa Aesar. Heptane (anhydrous >99%)
and ethanol (>99.5%) solvents as well as THF were obtained from Sigma Aldrich. All gases

used for catalyst preparation and reaction were Airgas ultra-high purity.

2.4 Results

2.4.1 Vapor-phase hydrogenation using supported Pd and Pt catalysts: Under
hydrogenation conditions, EpB has been shown to undergo both hydrogenation and
isomerization through the pathway shown in Figure 2-3. Epoxide ring opening is

thermodynamically favorable over hydrogenation of the olefin.

Figure 2-3: Reaction pathway for EpB hydrogenation

Table 2-1 shows the measured rates and epoxybutane selectivity for EpB hydrogenation
in the vapor phase using uncoated and SAM-coated Pt and Pd catalysts. Consistent with
previous reports, the selectivity on uncoated Pt catalysts (40%) was noticeably higher than on
uncoated Pd catalysts (20%) under equivalent conditions®. The measured reaction rate was
much lower on Pt, however. The addition of an alkanethiol SAM was found to reduce catalyst

activity while markedly increasing selectivity on both the Pd and Pt catalysts®. Interestingly, the
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selectivity improvement on Pt catalysts was somewhat less than on Pd, though the rate of
reaction was reduced to a lesser extent on Pt by the SAM. The reasons for these relatively subtle
differences are not yet clear. Overall, however, it appears that the qualitative effects of SAM
coating are quite similar on Pd and Pt catalysts, suggesting that SAMSs can be used as selectivity

modifiers across a range of metals.

Table 2-1: Reaction of EpB over Pd and Pt catalysts in the gas phase under identical conditions

at 5% conversion. Selectivity to epoxybutane and rate measured as EpB consumed.

Selectivity (%) Turnover frequency (1/s)
Pd Pt Pd Pt
Uncoated 21 40 9.17 0.17
Octadecanethiol Coated 91 81 0.31 0.037

2.4.2 Liquid-phase hydrogenation of EpB: Liquid phase hydrogenation of EpB was
carried out the batch reactor system and a typical experiment was run to nearly full conversion
over 90 min with Kinetic data similar to that shown in Figure 2-4. The epoxybutane selectivity
was observed to depend weakly on conversion regardless of the solvent or SAM used, indicating
that epoxybutane is a non-reactive product in the liquid-phase. This was confirmed in separate
experiments (not shown) where epoxybutane was fed as a reactant under identical conditions to
those used in Figure 2-4, with no detectable conversion. This contrasts with the gas-phase
reaction studies where selectivity decreased with increasing conversion®. Side products included

crotonaldehyde, butyraldehyde, crotyl alcohol, and butanol and are shown in Figure 2-4.
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Figure 2-4: Selective hydrogenation of EpB to epoxybutane in the liquid phase.
(¢) EpB, (e) epoxybutane, (m) butyraldehyde, (V) crotonaldehyde, (A) C4
alcohols . Total molar concentrations are normalized to one. (a) hydrogenation in
heptane solvent using 3.8 mg ofuncoated Pd/Al,O3 catalyst (b) hydrogenation in
heptane solvent over 12.4 mg of thioglycerol coated Pd/Al,O; catalyst (c)
selectivity measured at 10% conversion of different reaction systems (d)
selectivity to epoxybutene versus conversion of EpB for the uncoated and

thiolglycerol coated cases shown in (a) and (b)

Epoxybutane selectivity was found to be dependent on the solvent for both uncoated and

SAM-coated catalysts. Using an uncoated Pd/Al,O3 catalyst, the selectivity to epoxybutane was
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36% in heptane but only 21% in ethanol. Thus interactions between the surface and solvent
appeared to result in a significant change in selectivity while the rate was relatively unaffected.
For ethanol solvated reactions, the deposition of thioglycerol monolayers on the catalyst surface
resulted in only a moderate increase in selectivity. However, for the heptane-solvated reaction
system, the thioglycerol coated catalyst was shown to increase the selectivity to 74%, indicating
the presence of a solvent-SAM interaction mechanism. Interestingly, an octadecanethiol-coated
catalyst did not result in significant selectivity improvement in either solvent. This result is in
sharp contrast to vapor-phase studies, where selectivity was high for a wide range of SAMs,
including those comprised of thioglycerol or octadecanethiol.

One hypothesis to explain the dependence of selectivity on the solvent and SAM coating
is that the solubility of the thiol precursor in the solvent controls the stability of the SAM layer;
i.e., competing hydrophobic (solvent) and hydrophilic (thioglycerol) environments may stabilize
the SAM on the catalyst surface. Ethanol is known to be a good solvent for the thiol precursors
used in these studies. Schlenoff et al. have previously shown that alkanethiol SAMs desorb at a
faster rate in ethanol than in hexane or other typical solvents and that this spontaneous desorption
leads to an equilibrium surface coverage which is both solvent and temperature dependent®.
Equilibrium coverage of SAM coated Pt in hexane was 80% the initial thiol coverage while
equilibrium coverage of SAM coated Pt in ethanol was 70% the initial thiol coverage; however,
their work monitored 125 hr experiments and showed that any thiol desorption would be well
under 10% in both cases over the course of a one hour reaction®. Small amounts of SAM
desorption could be significant at longer reaction times, or a faster SAM desorption rate would
be expected to leave vacant sites on the catalyst surface and could account for the lack of

selectivity improvement for some of the alkanethiol coated reaction cases such as those run in
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ethanol. In addition, alkanethiols are even more susceptible to desorption from the surface in the
presence of hydrogen, as under the hydrogenation conditions in these experiments®2*.

One hypothetical method of maintaining thiol surface coverage is to introduce
alkanethiols into the reaction mixture itself to account for potential desorption. Accordingly, a
hydrogenation reaction was performed under all the same reaction conditions described in the
experimental section using an octadecanethiol coated catalyst in ethanol solvent but where
different concentrations of octadecanethiol up to 1 mM were added to the bulk phase reaction
vessel. As shown in Table 2-2, the octadecanethiol coated catalyst did not exhibit a significant
increase in selectivity over the uncoated catalyst in ethanol. However, the rate of reaction was
reduced strongly by the addition of the thiol to the reaction vessel suggesting the formation of
multilayers. Such octadecanethiol multilayer formation has been previously observed to occur
on gold at concentrations of 1 mM?. The results in Table 2-2 show that while desorption of
SAMs may be an issue in certain solvents, it is not possible to improve selectivity to
epoxybutane by simply increasing the reaction concentration of alkanethiols. This suggests that

alkanethiol desorption was not responsible for the low selectivity observed for octadecanethiol

coated Pd/Al,O3 in comparison to thioglycerol coated Pd/Al,Os.

Table 2-2: Activity and selectivity for hydrogenation reactions with varying
concentrations of octadecanethiol added in the reaction mixture. Hydrogenation
was run in ethanol solvent at 30°C and 6bar H,. Octadecanethiol was originally

deposited on the Pd/Al,O3 catalyst in 1mM ethanol.

Concentration (mM)  Turnover frequency (1/s)  Selectivity %

1 0 -
0.1 0.4 32
0.05 1.7 32
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0.01 5.4 28
0 24.6 24
Vapor phase 0.31 91

Based on this result, the efficacy of the thioglycerol SAM for increasing hydrogenation
selectivity may depend more on solvent-SAM interactions near the surface than the effect of the
solvent in removing SAMs. This effect was verified by testing a range of alkanethiol coatings,
which are shown in Table 2-3. Although the thioglycerol coated catalyst still led to the greatest
gain in selectivity over the uncoated case, the octadecanethiol coated catalyst exhibited a much

lower gain in selectivity compared to its shorter alkanethiol counterparts.

Table 2-3: Selectivity and initial activity for heptane solvated EpB hydrogenation

over thiol coated Pd/Al,O; catalysts.

Coating Selectivity to EpBane (%) Turnover frequency (1/s)
None 36 48.4

Thioglycerol 74 12.7

Octadecanethiol 43 11.9

Dodecanethiol 66 13.3

Hexanethiol 60 121

Propanethiol 69 9.8

The lower increase in selectivity for the octadecanethiol coated catalyst could be
explained by penetration of the reaction solvent heptane into the octadecanethiol monolayer. It
has been previously shown that an n-alkane solvent such as decane can penetrate into an
alkanethiol monolayer of longer length such as docosanethiol; interactions between the solvent,
reactant, and SAM in such cases may have an effect on selectivity, though it is unclear what the
nature of this effect would be?*®. There is also evidence that the structure of an octadecanethiol
monolayer is highly dependent on the adjacent environment where both polar and non-polar
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liquids shifted the asymmetric methylene peak stretch from 2918 cm™ in air to 2921 cm™ in

liquid, consistent with a modest reduction in conformational order in the alkyl chain?®.

2.4.3 Effect of SAM quality on liquid-phase hydrogenation: To further explore the effects
of alkanethiol tail disorder in the liquid-phase hydrogenation reaction, we studied catalysts
coated with “good” and “poor” quality SAMs®. As a measure of SAM quality, we used DRIFTS
(discussed in the introduction section) to measure the asymmetric methylene stretching
frequency on SAM-coated Pd/Al,O3 catalysts prepared in different ways. It has been shown
previously that the asymmetric methylene stretch shifts from its disordered solution phase peak
of 2930 cm™ toward its solid phase well-ordered peak at 2920 cm™ as the alkanethiol chain
length increases®®. This shift to lower frequencies is due to a lower fraction of gauche defects
and a higher degree of order®. In our liquid phase hydrogenation system, we were able to detect
this characteristic SAM quality by changes in the rate of reaction during the hydrogenation of
EpB. Shown in Figure 2-5 (a), well-ordered SAM coated Pd/Al,O3 led to a higher rate of

reaction than disordered SAM coating.
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Figure 2-5: Hydrogenation of epoxybutene over thioglycerol coated Pd/Al,O3

catalyst. (a) Rate (turnover frequency) and selectivity (%) for different
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preparation methods. Turnover frequency data was calculated as the rate of
epoxybutene consumed. (b) Methylene stretching region of octadecanethiol and

thioglycerol coated Pd/Al,O; for well-ordered and disordered SAMs

Similar to thioglycerol, the octadecanethiol coated Pd/Al,O3 also exhibited a decrease in
catalytic activity from 11.9 s™ to 1.6 s™ as SAM order decreased as indicated by a shift in the
asymmetric methylene stretching mode from 2921 cm™ to 2926 cm™. The DRIFTS data shown
in Figure 2-5 (b) include characterization of well-ordered and disordered octadecanethiol coated
Pd/Al,O5 to illustrate the characteristic shift in the asymmetric methylene stretch that occurs
when SAMs become disordered. This shift is not manifested in the thioglycerol spectrum, which
instead loses peak sharpness and intensity upon SAM disorder. Although the activity of the
SAM coated Pd/Al,O5 decreased dramatically as SAMs became more disordered, the selectivity
of EpB hydrogenation to epoxybutane was not greatly affected. This trend was previously
observed by Marshall et al. in the gas phase hydrogenation of EpB where shorter alkanethiol

SAMs, with intrinsically more disorder, also had lower rates but had similar selectivity®.

2.5 Conclusion

Hydrogenation of epoxybutene in the liquid phase showed that the same trends in
selectivity observed in gas phase hydrogenation can be induced by depositing self-assembled
monolayers on a Pd/Al,O3 catalyst and running under the proper liquid phase reaction
conditions. In the liquid phase, solvent and SAM interactions were shown to be more important
to the selectivity of the reaction although other factors such as hydrogen solubility play

significant roles as well. The quality of the SAMs was shown to be specific to the deposition
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technique where poor SAMs had a negative effect on the rate of the reaction but had little effect
on selectivity. The most effective catalyst system measured was the contrasting polarity of a
nonpolar solvent heptane with the polar SAM thioglycerol, which increased the selectivity of
epoxybutene hydrogenation from 36% to 74% between the uncoated and coated cases

respectively.
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CHAPTER 3

Selective Hydrogenation Of Polyunsaturated Fatty Acids Using Alkanethiol Self-Assembled

Monolayer Coated Pd/Al,O3; Catalysts

3.1 Abstract

Pd/Al,O5 catalysts coated with various thiolate self-assembled monolayers (SAMs) were
used to direct the partial hydrogenation of eighteen-carbon polyunsaturated fatty acids, yielding a
product stream enriched in monounsaturated fatty acids (with low saturated fatty acid content), a
favorable result for increasing the oxidative stability of biodiesel. The uncoated Pd/Al,O3
catalyst quickly saturated all fatty acid reactants under hydrogenation conditions, but the addition
of alkanethiol SAMs markedly increased the reaction selectivity to the monounsaturated product
oleic acid, to a level of 80-90% even at conversions >70%. This effect, which is attributed to
steric effects between the SAMs and reactants, was consistent with the relative consumption
rates of linoleic and oleic acid using alkanethiol coated and uncoated Pd/Al,O; catalysts. With
an uncoated Pd/Al,O3 catalyst, each fatty acid, regardless of its degree of saturation had a
reaction rate of approximately 0.2 mol reactant consumed per mol surface palladium per second.
Using alkanethiol coated Pd/Al,O3 catalysts, the activity was reduced by a factor of 4 for
polyunsaturated reactants and by a factor of 100 for the monounsaturated reactants. In contrast to
the hydrophobic alkanethiol modifiers, hydrophilic thioglycerol SAM modifiers were found to

strongly inhibit reaction Kinetics.

3.2 Background
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As was presented in Chapter 2, tuning the near-surface environment of heterogeneous
catalysts offers a promising route for controlling selectivity in reactions of complex chemicals.
The ability to control chemoselectivity of the reaction of multi-functional feedstocks is desirable
for industrial reaction processes because it reduces separations costs and maximizes yield"?.
Fatty acid oils are one example of an important multi-functional biorenewable feedstock that can
be produced from a variety of terrestrial and marine plants, and are associated with low
environmental toxicity®>®. Fatty acids have many industrial uses, ranging from chemicals and
fuels to biological applications, personal care products, plastics and other household
commodities*®. Naturally-occurring fatty acids contain a large fraction of unsaturated eighteen
carbon components including linolenic acid (cis-9,cis-12,cis-15-octadecatrienoic, Cig:3) linoleic
acid (cis-9,cis-12-octadecadienoic acid, Cig:2) and oleic acid (cis-9-octadecenoic, Cis:1), wWhich
are especially important in the production of biodiesel®.

Since biodiesel is an important bio-renewable fuel, its production from fatty acids has
been extensively studied®"™°. Critically, controlling the oxidative stability of fatty acids is vital
to the quality of biodiesel that can be produced'**3. Polyunsaturated molecules such as linoleic
acid are susceptible to auto-oxidative degradation which can produce polymers and other
undesirable side products that prevent fuel from meeting regulatory standards™. Fortunately,
reducing the degree of unsaturation can increase the oxidative stability. The oxygen adsorption
rate in fatty acids decreases dramatically with a decrease in the degree of unsaturation where
linolenic acid, linoleic acid, and oleic acid have oxygen adsorption rates of 800:100:1
respectively®. Soybean oil, a major biodiesel precursor, has a reported 50-60% composition of
unsaturated fatty acids, so selectively reducing its degree of unsaturation is highly desirable'***

% The main challenge with decreasing fatty acid unsaturation is that complete saturation of the
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alkane tail would result in a dramatic increase of the melting temperature and viscosity of the

fuel'*

. Therefore, a selective reaction environment is desired to partially saturate polyunsaturated
fatty acids.

Previous strategies aimed at the selective hydrogenation of polyunsaturated fatty acids
have included varying the composition of metal catalyst, temperature, and hydrogenation
pressure*™ " The addition of amines to the reaction mixture has also been shown to affect the
activity of Pd catalysts towards polyunsaturated fatty acid ethyl esters in sunflower oil; in some
cases providing a modest improvement in the yield of a particular monounsaturated product and
inhibiting isomerization®.

Selective poisoning of catalysts is an alternative method for affecting reaction
selectivity’>®. The use of alkanethiol self-assembled monolayers (SAMSs) to direct the
selectivity of reaction systems is one such example of selective catalyst poisoning. Chapter 2
discussed how alkanethiol monolayers have been used to improve the selectivity of the
hydrogenation of 1-epoxy-3-butene (EpB) to 1-epoxybutane as well as to affect the selectivity of
allyl alcohol isomerization?®??. In the case of 1-epoxybutene hydrogenation, modification of
the Pd surface by the sulfur headgroup was found to be largely responsible for the increase in
selectivity observed in these systems while the tail group was shown to affect the activity?.
However, these studies examined reactant molecules that are too small to have adsorbed states
where the reactant is chemisorbed to the metal while still interacting with more remote regions of

the organic ligands?®?’. We hypothesized that larger reactant molecules, such as fatty acids,

would interact more extensively with the organic tail-group ligands of the SAM coating.
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Figure 3-1: Figure 3-1: Reaction pathway for linoleic acid hydrogenation

Hydrogenation of polyunsaturated fatty acids can yield a wide range of products and
isomers. The molecules of greatest interest here were the family of 18-carbon fatty acids
including Cyg:3 (linolenic acid), Cyg:» (linoleic acid), cis-Cyg.1 (0leic acid), and Cig. (stearic acid).
In addition to the differing degrees of unsaturation, each degree of saturation may be present as
trans and cis isomers as well as positional isomers for a wide range of slightly different
molecular configurations. For example, the hydrogenation of linoleic acid, shown in Figure 3-1,
provides both positional and cis-trans isomerization products for each step in the unsaturation

sequence.

3.3Methods

3.3.1: Materials The 5wt% Pd/Al,O3 catalyst used throughout this study was purchased
from Sigma Aldrich.  1-Propanethiol, 1-hexanethiol, 1-dodecanethiol, 1-octadecanethiol,
thioglycerol were all obtained from Sigma Aldrich, as was the ethanol (>99.5%) which was used
as a solvent during SAM deposition. Anhydrous dodecane solvent (>99%), tetrahydrofuran

(>99.5%)internal standard, and all fatty acids including linolenic acid, linoleic acid, oleic acid,
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steric acid, elaidic acid, and 9-decenoic acid were also obtained from Sigma Aldrich. All gases

(H2, Oy, and He) used for catalyst preparation and reaction were Airgas ultra-high purity.

3.3.2 Reaction system: Similar to the catalyst preparation in Chapter 2, the 5wt%
Pd/Al,0O3 was loaded in a glass reactor tube then oxidized by flowing 20% O, at 573 K for 3 hr,
followed by reduced by flowing H, at 473 K for 2 hr. As discussed in the introduction in
Chapter 1, this step was shown not to influence how SAMs affect the catalyst surface; however,
this step was nevertheless performed for consistency with the catalyst literature. The rest of the
catalyst preparation procedure is consistent with that discussed in the introduction, as is the

characterization of the catalyst by chemisorption of CO.

3.3.3 Catalyst characterization: Liquid phase hydrogenation was studied at 30 °C using
the 100 mL Parr batch reactor with the procedure discussed in depth in the introduction Chapter
1.4. For most reactants*, the system was loaded with 48mL of n-dodecane solvent, 5 mL of THF
internal standard, and 1 mL of fatty acid reactant giving a concentration of approximately 0.06M.
Prepared catalyst was added to the solvent mixture and sealed in the reactor which was then
preheated to the desired reaction temperature of 30 °C. For uncoated Pd/Al,O3 approximately
20-30 mg of catalyst was used, while up to 300 mg of alkanethiol-coated catalyst (typically 120-
150 mg) was used for coated catalyst reactions. Samples were taken using the standard reactor
sampling procedure discussed in Chapter 1.4 and the column used here in Chapter 3 was the
Agilent DB-FFAP capillary column with dimensions of 30 m x 0.32 mm x 0.50 um. While not
all cis-trans and positional isomers were completely resolved, resolution was easily achieved
between different degrees of unsaturation (i.e. saturated vs. monounsaturated vs.

polyunsaturated). Note that in liquid-phase hydrogenation experiments in hydrophobic solvents,
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leaching of thiols from the surface is expected to occur. This leaching requires periods of days,

and we restricted our studies to reaction times of approximately an hour or less.

*Due to its limited solubility, elaidic acid (trans-9-octadecenoic acid) was prepared at a
concentration of ~0.015 M for reaction studies. The amount of catalyst was decreased for the
rate measurement experiments so that a reasonable conversion versus time profile was obtained
over 90 minutes. Rates of hydrogenation were shown to be first order with respect to fatty acid
reactant, and the rates of elaidic acid hydrogenation shown in Figure 3-5 (b) were scaled
according to their initial concentration. The rate of hydrogenation was shown to be first order by
varying the initial concentration of elaidic acid in the reactor within the solubility limits and

seeing the initial rate of reaction change proportionally. These data are shown in Table 3-1.

Table 3-1: Rates of elaidic acid hydrogenation showing first-order dependence on reactant

concentration. The specified mass of elaidic acid (EA) was added to the reaction mixture of 54

mL of liquid.
Mass EA (mg) Concentration of EA in Reactor Rate (mmol EA consumed /s
Solution (M) /surface Pd)
126 0.0083 0.13
356 0.023 2.2
831 0.055 4.8

3.3.4 Rate calculations: The rates of reaction reported in Figure 3-5 (b) are calculated
based on the moles of reactant consumed per second per surface moles of exposed palladium.

This was done using a linear approximation of the slope of consumption of reactant as was
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discussed in Chapter 1.4.4. Note that the number of double bonds available for reaction varies
for the mono-, di-, and tri-unsaturated acids, and the reaction probability may vary accordingly.
The dispersion of 15.6% determined from chemisorption of the uncoated Pd/Al,O3 catalyst was
used to relate the amount of catalyst used to the amount of exposed palladium. The dispersion of
the uncoated catalyst was used for all of the rate calculations, even for a coated catalyst as is
done in the other chapters of this thesis. As a refresher, this calculation is made because it is
undetermined whether alkanethiol SAMSs cover active catalyst sites or which type of site is active
in the reaction, with or without a SAM coating, so we find the most consistency by reporting all

rates as the moles of reactant consumed per time per exposed surface moles of metal.

3.3.5 Contact angle measurements: Macroscopic interactions of fatty acids with a thiol
coated surface were explored in an effort to describe the interaction between the fatty acid and
the thiol SAM coating by measuring the contact angle of each fatty acid on thiol coated thin film
palladium surface. Palladium thin films were prepared by thermal evaporation onto a y-silica
support. A 2 nm chromium layer was first deposited as an adhesive layer followed by 150 nm of
palladium. The prepared thin film slides were cleaned with acetone and deposited in alkanethiol
SAM solutions of the same concentration used to prepare SAM coated catalysts. After
deposition, the thin films were blown dry with nitrogen gas. Contact angle measurements were
performed with a First Ten Angstroms Inc. FTA32 video 2.0 apparatus. Contact angle
measurements shown include linoleic acid, oleic acid, linolenic acid, 9-decenoic acid, and

dodecane (for comparison).
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Figure 3-2: Contact angle measurements for linoleic acid, oleic acid, linolenic acid, 9-
decenoic acid, dodecane, and water on thin film surfaces of octadecanethiol coated

palladium, thioglycerol coated palladium, and uncoated palladium.

The highest contact angle was observed for oleic acid on an octadecanethiol-coated
palladium thin film indicating the least favorable interaction in that case. Thioglycerol-coated
Pd/Al,O3; reduced the rate of hydrogenation of fatty acids below detection levels, but here
indicates that the surface exhibited a more favorable interaction with the fatty acids. This
analysis does not address any specific hypotheses of this chapter, but does suggest that there are
significant differences between the interaction effects of fatty acids with different types of

coatings.

3.4 Results
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3.4.1 Hydrogenation of linoleic acid: The hydrogenation of linoleic acid was performed
for 90 min; data from a typical experimental run are shown in Figure 3-3 for uncoated Pd/Al,O3
and for dodecanethiol-coated Pd/Al,O3. Similar data were obtained for each of the alkanethiol-
coated catalyst systems with each of the fatty acid reactants.

As illustrated in Figure 3-3 (a), the hydrogenation of linoleic acid using an uncoated
palladium catalyst quickly passed through monounsaturated intermediates to the fully saturated
product stearic acid, with the maximum selectivity being recorded before 10% conversion. The
yield to oleic acid reached a maximum of 64% after which the series reaction resulted in a
continuous decrease in selectivity. As shown in Figure 3-3 (b), application of an alkanethiol
SAM coating to the Pd/Al,O5 catalyst dramatically increased the selectivity of linoleic acid
hydrogenation to monounsaturated products. With an alkanethiol coating, the yield to
monounsaturated products was >80%, and remarkably this selectivity remained high to >80%

conversion.
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Figure 3-3: Kinetic data for linoleic acid hydrogenation over Pd/Al,O3 at 30 °C and 6 bar
H,. Reaction concentrations were normalized to one for clarity (a) uncoated Pd/Al,O3 (b)

dodecanethiol coated Pd/Al,O4
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Reaction data for various SAM-coated catalysts are shown in Figure 3-4 (a). Each of the
alkanethiol coatings achieved a greater selectivity to monounsaturated products than the
uncoated catalyst. The initial variation in selectivity shown at low conversions in Figure 3-4 (a)
may be due to limited GC sensitivity to the products at low conversions. The addition of
alkanethiol SAMs to the Pd/Al,O3 catalyst was also responsible for a decrease in the overall

reaction activity, consistent with previous SAM catalysis studies®*?

. As discussed in Chapter
1.4.4, an alkanethiol SAM may block some surface sites, but the extent of this effect is unclear,
and which is why rates are again reported as the moles of reactant consumed per mole of
exposed surface metal per second using the dispersion of the catalyst metal.

Experiments measuring the hydrogenation rates of different unsaturated fatty acids
(Figure 3-4 (b)) show that SAM coatings reduce the hydrogenation rate much more for Cig:; fatty
acids, resulting in an enhanced yield of the intermediate (monounsaturated) product. That is,
whereas the rate of hydrogenation on uncoated catalysts was fairly uniform (0.1-0.3 mol/s/mol
surface Pd) for all reactants tested, the hydrogenation rate on coated catalysts decreased by an
order of magnitude for Cyg.; fatty acids. Because each of the different alkanethiol tail lengths
affected selectivity and rate in approximately the same way, activities for the reaction of each

fatty acid over the C3, C6, C12, and C18 coated catalysts were averaged in Figure 3-4 (b) as

‘coated’.
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Figure 3-4: (a) Selectivity of linoleic acid hydrogenation to monounsaturated products
over increasing conversion. C3, C6, C12 and C18 correspond to propanethiol,
hexanethiol, dodecanethiol and octadecanethiol coated Pd/Al,O3; (b) turnover frequency
(1/s) for the hydrogenation of oleic acid (cis-9-octadecenoic acid), elaidic acid (trans-9-
octadecenoic acid), linoleic acid (cis,cis 9-12-octadecadienoic acid), and linolenic acid
(cis,cis,cis 9-12-15-octadecatrienoic acid) over alkanethiol coated (average rate of C3,
C6, C12, and C18 coatings) and uncoated catalysts. Reaction rate measured as the moles

of reactant consumed per mole of exposed surface Pd per second.

These data show that by coating the catalyst with a SAM, the selectivity to
monounsaturated fatty acid products can be dramatically increased over the uncoated catalyst
system. In addition, that increase in selectivity is exhibited to 80% conversion, so although there
is a loss of rate over alkanethiol coated catalysts, a reaction system can be run at a greater overall
production rate of monounsaturated fatty acid than a system with uncoated catalyst which must

run at less than 10% conversion to maintain the same selectivity to monounsaturated products.
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3.4.2 Hydrogenation of linolenic acid: The hydrogenation of linolenic acid C;g.3 was also
investigated and showed results consistent with the hydrogenation of linoleic acid. Again, the
uncoated catalyst resulted in completely saturated products with low selectivity to partial
hydrogenation. As shown in Figure 3-5 (b), the addition of an alkanethiol coating shifted the
selectivity to unsaturated products, shown as 80% at 80 min, by reducing the production of
saturated fatty acid. Figure 3-5 (b) is shown to highlight the trends of linolenic fatty acid
hydrogenation, but when more catalyst was used, 80% selectivity was specifically achieved to
monounsaturated fatty acid, in a kinetic result resembling Figure 3-3 (b). Supported by Figure 3-
4 (b), the rate of consumption of linolenic acid Cyg.3 was similar to the rate of linoleic acid Cig:,
consumption over both coated and uncoated catalysts. These results indicate that regardless of
the position or the degree of unsaturation, alkanethiol monolayers can be used to direct

hydrogenation to products with one degree of unsaturation.
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Figure 3-5: Kinetic data of linolenic acid hydrogenation over Pd/Al,O3 (a) uncoated (b)

dodecanethiol coated
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Included in Figure 3-4 (b), kinetic data were also obtained for the hydrogenation of 9-
decenoic acid to compare with the rates of hydrogenation of 18-carbon monounsaturated fatty
acids. 9-Decenoic acid was chosen because it contains a double bond at the same position with
respect to the fatty acid head group as both elaidic acid and oleic acid, with 9-decenoic acid
lacking the eight-carbon terminal alkyl chain. Though the rates of oleic and elaidic acid
hydrogenation were much lower on alkanethiol-coated catalysts, the rate of 9-decenoic acid
hydrogenation was not as dramatically affected by the presence of an alkanethiol coating on the
catalyst surface. This suggests that hydrogenation of the targeted double bond may depend more
on its position from the terminal end of the fatty acid rather than its position relative to the fatty

acid head.

2.4.3 Discussion of ligand effects: The mechanism for these effects is still not entirely
clear. Previous studies have suggested that the position of a double bond within a fatty acid
molecule should not strongly affect its reactivity toward hydrogenation over an uncoated Pd/C
catalyst'®. With respect to SAM-coated Pd catalysts, the effects of SAMs on reaction selectivity

2225 n the case

were previously attributed to poisoning effects of sulfur on the catalyst surface
of gas-phase ethylene hydrogenation, application of linear alkanethiol SAMs decreases the
reaction rate by a factor of 100 (compared to uncoated catalyst), far greater than the effect
observed here for hydrogenation of single olefin group of polyunsaturated fatty acids®. We
hypothesize that the difference is smaller for the liquid-phase hydrogenation of fatty acids due to
high coverage of unreactive species on an uncoated catalyst. Here, the site-blocking effects of
SAMs are relatively less important when the surface is likely to contain higher coverage of

competitively adsorbed, unreactive species such as the (much heavier) reactant or solvent. Such

a view Is consistent with the observation that alkanethiol SAMs also decrease olefin
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hydrogenation rates by less than an order of magnitude for 1-epoxy-3-butene, which is known to
form strongly-adsorbed spectator species on the surface during reaction?>%%3! Thus, it appears
that the creation of high-coverage structures with SAMs decreases olefin hydrogenation rates to

a smaller extent in “stickier” reaction environments.

Our prior studies have indicated that adsorbed alkanethiols do not strongly affect
activation barriers for gas-phase olefin hydrogenation, but primarily alter the site densities®. It
is furthermore not clear how electronic modification of the surface by sulfur would decrease the
rate of hydrogenation of olefin functions in particular positions on a fatty acid molecule. Rather
than an electronic mechanism, we therefore propose a geometric mechanism, whereby Cig.; fatty
acids have more difficulty interacting with an alkanethiol coated surface than polyunsaturated
fatty acids. We hypothesize that when a fatty acid chain contains more than one degree of
unsaturation, such as linoleic acid shown in Scheme 3, it has the appropriate shape to reach that
catalyst surface and react within an alkanethiol monolayer; in contrast, a Cyg.; fatty acid (which
has only a single “kink”) does not. As demonstrated in Figure 3-4 (b) and illustrated in Figure 3-
6 for the hydrogenation of 9-decenoic acid, monounsaturated fatty acids can better react on a

coated surface when the double bond is at the terminal end of the molecule.
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Figure 3-6: Proposed interaction mechanism of fatty acids with an alkanethiol coated

palladium catalyst. Monounsaturated fatty acids are excluded from interacting with the

surface.

Unfortunately, a direct measurement of how thiolate SAMs affect orientation or uptake of

different fatty acids on the catalyst is lacking. Previous researchers successfully measured the
adsorption of fatty acids onto montmorillonite surfaces via solution depletion acid-base
titration®’. Attempts to use such a technique in our case did not yield statistically significant

results, due to relatively low active surface area per mass of material compared to the prior

For the same reason, GC analysis of supernatant liquid was not effective for

characterizing adsorption of different fatty acids.

In addition to alkanethiol monolayers, a polar thioglycerol monolayer was deposited on

the palladium catalyst surface, which reduced the activity of this catalyst beyond system

sensitivity. The reaction rate over these thioglycerol coatings was at least four orders of
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magnitude smaller than the rate of reaction over alkanethiol coated catalysts, consistent with
repulsion of the oily regions of the fatty acid tails from the near surface environment. This
contrasts strongly with previous studies of 1-epoxy-3-butene hydrogenation and nitrostyrene
hydrogenation, where selectivity and activity differences between hydrophobic and hydrophilic
coatings were minor, and implicates interactions between SAM tails and fatty acid reactants (as

opposed to modification by the sulfur head group) in the selectivity-promotion mechanism?*,

3.5 Conclusion

Chapter 3 has demonstrated that the application of thiol SAMs to a Pd/Al,O3 catalyst can
increase the hydrogenation selectivity of polyunsaturated fatty acids to their monounsaturated
products. Here, we demonstrated that the force for this selectivity improvement was the ability
to decrease the rate of monounsaturated fatty acid hydrogenation while keeping the rate of
hydrogenation of di- and tri- polyunsaturated fatty acids an order of magnitude greater. The
mechanism by which alkanethiol SAMs increase hydrogenation selectivity of polyunsaturated
C,g fatty acids to monounsaturated Cig.; fatty acids requires further study, but as a result of this
effect, any feedstock mixture of 18-carbon fatty acids with differing degrees of unsaturation such
as sunflower or rapeseed oil can be reacted selectively to monounsaturated products. The fatty
acid compositions of sunflower oil and rapeseed oil, two important biorenewable feedstocks,
have naturally less than 30% Cig.1 fatty acids with the makeup consisting of various degrees of
polyunsaturated fatty acids, so the application of thiol SAMs to hydrogenation catalysts could be

a valuable method for improving selectivity to monounsaturated products®
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CHAPTER 4

Control of Metal Catalyst Selectivity through Specific Non-Covalent Molecular

Interactions

4.1 Abstract

The specificity of chemical reactions conducted over solid catalysts can potentially be
improved by utilizing non-covalent interactions to direct reactant binding geometry. In this
chapter, we apply thiolate self-assembled monolayers (SAMs) with an appropriate structure to
Pt/Al,O3 catalysts to selectively orient the reactant molecule cinnamaldehyde in a configuration
associated with hydrogenation to the desired product cinnamyl alcohol. While non-specific
effects on the surface active site were shown to generally enhance selectivity, specific aromatic
stacking interactions between the phenyl ring of cinnamaldehyde and phenylated SAMs allowed
tuning of reaction selectivity without compromising the rate of desired product formation.
Infrared spectroscopy showed that increased selectivity was a result of favorable orientation of
the reactant on the catalyst surface. In contrast, hydrogenation of an unsaturated aldehyde
without a phenyl ring showed a non-tunable improvement in selectivity indicating that thiol
SAMs can improve reaction selectivity through a combination of non-specific surface effects and

ligand-specific near-surface effects.

4.2 Introduction
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As discussed in Chapter 1, heterogeneous catalysts, such as supported transition metals,
are widely used in industrial applications due to their recoverability, but they are generally far
less selective toward forming desired products compared to organometallic or enzyme catalysts'.
Enzyme catalysts have evolved an advantage for improving selectivity: the active site is often
contained within a binding pocket, and non-covalent interactions between the reactant and
binding pocket cause reactant molecules to bind in a specific orientation to the active site”.
Similar interactions have been successfully exploited to produce branched chain alcohols as
biofuels’, and alcohol dehydrogenase enzymes achieve selective hydrogenation of o,f-
unsaturated aldehydes through alignment of the reactant molecules in a hydrophobic barrel
within the catalyst structure’. Previous attempts to improve the chemoselectivity of
heterogeneous catalysts have not generally focused on controlling non-covalent interactions, and
instead have focused on changing the size, shape, or composition of the surface layer’®. While
these methods represent powerful tools for improving selectivity through (for example) control
of the electronic properties of the active site, the engineering of non-covalent interactions above

the active surface may provide an additional lever for approaching optimal selectivity.

In this chapter, we move to this additional level of selectivity control by depositing
thiolate self-assembled monolayers (SAMs) on conventional heterogeneous catalysts to control
the selectivity of an important model reaction, the hydrogenation of cinnamaldehyde (Figure 4-
1). By changing the functional groups of the hydrocarbon “tail” of the thiolate modifier, it is
possible to adjust non-covalent interactions in the near-surface environment in a manner
analogous to changing functional groups in an enzyme binding pocket’. Previous work has
shown that self-assembled monolayers can change the properties of the active catalyst surface

non-specifically through the interaction of the sulfur head group with the surface'®, but here we
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show that it is possible to control selectivity specifically by precise placement of functional
groups in the organic tail that (de)stabilize particular geometries of adsorbed reacting species.
Interestingly, fifteen years ago, Gallezot and Richard® speculated that such an approach might be

possible, but it has not been successfully demonstrated previously.

Cinnamaldehyde Cinnamyl Alcohol
H,
—_—
~_ .20 = OH
H, l H,
Hydrocinnamaldehyde 3-phenyl-1-propanol

Hy
L0 T OH

Figure 4-1: Hydrogenation pathway of cinnamaldehyde

The hydrogenation of o,B-unsaturated aldehydes, such as cinnamaldehyde, to their
respective unsaturated alcohols is among the most widely studied classes of model reactions for

>0 n addition, the production of

understanding methods to promote chemoselectivity
unsaturated alcohols is a less favorable yet more industrially valuable pathway for the fragrance
and pharmaceutical industries’. The selectivity of this reaction has been shown to be highly

dependent on the precious metal used, and since platinum is among the most selective for

producing the desired cinnamyl alcohol product, it was chosen as a starting point for this study”.

4.3 Materials and methods

4.3.1 Materials: The 5 wt% Pt/Al,O3 catalyst was purchased from Sigma Aldrich; its
characterization is discussed in Chapter 1. 1-Propanethiol (C3SH), 1-hexanethiol (C6SH), 1-

dodecanethiol (C12SH), 1-octadecanethiol (C18SH), thiophenol, thiophene, benzyl mercaptan,
91



and 2-phenyl-ethanethiol were all obtained from Sigma Aldrich. The 3-phenyl-1-propanethiol
(>95%) was obtained from MolPort. Ethanol (>99.5%) used as a solvent during SAM deposition
and in the reactor was from Sigma Aldrich. Tetrahydrofuran (>99.5%) internal standard, and
reactants cinnamaldehyde and prenal were also obtained from Sigma Aldrich. All gases (Hy, O,

and He) used for catalyst preparation and reaction were Airgas ultra-high purity.

4.3.2 Surface area and preparation of catalysts. Characterization of the commercial
uncoated 5wt% Pt/AL,Os is discussed in Chapter 1 as is the deposition procedure of the thiol
coatings. All thiol coated catalysts were used the same day they were prepared unless specified

otherwise.

Phenylated SAM coatings used for the hydrogenation of cinnamaldehyde were
susceptible to subtle changes of the deposition procedure, including aging in air. Aging of the
thiol coating in air (ambient laboratory conditions) significantly altered the selectivity of the 3-
phenyl-1-propanethiol coating, reducing the selectivity from 90% to near 15% for times longer
than 1 week and is hypothesized to be due to degradation of the SAM layer. Numerous effects
can contribute to the degradation of an alkanethiol SAM including ozone oxidation in air
enhanced by time and light'°. In addition, SAM coated surfaces degrade under solvated
conditions, though this degradation is minor up to 25 hours'’. To minimize degradation in this
study, all reactions were run for 1 hour minimizing any degradation of the SAM surface in situ.
Aging was achieved by leaving a dry catalyst exposed to ambient laboratory conditions for the

desired time.

4.3.3 Reaction System. Reactions were run in the 100mL Parr semi-batch reactor at 50°C
pressurized to 40 bar with hydrogen gas. Reactor contents were prepared as 48mL solvent, SmL

THF internal standard for the GC analysis, and 1mL of cinnamaldehyde or prenal reactant giving
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the system a reactant concentration of approximately 0.15 M. Solvent choice has been shown not
to significantly influence the selectivity of a,B-unsaturated aldehyde reactions, and light alcohols
such as alcohol have been shown previously to give the highest rates’. The effect of solvent on
SAM coated systems will be further discussed here as well. For reactions of uncoated catalysts
between 10 and 50mg of catalyst were used, and for coated catalysts, up to 300mg catalyst were
used. All reactions were run for 60 minutes during which eight 1.5 mL liquid samples were
taken. All samples were taken using the reactor procedure described in Chapter 1. The column

used for these reactions was the Agilent HP-5 capillary column.

4.3.4 Thin film PM-RAIRS: Thin films of platinum were prepared by electron beam
evaporation onto soda lime glass slides. The slides were cleaned with a nanostrip solution
(sulfuric acid/peroxide/buffer) for 10 minutes at 95°C, rinsed in DI water for 10 minutes and then
cleaned in a UV ozone plasma machine at 150W for 3 minutes, rinsed in DI water and blown
dry. An adhesion layer of 30nm Ti followed by 150nm Pt was deposited onto the cleaned slides.
Thiol coatings were deposited to the platinum thin films at the same concentration used to
prepare thiol coated catalysts. When removed from solution, platinum thin films were blown dry

with nitrogen rather than under a vacuum desiccator as had been done for the catalysts.

PM-RAIRS (Polarization Modulation-Reflection Absorption Infrared Spectroscopy) data
was taken using a Thermo Scientific Nicolet 6700 spectrometer with a Thermo Scientific TOM
(tabletop optical module) PM-RAIRS attachment. The PEM (photoelastic modulator) was made
by Hinds Instruments and the synchronous sampling demodulator by GWC Technologies. The
signal was received by a Thermo Scientific MCT-A (mercury cadmium telluride) detector cooled
with liquid nitrogen. In order to hold the cinnamaldehyde or prenal liquid in place to take the IR

scan, an Edmund Optics (Imm x 50mm) zinc selenide cover slip was used. Zinc selenide is IR
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inactive and therefore served as a way to maintain a uniform thin film of cinnamaldehyde or
prenal while not disrupting the infrared signal on the surface. Some incident light was reflected
from the surface of the zinc selenide cover slip before reaching the platinum surface but this light
was not focused at the detector and so could not interfere with the measured signal. The cover
slip had an anti-reflective coating rated from 3-12um to allow as much light to pass through as
possible. The cover slip was clipped in place over top of the liquid sample so as not to interfere
with the signal. Error bars of the n*/n? ratio were calculated from repeat measurements on freshly

prepared slides.

4.4 Results and discussion

4.4.1 Non-covalent control of selectivity: Over an uncoated Pt/Al,Oj; catalyst (Figure 4-2
(a)), cinnamyl alcohol was produced at much lower levels than hydrocinnamaldehyde at all times
and conversions. In fact, the selectivity to cinnamyl alcohol was constant at 25% (Figure 4-5)

over a broad range of conversions (20%-90%), in agreement with previous reportss’é.

(a)1.0 (b) 1.0 —
Hydrocinnamaldehyde
—- 3-phenyl-1-propanol

c 0.8 - Cinnamaldehyde s 0.8+
% —¥— Cinnamyl Alcohol B
5 IS
c Q
8 0.6 g 0.6 Hydrocinnamaldehyde
5] 8 —- 3-phenyl-1-propanol
C‘j ° —e— Cinnamaldehyde
o 0.4 N 0.4 — —¥— Cinnamyl Alcohol
= (0]
o P —
=z 0.2+ 0.2

0.0 0.0

i T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)

94



Figure 4-2: Kinetic plots for the hydrogenation of cinnamaldehyde. (a) Hydrogenation
over an uncoated 5wt% Pt/Al,O; catalyst. (b) Hydrogenation over a 3-phenyl-1-

propanethiol coated Swt% Pt/Al,O; catalyst.

To tune non-covalent interactions in the near-surface environment, SAMs comprised of a
number of organic ligands (Figure 4-3) were employed. Prenal, a branched non-aromatic ao,f3-
unsaturated aldehyde, was used as a reactant for control experiments. Because o,p-unsaturated
aldehydes contain the same reactive double bond and aldehyde at their terminal end, they can be
expected to respond similarly to changes in the electronic properties of the catalyst surface;
however, cinnamaldehyde contains a phenyl group resulting in additional spatial constraints
within the crowded surface region® as well as the potential for additional non-covalent aromatic

stacking interactions.
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Figure 4-3: Molecules used in the hydrogenation system. (a) Thiol SAMs used to coat the

Pt/Al,05 surface. (b) Cinnamaldehyde and prenal reactants

Whereas linear alkyl ligands are not expected to interact preferentially with a particular
region of the cinnamaldehyde reactant, phenylated ligands can interact with cinnamaldehyde’s
phenyl group through aromatic pi-pi stacking'®.  For example, the contact angle of
cinnamaldehyde can be measured on phenylated and non-phenylated surfaces to show
macroscopic differences in wetting behavior. Shown in Figure 4-4, cinnamaldehyde contact
angle on phenylated SAMs was consistently measured as less than 10° indicating a strong
wetting effect for the phenylated thiols, consistent with attractive interactions between the
phenylated SAMs and cinnamaldehyde. In contrast, cinnamaldehyde showed a much higher
contact angle on the uncoated surface and on alkanethiol coated surfaces. Water exhibited a high

contact angle on each SAM coated surface as expected for each of the hydrophobic coatings.
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Figure 4-4: Contact angle measurements of water and cinnamaldehyde on different thiol
coated surfaces. Water showed a high contact angle for each hydrophobic coating while

cinnamaldehde showed a low contact angle for phenylated thiol coatings.

By changing the vertical position of the modifying phenyl group within the SAM layer, it
is hypothetically possible to control the orientation of the cinnamaldehyde with respect to the
active surface via these pi-pi stacking interactions. Prenal, which lacks an aromatic moiety,

exhibits no such specific interaction with phenylated SAMs.

Using a catalyst coated with a 3-phenyl-1-propanethiol SAM (Figure 4-2 (b) and Figure
4-5) increased the hydrogenation selectivity of cinnamaldehyde to greater than 90% indicating a
highly-favorable specific interaction between the properly spaced phenyl ring from the SAM and
the phenyl ring of the cinnamaldehyde. 2-phenylethanethiol and benzylmercaptan modifiers
improved selectivity to a lesser extent, while catalyst modification with thiophene and thiophenol
decreased selectivity. In other words, the highest selectivity was associated with a three-
methylene spacer between the S atom and the phenyl ring, a structure that approximately
matches that of cinnamaldehyde. Over long time intervals, at 100% conversion, the series
reaction to produce 3-phenyl-1-propanol occurred; however, high selectivity was observed even

at conversions of 90%.

97



—&— 4-phenyl-1-butanethiol —ll- Dodecanethiol
—8- 3-phenyl-1-propanethiol —@— Uncoated Pt
—&— 2-phenyl-1-ethanethiol —4— Aged 3-phenyl-1-propanethiol

Benzyl Mercaptan =&~ Thiophene
—{— Thiophenol
1009 G\L_‘
ml —4 (|
—_ = = = - '%
E-‘\C"
S 80 —
L
o
o
©
= 60 —
£
@
c
£
o
o 40— -
£
=
8 20 —
L]
(%]
0 —
I I | | | |
0 20 40 80 80 100

Percent Conversion (%)

Figure 4-5: Selectivity to cinnamyl alcohol for the hydrogenation of cinnamaldehyde
over Pt/Al,Oj; catalysts. All reactions were carried out at 40 bar hydrogen pressure, 0.15
M initial cinnamaldehyde concentration in ethanol solvent. Alkanethiol SAMs (shown
separately in Figure 4-7) non-specifically increased the selectivity to cinnamyl alcohol
over the uncoated case, but phenylated SAMs showed the ability to dramatically increase
or decrease the selectivity depending on the location of the phenyl ring with respect to the

surface.

A longer 4-phenylbutanethiol coating showed an increase in selectivity similar to that of
the 2-phenylethanethiol coating, but not as good as the 3-phenylpropanethiol coating, indicating
a peak in selectivity at the proper spacing length of the cinnamaldehyde molecule. The longer
spacer also decreased the rate of reaction by a factor of 2 over the shorter phenylated SAM cases.

An even larger rate decrease was seen for the hydrogenation of benzaldehyde (C¢HsCHO) on
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uncoated and 3-phenyl-1-propanethiol coated catalysts (Table 4-1). That is, in cases where the
spacer length in the modifier is greater than the distance between the phenyl ring and the
carbonyl function in the reactant, the reaction rate is suppressed. This result suggests that if
aromatic stacking interactions occur too far above the surface, the carbonyl function is hindered

from reaching the surface.

Table 4-1: Rates of benzaldehyde hydrogenation over coated and 3-phenyl-1-

propanethiol coated Pt/Al,Os3 reported as moles converted per surface metal atom per

second

Reactant: Uncoated Pt/Al,O;  3-phenyl-1-propanethiol coated Pt/Al,O3
Cinnamaldehyde 0.35 0.38
Benzaldehyde 1.96 0.17

Molecular order of the phenylated SAMs for these hydrogenation experiments was
critical to their efficacy. Well-ordered SAMs contain few surface vacancies and exhibit a
standing-up adsorption geometry, while poorly ordered SAMs adopt a lying-down structure and

1920 For the

are prone to C-S bond scission due to greater tail disorder on the catalytic surface
hydrogenation of cinnamaldehyde, the quality of the SAM was shown to have a dramatic impact
on the selectivity of the reaction. A 3-phenyl-1-propanethiol SAM that had been aged for 1-3
weeks in air decreased the selectivity to cinnamyl alcohol to lower than the uncoated case
(Figure 4-5), similar to the effect caused by shorter phenylated SAMs, consistent with a strong

dependence on the position of the SAM phenyl ring relative to the catalyst surface. The 2-

phenylethanethiol SAM was even more sensitive to aging showing a decrease in selectivity after

99



less than a day. Degradation of SAMs in air and in the reaction solution is further addressed in

Chapter 6.

Metal particle size has been shown previously to significantly affect the selectivity of
cinnamaldehyde hydrogenation, where large particles, with larger flat facets, favor selective
hydrogenation and small particles with large curvature have low selectivity to cinnamyl alcohol®.
The 5 wt% Pt/Al,O3 catalyst used here had a measured average particle size of 3.9 + 1.1 nm, but
we also studied a 0.5wt% Pt/Al,O; catalyst particle size of 0.8 nm + 0.3 nm prepared with one
cycle of atomic layer deposition. The catalyst was characterized by hydrogen chemisorption to
have an active surface area of 1.8 m?/g and >100% dispersion. The mass loading was
determined by ICP. For these smaller particles, as shown in Figure 4-6, the selectivity was
improved for thiol-coated catalysts as compared to the uncoated case, but the increase in
selectivity did not depend on the functionality of the coating. This loss of ligand-specific
selectivity control suggests that for small particles with high curvature, the ligand specific
control is difficult to maintain. Low weight loading also made it difficult to measure high
conversion and led to poor mass balances.
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Figure 4-6: Hydrogenation of cinnamaldehyde over coated and uncoated 0.5wt%
Pt/Al,03 ALD catalysts.
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Alkanethiol SAMs formed from propanethiol, hexanethiol, dodecanethiol, and
octadecanethiol were all shown to increase the selectivity of the reaction (Figure 4-5, and Figure
4-7) to up to 60% selectivity. These selectivity values were improved over the uncoated case,
but they were not specific to the length of the thiol tail, similar to the nonspecific effect typically

seen from sulfur poisoning.
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Figure 4-7: Selectivity to cinnamyl alcohol for the hydrogenation of cinnamaldehyde
over alkanethiol coated Pt/Al,Os catalysts. All reactions were carried out at 40bar

hydrogen pressure, 0.15 M initial cinnamaldehyde concentration in ethanol solvent.

This result suggests that a non-specific selectivity improvement may be realized through
modification by inorganic sulfur sources, as has been observed previously in the hydrogenation
of 1-epoxy-3-butene on alkanethiol- and H,S-modified Pd catalysts'’. Studies of H,S-modified
Pt for cinnamaldehyde hydrogenation showed a decrease in rate with no improvement in

selectivity. However, we cannot rule out the possibility that exposure to H,S or another
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inorganic sulfur source can improve selectivity; as reported elsewhere, sulfur deposition for

selectivity modification is notoriously difficult to control' "%,

Whereas the phenylated SAMs exerted specific control based on their tail lengths, the
alkanethiol modifiers non-specifically enhanced the reaction selectivity. Previous studies have
shown that unsaturated alcohol selectivity is increased by weakening the binding strength of the

2326 and the same adsorption weakening effect is

desired product to the catalyst surface
hypothesized to be responsible for the non-specific increase in selectivity over alkanethiol coated

catalysts.

4.4.2 Hydrogenation of prenal: To test this hypothesis, we also investigated the
hydrogenation of a non-aromatic a,p-unsaturated aldehyde, prenal, which contains the same
reactive groups as cinnamaldehyde without a phenyl moiety. Whereas cinnamaldehyde showed
specific control of selectivity via phenylated thiols, prenal hydrogenation selectivity was
insensitive to the presence of a phenyl group in the SAM. Prenal hydrogenation selectivity
(Figure 4-8) increased similarly for each of the alkanethiol-coated catalysts as well as the 2-
phenylethanethiol and the 3-phenyl-1-propanethiol coated platinum catalysts. This suggested a
lack of specific interaction effects between the thiol coating and the reactant; the general increase
in selectivity was consistent with previous hydrogenation studies of small molecules over thiol-
coated catalysts due to changes in the electronic properties of the catalyst surface'®. These
results indicate that although non-specific electronic effects can increase the selectivity of the
reaction, the position of the phenyl ring from the surface provides the extra functional handle
with which to direct selectivity still higher, or lower from there. The low selectivity observed for
catalysts modified with thiophene and thiophenol was likely due to the close proximity of the

aromatic functional group to the surface.
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Figure 4-8: Selectivity of cinnamaldehyde and prenal hydrogenation to its respective
unsaturated alcohol. The alkanethiols C3SH, C6SH, C12SH, and C18SH were averaged
for one data point. Reactions were run at 40bar H2 and 50°C, and 0.01M reactant

solvated in ethanol. Selectivity reported at 50% conversion.

An additional factor is that thiophene is known to undergo extensive C-S bond-breaking
reactions on noble metal surfaces®’, consistent with a greater deposition of surface sulfur. This
effect was observed experimentally in Figure 4-9 by ICP-AES analysis which was used to

measure the metal loading and sulfur loading of the thiol deposited catalysts.

103



6.0 - g
012 &

| z

T 20 008 3
E ] :
2 4.0 W wi %Pt 0.04 2
_ W Sulfur o

[01]

(=]

3.0 — 0.00 5

thearetical
thiophenol

2phenylethanethiol
3phenylpropanethiol

Figure 4-9: ICP-AES data. Metal loading of platinum and sulfur coverage of the surface
metal. Theoretical metal loading is 5 wt% as provided by the manufacturer. Theoretical
sulfur coverage is calculated as a 1/3 SAM monolayer on a Pt(111) surface using the

surface area obtained from CO chemisorption on an uncoated Pt/Al,O3 catalyst.

Theoretically, the weight loading of each catalyst should be the same since each is from
the same batch of 5 wt% platinum catalyst (as specified by Sigma Aldrich) and each of the thiols
is expected to assemble in the same V3V3R30° structure on the Pt(111) surface. Here, the
theoretical sulfur loading was calculated as: theoretical sulfur atoms of a SAM forming a
V3xV3R30° structure on Pt(111) / A? exposed Pt determined by chemisorption. Each of the
catalysts was rinsed in ethanol to remove any potentially physisorbed thiols and the ICP-AES
analysis showed no measurable sulfur on the blank alumina control which had been deposited in
octadecanethiol and then rinsed as if metal were present. In addition, an uncoated platinum

catalyst was analyzed and no trace of sulfur was detected.
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4.4.3 PM-RAIRS study of reactant binding geometry: We hypothesize that the direction
of selectivity change (i.e., increase or decrease) for the hydrogenation of cinnamaldehyde is
controlled in part by the orientation of adsorbed cinnamaldehyde in relation to the surface
(Figure 4-10) via the interaction of its phenyl moiety with the phenyl ring of the SAM. For the
3-phenyl-1-propanethiol SAM, the distance between the phenyl ring and surface is such that
cinnamaldehyde is directed to a standing-up orientation in which only the aldehyde group

interacts with the surface.

(a) (b)

Platinum Metal

\
Platinum Metal

Figure 4-10: SAM enhanced orientation of cinnamaldehyde with the catalyst surface. (a)
cinnamaldehyde interacting with an uncoated platinum surface through the C=C double
bond. (b) 3-phenyl-1-propanethiol SAMs favor aldehyde hydrogenation by creating an

upright molecular orientation

It has been shown previously that binding in a horizontal configuration favors C=C
hydrogenation while binding in a vertical orientation favors C=0 hydrogenation®®. In order to
probe binding geometries, polarization modulation reflection-absorption infrared spectroscopy
(PM-RAIRS) was used to examine how the adsorption of cinnamaldehyde varies in the presence
of different thiol coatings. The advantage of this technique is the ability to isolate the spectra of

adsorbed molecules in the presence of an isotropic solution phase. Because PM-RAIRS requires
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an optically-reflective surface, the study was performed on a thin film of platinum (150 nm)

deposited on a silica glass wafer.

Thiol SAM-coated surfaces were prepared in ethanolic

solutions identical to the solutions used to prepare catalysts. Each spectrum was normalized to

its background and adjusted to a zero baseline between 2500-2600 cm™'.
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Figure 4-11: PM-RAIRS analysis of reactant adsorption geometry. (a) Cinnamaldehyde

and (b) prenal

adsorbed on thiophenol

coated

platinum, uncoated platinum,

octadecanethiol coated platinum, and 3-phenyl-1-propanethiol coated platinum thin film

surfaces. (c) The spectra were deconvoluted to obtain the ratio of '/ 1> C=0 peaks and
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are shown with selectivity data for cinnamaldehyde and prenal hydrogenation. Error bars

were calculated from replicate measurements.

There are distinct differences between the spectra collected after adsorption of
cinnamaldehyde on each of the four surfaces (Figure 4-11 (a)). Peaks in the frequency range
1500-1750 cm™ correspond to the vibrational modes of C=C double bonds as well as C=0
aldehyde stretches. The large qualitative differences in peak structure in this region suggested
that the various coatings had a strong effect on the cinnamaldehyde adsorption geometry. In
contrast, the general structure of the prenal spectra was insensitive to the various coatings
(Figure 4-11 (b)). Previous studies have used a combination of experimental vibrational
spectroscopy and density functional theory (DFT) to identify the stretching modes in this region
associated with binding configurations of prenal and crotonaldehyde (2-butenal) on platinum and
tin-doped platinum surfaces'>**. The DFT studies identified numerous binding configurations of
which two are especially prominent in high coverage conditions: the ' configuration (associated
with C=0 hydrogenation) where the molecule is bound through the carbonyl oxygen lone pair
electrons in an upright geometry similar to Figure 4-10 (b), and the 1’ configuration (associated
with C=C hydrogenation) where the molecule is bound in a di-o.. configuration through its C=C
double bond parallel to the surface similar to the position shown in Figure 4-10(a)'**. Peak
assignments from prior studies using DFT and vibrational spectroscopy (Table 4-2) were used
together with spectra of related molecules such as hydrocinnamaldehyde (Figure 4-12) to assign

peaks for the adsorption of cinnamaldehyde and prenal on platinum thin films'*'**°.
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Table 4-2: Peak assignments for C=C and C=O stretches of o,B-unsaturated aldehydes.

h'3* et al for a 1/9 monolayer

Prenal and crotonaldehyde were assigned by Haubric
coverage of aldehyde on a Pt(111) surface. These assignments were used to identify PM-

RAIRS data for prenal and crotonaldehyde performed in this study. All values reported

as (cm™).
Data from
Haubrich®®* etal  Stretching modes
for 1/9 monolayer identified from
coverage PM-RAIRS data
Pt (111) v(C1=0) v(C2=C3) v(C1=0) v(C2=C3)
Crotonaldehyde:
n1-top-E-(s)-trans 1562 1633
n2-m(CC)-E-(s)-trans 1671 1446
n2-dio(CC)-E-(s)-trans 1686 1115
Prenal:
n1-top-E-(s)-trans 1545 1618 1545 1616
n2-1(CC)-E-(s)-trans 1660 1379 1664 1378
n2-dio(CC)-E-(s)-trans 1666 1189 1687 1197
Cinnamaldehyde:
n1-top-E-(s)-trans 1575 1625
n2-m(CC)-E-(s)-trans 1683 1392
n2-dio(CC)-E-(s)-trans 1666 1203
Hydrocinnamaldehyde:
n1-top-E-(s)-trans 1602 -
Unbound C=0 (n2 config) 1718 -

Adsorbed hydrocinnamaldehyde was also studied with PM-RAIRS and included in Table
4-2 in order to confirm vibrational modes. Hydrocinnamaldehyde has the same molecular
structure as cinnamaldehyde but with a saturated double bond. This allowed the aldehyde related
stretches to be observed in the absence of C=C stretches, and furthermore eliminated the
possibility of n? adsorption through an olefin function. The C=0 stretching features consistent

with unbound hydrocinnamaldehyde (1718 cm™) and the aldehyde adsorbed in an n'
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configuration (1602 cm™) were observed and the difference in stretching frequency between
these two states were nearly identical to the difference seen for cinnamaldehyde at ~100 cm™.
The uniformly higher aldehyde stretching frequencies for hydrocinnamaldehyde are a result of
the lack of conjugation with an adjacent C=C bond, which is present for cinnamaldehyde®. The
absence of features in the 1620-1680 cm™ range for hydrocinnamaldehyde is consistent with

assignment of peaks in that region to n? adsorbed species for cinnamaldehyde.
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Figure 4-12: Hydrocinnamaldehyde PM-RAIRS spectra. Hydrocinnamaldehyde is
shown to exhibit a strong unbound aldehyde stretch at 1718 and an n' aldehyde stretch at

1602

Using these assignments, we can look at the data from Figure 4-11 and interpret the
observed IR peaks. The peaks at 1683 cm ' and 1687 cm ™' corresponded to the aldehyde stretch
of an n* binding configuration for cinnamaldehyde and prenal, respectively, and the peaks at
1575 cm™" and 1545 cm ™' corresponded to an aldehyde stretch of the n' binding configuration

respectively. The spectra in Figure 4-11 (a) show a relative increase in the prominence of n2
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binding configuration compared to ' binding configuration for thiophenol SAMs, which exhibit
low selectivity to the unsaturated alcohol. Conversely, the highly-selective 3-phenyl-1-
propanethiol SAM shows a stronger signal from the n' binding configuration. Since the n'
binding configuration is associated with C=0 hydrogenation while the n* binding configuration
is associated with C=C hydrogenation, the effect observed for cinnamaldehyde orientation on
these surfaces is consistent with the selectivity data for the hydrogenation of cinnamaldehyde.
This effect was quantified in Figure 4-11 (c) where peaks identified in Figure 4-11 (a,b) were
integrated and a ratio of the n'/ n® peak area for cinnamaldehyde and for prenal was each
compared to its reaction selectivity for each SAM coating. Cinnamaldehyde reaction selectivity
was shown to trend directly with this ratio while the adsorbed states of prenal were uncorrelated
with the ratio of peak intensities. Consistent with previous studies, this suggests a different mode
of selectivity enhancement for prenal which is non-specific to the organic function of the SAM,
and has been previously attributed to a weakened adsorption state of prenal on the catalyst

1
surface'.

As electronic properties of a catalyst are altered, the selectivity typically improves at the
expense of reactivity, consistent with the weakening of reactant adsorption to a catalyst

13,15
surface ™"

Generally the catalysts investigated here showed a tradeoff between activity and
selectivity as would be expected for a modified catalytic system, but the 3-phenyl-1-propanethiol
SAM did not compromise activity (Figure 4-12) due to its different mode of selectivity
improvement with cinnamaldehyde. Although the rate of cinnamaldehyde consumption

decreased by a factor of three, the rate of cinnamyl alcohol production was indistinguishable,

within experimental error, on the uncoated and 3-phenyl-1-propanethiol coated catalysts (Table
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4-1). Also shown in Table 4-1, the effect of a phenylated SAM with a longer alkyl spacer is

hypothesized to further decrease the rate of reaction.
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Figure 4-12: Rate versus selectivity to unsaturated alcohol for both uncoated and SAM
coated Pt/AL,O; catalysts. Rates are shown as the moles of reactant consumed per moles
of surface platinum per second. Alkanethiols C3SH, C6SH, C12SH, and C18SH were

averaged for one data point.

4.4.4 Rates of intermediate consumption: Because the selective hydrogenation of a,[3-
unsaturated aldehydes to their respective unsaturated alcohol can be increased by either
inhibiting the hydrogenation of the C=C bond or activating the hydrogenation of the C=0 bond,
it is useful to know the respective hydrogenation rates of these intermediates. Previous studies of
a,pB-unsaturated aldehydes have focused on impairing the binding affinity of the C=C double
bond or stabilizing the aldehyde on the catalyst surface to increase its hydrogenation rate.

Shown in Figure 4-13, over an uncoated catalyst, the rate of rate of cinnamyl alcohol
111



hydrogenation is approximately 10 times higher than the rate of hydrocinnamaldehyde
hydrogenation, consistent with former work which has shown olefin hydrogenation to be
kinetically favorable over the hydrogenation of the aldehyde 3. For the hydrogenation of
cinnamaldehyde over an unmodified platinum catalyst, this difference results in low apparent
selectivity since cinnamyl alcohol is quickly consumed to produce the series product, the fully

saturated alcohol 3-phenyl-1-propanol.
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Figure 4-13: Hydrogenation of cinnamyl alcohol and hydrocinnamaldehyde solvated by
ethanol. Reaction activity, displayed as the moles of reactant consumed per mole of

surface metal sites per second.

When a thiol coating is deposited on the platinum catalyst, the rate of consumption of
cinnamyl alcohol decreased differently for each of the different functionalized coatings. The

octadecanethiol coating decreases rate of hydrogenation for both cinnamyl alcohol and
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hydrocinnamaldehyde to where they are approximately the same. This results in a selectivity
improvement on the octadecanethiol catalyst due to a relatively large decrease in the rate of
cinnamyl alcohol consumption. The most significant effect is the decrease in cinnamyl alcohol
hydrogenation over the 3-phenyl-1-propanethiol coated catalyst, making it the only coating that
resulted in a lower hydrogenation rate for cinnamyl alcohol than hydrocinnamaldehyde. This
further confirms the high selectivity observed for cinnamaldehyde hydrogenation that attributed
the high selectivity of the 3-phenyl-1-propanethiol coated catalyst to its ability to favor
hydrocinnamaldehyde hydrogenation over cinnamyl alcohol hydrogenation®. In contrast,
hydrogenation over a thiophenol-coated catalyst showed the opposite effect, where
hydrogenation of hydrocinnamaldehyde was slower than the hydrogenation of cinnamyl alcohol,
consistent with a ligand specific interaction which favors C=C double bond hydrogenation.
Finally, Figure 4-13 suggests that the most important handle for controlling cinnamaldehyde
selectivity is by changing the rate of cinnamyl alcohol hydrogenation. The rate of
hydrocinnamaldehyde hydrogenation is less responsive to thiol ligand tuning effects.

4.4.5 Solvent effects on ligand specific interactions: In this chapter, studies of the effects
of different thiol SAMs on the hydrogenation selectivity of cinnamaldehyde were performed in
ethanol in order to provide a consistent procedure for comparing the efficacy of different coating
interactions®.  While this allows for a constant comparison of catalysts, the polarity and
aromaticity of solvent were hypothesized to play a role in the selectivity and activity observed
for the hydrogenation of cinnamaldehyde via their competing interactions with the SAM coating.
In addition, it has been shown previously that solvent can play some role in the selectivity of the
hydrogenation of o,B-unsaturated aldehydes®*. Here, we hypothesize that ligand specific

interactions can be influenced by solvent choice. First, the ligand specific interaction proposed to
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induce an upright binding structure which resulted in the increase in selectivity for the 3-phenyl-
1-propanethiol coated catalyst could potentially be susceptible to a solvent which would weaken
this interaction, such as benzene. Second, different solvent polarities might better solvate certain

families of thiols, resulting in a decreased efficacy in those systems.
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Figure 4-14: Hydrogenation of cinnamaldehyde solvated by benzene, cyclohexane,
ethanol, and heptane. (a) Reaction selectivity taken at 50% conversion. (b) Reaction
activity, displayed as the moles of cinnamaldehyde consumed per mole of surface metal

sites per second.

For example, as shown in Figure 4-14, the selectivity of the hydrogenation of
cinnamaldehyde to cinnamyl alcohol was observed as approximately 90% on the 3-phenyl-1-
propanethiol coated catalyst but fell approximately 55% under benzene solvated conditions.
This wide swing in coating efficacy was much larger than the difference between these different

solvents for hydrogenation over an uncoated catalyst. If such a difference is due to the aromatic
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benzene solvent weakening the pi-pi stacking interaction between the cinnamaldehyde reactant
and the 3-phenyl-1-propanethiol SAM coating, we would expect a similar weakening of the
interaction between the thiophenol coating and cinnamaldehyde thereby increasing the selectivity
of the reaction in benzene for thiophenol. This trend of selectivity however was consistent
between each of the different solvents where ethanol-solvated reactions were consistently the
most selective and benzene-solvated reactions were the least selective.

Similarly, the rates of reaction were typically highest for ethanol-solvated reactions, but
solvent effects were different among different coatings. For the uncoated catalysts, all of the
hydrogenation rates were within experimental error suggesting that solvent does not play a
significant role in the reaction in this case. However, when thiol coatings were deposited on the
catalyst surfaces, the rates of reaction differed as predicted within aromatic classes. Over the
octadecanethiol-coated catalyst, the rate of consumption for benzene-solvated and ethanol-
solvated reactions was within experimental error, but for the two phenylated thiols, thiophenol
and 3-phenyl-1-propanethiol, the rate of hydrogenation when solvated in benzene was
significantly lower than the rate in ethanol. This decrease suggests that when phenylated thiols
are deposited on the surface of a catalyst, aromatic solvent can compete with the reactant for
access to the near surface environment. This result is supported by contact angle experiments
using a sessile drop of cinnamaldehyde on phenylated surfaces that showed greater surface

wetting than cinnamaldehyde on alkanethiol coated surfaces™.

4.5 Conclusions

Here we demonstrate that thiol modifiers can improve selectivity in hydrogenation of a,3-

unsaturated aldehydes by a combination of electronic effects and specific non-covalent
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interactions of the reactant in the near-surface environment. The selective hydrogenation of both
prenal and cinnamaldehyde to the desired unsaturated alcohols was enhanced with a thiol-coated
catalyst surface, but the selective hydrogenation of cinnamaldehyde was further controlled
through interactions of its phenyl ring with aromatic ligands within the SAM-coating layer. The
selective hydrogenation of a,B-unsaturated aldehydes is commonly achieved through active site
modification®"', but here we demonstrate that ligand-specific control exhibited by phenylated
SAMs can create a reaction environment that functions in analogy to biological catalysts. This
ability to exercise control over the selective hydrogenation of cinnamaldehyde by ligand-specific
interactions provides a promising new method for controlling a reactive system beyond

modifying the active site of heterogeneous catalysts.
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CHAPTER 5
Hydrogenation of cinnamaldehyde over Pd/Al,O3 catalysts modified with thiol monolayers
5.1 Abstract

Modification of supported Pt catalysts with thiols was shown in Chapter 4 to improve the
hydrogenation selectivity of a,B-unsaturated aldehydes to unsaturated alcohols. Here, we apply a
variety of organic thiol coatings to Pd/Al,O catalysts that typically have a much lower intrinsic
selectivity for desired product formation.  Thiol monolayers were found to increase
hydrogenation selectivity to cinnamyl alcohol; however, unlike with Pt catalysts, the increase

was independent of the identity of the organic tail.

5.2 Introduction

One of the major themes of this thesis is the ability to direct reactions as efficiently as
possible to the desired product of a reaction pathway. Catalytic efficiency requires a high rate of
reaction accompanied by high selectivity to the desired product, so it is not surprising that these
characteristics are the main focus of much catalysis research as well*?. Methods for improving
selectivity include choosing different metals, bimetallics, or catalyst promoters®®, changing the
catalyst support®, and throughout this thesis, modifying the near-surface environment of the

catalyst with self-assembled monolayers (SAMs)" ™.

119



- -

2 3 OH
5 S <HO
2 £ 2
= = -
2 * F 2 5
=] = =" 5
5 o S 8 OH
= I = =
2 = = 2
- = = =

5 @ =
L= = o -

= =

s & 9§ 8 3
z
— - T—
Palladium Metal

Figure 5-1: Thiol SAMs used in Chapter 5

While several reactants have been used to study the effects of SAM modifiers’***2** one
of the most interesting applications was the selective hydrogenation of a,B-unsaturated aldehydes
such as cinnamaldehyde studied in Chapter 4. As review, cinnamaldehyde contains two reactive
moieties, a double bond and an aldehyde, both of which can be reduced under hydrogenation
conditions over a noble metal catalyst, shown in Figure 5-2 (a). The reaction of the double bond
is thermodynamically more favorable than the aldehyde resulting in a naturally higher selectivity
towards the saturated aldehyde over an uncoated catalyst™; therefore, it is useful to study how
hydrogenation can be selectively directed down the less favorable hydrogenation pathway to

produce an unsaturated alcohol®.

The study of cinnamaldehyde proved to be especially interesting because of its terminal
phenyl ring which can serve as a functional “handle” for controlling its adsorbed orientation, and
thus its selectivity. By designing the near-surface environment of a supported metal catalyst to

control the orientation of the phenyl ring with respect to the surface, we demonstrated a
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functional handle for controlling selectivity®*®. Most importantly, we demonstrated that
modification of Pt/Al,O3 catalysts with 3-phenyl-1-propanethiol can improve cinnamyl alcohol
selectivity from <30% to >90% under equivalent reaction conditions'®. Using vibrational
spectroscopy and various control experiments, the selectivity improvement was traced to
aromatic stacking interactions between adsorbed cinnamaldehyde and the thiol modifier similar
to the scheme shown in Figure 5-2 (b). These non-covalent interactions were found to favor
adsorption and reaction through the carbonyl function of cinnamaldehyde, thus producing

cinnamyl alcohol at high selectivity and rate.

(a) Cinnamaldehyde Cinnamyl Alcohol (b)

H,
—_—
~_ .0 = OH
l H2 l H2

Hydrocinnamaldehyde 3-phenyl-1-propanethiol

H, S
o —u Pl
= OH Palladium Metal

Figure 5-2: Hydrogenation of cinnamaldehyde (a) pathway (b) orientation effect exerted

w

by a 3-phenyl-1-propanethiol modifier

In other non-related studies, the selectivity of cinnamaldehyde hydrogenation has shown
a characteristic trend across noble metals where iridium is the most naturally selective, followed
closely by platinum®®, but palladium is known to be the least selective of all metals studied®’.
For this reason, previous work on improving the selectivity of cinnamaldehyde hydrogenation
over SAM modified catalysts has focused on modifying platinum®®, but an obvious question is

whether SAM modification can result in dramatic selectivity improvements for other transition
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metal catalysts such as Pd that are much less selective. Here we show that modification of
palladium catalysts with thiol SAMs can also improve the selectivity of cinnamaldehyde

hydrogenation to its unsaturated alcohol cinnamyl alcohol.

5.3 Methods

5.3.1 Materials: All reactions were run with the same commercial 5 wt% Pd/Al,O;
catalyst discussed in Chapter 1 and used in other chapters. Mercaptopropionic acid (99%),
thioglycerol (99%), and octadecanethiol (>99.5%) were purchased from Sigma Aldrich. The 3-
phenyl-1-propanethiol was obtained from MolPort. The reaction solvent ethanol (>99.5%
anhydrous) was obtained from Sigma Aldrich and was also used for making ethanolic solutions
of thiols for SAM deposition. Also obtained from Sigma Aldrich were the reactant
cinnamaldehyde and tetrahydrofuran (>99.5%) which was used as internal standard in the
reactor. All gasses: hydrogen (used for the reactor and for catalyst preparation), oxygen, and

helium (for catalyst preparation) were Airgas ultra-high purity.

5.3.2 Reaction system: SAM coated catalysts were prepared in an ethanolic deposition
procedure identical to Chapter 4 and described in detail in Chapter 1. For the octadecanethiol
coating, 40 mL of a 1 mM ethanolic solution was used for the deposition of up to 200 mg of
catalyst. For the deposition of all other coatings (3-phenyl-1-propanethiol, thioglycerol, and
mercaptopropionic acid) a depositon concentration of 10 mM was used. All reactions discussed
were run in the 100 mL Parr batch reactor at 50°C solvated by ethanol. The procedure for
running reactions and taking samples is described in detail in Chapter 1. The GC analysis was

run with the Agilent HP-5 capillary column with dimensions of 30 m x 0.32 mm x 0.25 pm.
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Active surface area of the uncoated 5 wt% Pd/Al,O5 is described extensively in Chapter
1. It was determined by chemisorption with carbon monoxide on a Quantachrome Autosorb-1,
and was measured to be 3.7 m%g with a dispersion of 15.6%. This surface area and dispersion
were used to calculate the rates of reaction that are reported here for both uncoated and thiol
coated catalysts as the moles of cinnamaldehyde reactant consumed per surface site of uncoated
catalyst per second. This is the same method of reporting rates used in previous Chapters and in
other SAM catalysis papers”****'4!® The error in the rates was calculated from the error in
estimation of the initial rate of reactant consumption, determined by assuming a linear
consumption at initial times. All selectivities were calculated as the percent conversion to the

specified product.

5.4 Results and discussion

The hydrogenation of cinnamaldehyde was carried out over Pd/Al,O; catalysts at both 6
bar H, and at 40 bar H,, and as expected®’, the selectivity to cinnamyl alcohol was low. As
shown in Figure 5-3 (a), the predominant hydrogenation products were hydrocinnamaldehyde
and 3-phenyl-1-propanol. Modification of the Pd catalyst with a number of thiol coatings shown
in Figure 5-1 did not change the major products, but did decrease the 3-phenyl-1-propanethiol
yield and increase the cinnamyl alcohol yield, though the yield of the latter product was still low.
In all cases, the series product 3-phenyl-1-propanol did not appear to be formed primarily from
hydrocinnamaldehyde, since the rate of 3-phenyl-1-propanol formation was not closely related to
hydrocinnamaldehyde concentration®®. This suggests that the primary pathway for 3-phenyl-1-

propanol formation is through rapid hydrogenation of the desired cinnamyl alcohol product. The
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hydrogenation of cinnamyl alcohol was carried out here under the 40 bar reaction conditions and
showed 98% selectivity to the saturated alcohol and 100% conversion within 2 min, consistent
with these results. Previous studies with Pt catalysts have suggested that desorption of the
unsaturated alcohol may be the selectivity-determining step in hydrogenation of a,-unsaturated

4,15,19,20

aldehydes , and over a Pd surface, this effect is exacerbated by the increased rate of

cinnamyl alcohol hydrogenation.
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Figure 5-3: Kinetic plots for the hydrogenation of cinnamaldehyde over Pd/Al,O;

catalysts: (a) uncoated Pd/Al,O3 at 40 bar H, pressure; (b) uncoated Pd/Al,O3 at 6 bar H,
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pressure; (c) 3-phenyl-1-propanethiol coated Pd/Al,O; at 40 bar H, pressure; (d) 3-

phenyl-1-propanethiol coated Pd/Al,O3 at 6 bar H, pressure

As shown in Figure 5-3 (a,b), the difference in hydrogen pressure led to a significant
difference in the production of hydrocinnamaldehyde over the uncoated Pd/Al,O3 catalysts. This
effect was not observed over 3-phenyl-1-propanethiol coated Pd/Al,O3 catalysts, as shown in
Figure 5-3 (c,d), which were both approximately 80% selective to hydrocinnamaldehyde.
Shown in Figure 5-4, the selectivity to cinnamyl alcohol did improve for thiol coated catalysts,
although that increase in selectivity was modest compared to the increase seen for the same
reaction over a Pt/Al,O; catalyst'®. The selectivity also declined much more rapidly with
conversion on the Pd catalysts, again consistent with high rates for unsaturated alcohol

hydrogenation on Pd catalysts.
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Figure 5-4: Selectivity v. conversion for the hydrogenation of cinnamaldehyde to the

desired product cinnamyl alcohol at (a) 40 bar and (b) 6 bar hydrogen pressure
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As shown in Figure 5-4 (a), for experiments conducted at 40-bar hydrogen pressure the
selectivity was a few percentage points better than using an uncoated catalyst, with the largest
increase occurring for the 3-phenyl-1-propanethiol coated catalyst at low conversions. In
contrast, the selectivity in the 6-bar hydrogen system improved from 0% on the uncoated

Pd/Al,O5 catalyst to around 10% for each of the thiol coated catalysts.

Under all reaction conditions investigated, the thiol coated catalysts improved the
selectivity of the reaction similarly, in a manner non-specific to their tails. Our previous work
has shown that one effect of SAM catalyst modification is to increase selectivity via electronic or
geometric effects of sulfur on the surface’. In this type of surface effect, selectivity is generally
improved the same amount by all SAMs regardless of their tail structure. At such high hydrogen
pressures the thiol tail appears to have little effect on the selectivity of the reaction and the

increase in selectivity is due to a non-specific selectivity enhancement.

In addition to these non-specific electronic effects on the catalyst surface”!, thiol SAMs
have been shown to also exhibit ligand-specific effects via interactions with the reactant®®. For
the hydrogenation of cinnamaldehyde on Pt catalysts, the ligand specific effects were shown to
control the orientation of cinnamaldehyde for directing hydrogenation selectivity. For example,
the 3-phenyl-1-propanethiol coating was shown to direct selectivity to cinnamyl alcohol with
>90% selectivity, whereas linear alkanethiol coatings (like octadecanethiol) produced cinnamyl
alcohol with selectivities closer to 60%. This improved selectivity effect was found to be due to
the orientation of cinnamaldehyde in an upright configuration, thereby excluding the double

bond from interacting with the surface.
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The absence of this ligand-dependent effect on Pd catalysts may be consistent with a
change in the mechanism for the hydrogenation of a,B-unsaturated aldehydes on Pd surfaces
compared to Pt. Note that on Pd catalysts, our group and others have observed that the fully
saturated alcohol is primarily generated through production of an intermediate unsaturated
alcohol*®?',  That is, the rate of carbonyl hydrogenation is competitive with olefin
hydrogenation, but the desired reaction intermediate cinnamyl alcohol is rapidly converted to 3-
phenyl-1-propanethiol. In contrast, the rate of cinnamyl alcohol hydrogenation is low on Pt-
based catalysts?’. Thus, whereas selectivity promotion of Pt relies on favoring the rate of
formation of the unsaturated alcohol, selectivity promotion on Pd relies on reducing the rate of
consumption of that intermediate. Interestingly, the thiol ligands do not appear to affect
selectivity in the same way for the two different types of surfaces. Though reasons for this are
not immediately clear, previous groups have found significantly different favored adsorption
geometries for Pd compared to Pt surfaces, so that the nature of thiol-reactant interactions could

be altered®%,

Related to the effects described above, there was also a change in selectivity to
hydrocinnamaldehyde, the alternative intermediate product to cinnamyl alcohol (Figure 5-2). As
shown in Figure 5-5 (a), the selectivity to hydrocinnamaldehyde increased over thiol coated
catalysts as compared to the uncoated Pd/Al,O3 catalyst at 40-bar pressure, but decreased at 6-

bar pressure as shown in Figure 5-5 (b).
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Figure 5-5: Selectivity for the hydrogenation of cinnamaldehyde to the intermediate

product hydrocinnamaldehyde at (a) 40 bar and (b) 6 bar hydrogen pressure

As shown previously over Pt catalysts?, and in Figure 5-4 (a-b) for Pd catalysts, higher
hydrogen pressure increased the reaction selectivity to cinnamyl alcohol. For the Pd system
discussed here, these higher hydrogen pressures consequently resulted in the direction of more
product through the cinnamyl alcohol intermediate pathway to the final saturated product 3-
phenyl-1-propanol. The result was not apparent from Figure 5-4, where cinnamyl alcohol
selectivity at different pressures is approximately the same. Figure 5-5 shows that in fact, at
higher pressures, more product was directed away from hydrocinnamaldehyde, to cinnamyl
alcohol and subsequently to the final series product. The application of a thiol monolayer thus
serves two purposes. At high pressure, the dominant effect was to slow the conversion of
cinnamyl alcohol to 3-phenyl-1-propanol rather than increase selectivity to cinnamyl alcohol. At
low pressure, as indicated by the decrease in hydrocinnamaldehyde selectivity for the coated

catalysts shown in Figure 5-5 (b), the effect was to crowd the surface in a manner similar to the

effect of higher hydrogen pressure thus reducing the production of hydrocinnamaldehyde in
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favor of production of cinnamyl alcohol. Whereas the focus of most studies of a,B-unsaturated
aldehydes was to increase reaction selectivity to the unsaturated alcohol, here the effect of the
thiol coatings can serve to either increase or decrease the selectivity to hydrocinnamaldehyde

based on a moderate or high pressure hydrogen system.

The increase in selectivity comes at the expense of the rate of reaction. Shown in Figure
5-6, the rate of hydrogenation over an uncoated Pd/Al,O3 catalyst is approximately 1.0
(mol/surface site/s) and decreases most for the polar coatings of mercaptopropionic acid and

thioglycerol.
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Figure 5-6: Rates of hydrogenation for the consumption of cinnamaldehyde. Rates were

calculated as the moles consumed per surface site per second.

The hydrogenation rates of cinnamaldehyde over uncoated Pd/Al,O3 catalyst at 40 bar

and 6 bar were approximately equal indicating that the adsorption of hydrogen on the surface of
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the catalyst was not likely to be limiting. The coated catalysts however show quite different
rates at different pressures indicating that in these systems, the rate may be limited by the ability

of hydrogen to adsorb on the crowded surface.

This loss of activity is consistent with improving selectivity through a general weakening
of unsaturated oxygenate adsorption, as has been characterized extensively on supported Pt
catalysts®*. These rate data accompanied by the favorable increases in selectivity over a range of
conversions indicate that the 3-phenyl-1-propanethiol coating was the most effective catalyst
modifier studied here as it was for the hydrogenation of cinnamaldehyde over Pd/Al,O3*. In this
case, as in earlier studies of epoxybutene hydrogenation chemistry, the organic ligand of the thiol

helps control the rate of reaction, but does not affect selectivity.

5.5 Conclusions

The addition of thiol self-assembled monolayers to the surface of palladium catalysts was
shown to improve the selectivity of the hydrogenation of cinnamaldehyde to the unsaturated
alcohol cinnamyl alcohol at both 6 bar and 40 bar hydrogen pressure in the liquid phase. The
selectivity to the saturated aldehyde hydrocinnamaldehyde was improved for thiol coated
catalysts at 40 bar hydrogen but was depressed for thiol coated catalysts at 6 bar hydrogen
pressure. In contrast to platinum catalysts where selective hydrogenation of cinnamaldehyde to
cinnamyl alcohol was dependent on the production of product, over palladium catalysts,

increased selectivity was dependent on preventing its subsequent hydrogenation.
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CHAPTER 6

Stability of Self-Assembled Monolayer Coated Pt/Al,O3 Catalysts for Liquid Phase

Hydrogenation of Cinnamaldehyde

6.1 Abstract

Thiolate self-assembled monolayers have recently been demonstrated to be effective
catalyst modifiers for selectivity control, but these studies have not extensively explored the long
term stability of these modifiers or the effects of specific reaction conditions. Here we
investigate how the performance of thiolate-modified Pt/Al,O3 catalysts are affected by recycling
and regeneration, using the selective hydrogenation of cinnamaldehyde to cinnamyl alcohol as a
probe reaction. Desorption and degradation of thiols on the catalyst surface is particularly
concerning as it could result in a loss of selectivity improvement for modified catalysts.
Although modification of Pt catalysts with 3-phenyl-1-propanethiol results in high selectivity
due to a ligand specific interaction between modifier and reactant during the first catalyst use,
repeated recycling was shown to decrease the efficacy of this mechanism by causing disorder in
the monolayer, identified by infrared spectroscopy. However, selectivity and order could be
stabilized with a thiol regeneration step. Similarly, aging in air was shown to decrease the order
of the thiol and reduced the selectivity improvement of both a 3-phenyl-1-propanethiol and an
octadecanethiol (C18) modified Pt/Al,O3 catalyst. These studies show that the pliable nature of
thiol modifiers makes ligand specific interactions between the SAM and the reactant particularly

sensitive to conditions which might degrade the monolayer.

6.2 Introduction
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The ability to exert control over the selectivity of a reaction with numerous competing
pathways is of paramount concern in catalysis for chemicals production®. Catalyst design plays a
fundamental role in determining selectivity, where selection of the metal composition, metal
loading, support, and particle shape can all influence the selectivity and reactivity*”. It is equally
important to consider the long-term stability of the catalyst; as design becomes more
complicated, deterioration of the catalyst under reaction conditions becomes a growing concern.
For example, the use of organic coatings in Chapters 2-5 was shown to be a successful method of
catalyst modification, but these organic modifiers are a good example of a potentially fragile
modifier®®. Thiol self-assembled monolayers (SAMSs) have been used as selectivity modifiers
for their ability to covalently bind to a metal catalyst surface and enhance reaction selectivity

through a combination of surface and near-surface effects®*2,

Especially for ligand specific
interactions such as those shown in Chapters 4 and 5, these modifications to the catalyst surface
raise questions about durability over long reaction times or reuse in subsequent reactions.
Moreover, studies of catalyst performance over time and under different environmental
conditions can provide fundamental information about how interactions of reacting species with
the near-surface environment influence selectivity.

As brief review, alkanethiols bind to a metal surface, such as that of a Pt catalyst, in a
multistep process to form a self-assembled monolayer. The substrate metal is immersed in a
dilute solution of typically 1-100mM of the intended thiol precursor, and a bulk diffusion process
quickly saturates the surface followed by a slow reordering step which results in the SAM***°.

The thiols bind to the surface through a covalent bond between the sulfur atom and the metal

constituting a strong bond, but one that is susceptible to degradation under harsh liquid phase
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conditions, especially in the presence of H; as is the case in these liquid phase reaction studies™®.
A complete description of the formation of alkanethiols is provided in Chapter 1.2.2.

In Chapters 4 and 5, we showed that thiolate SAMSs can be used to dramatically improve
selectivity for the hydrogenation of cinnamaldehyde through a combination of ligand specific
and ligand non-specific interactions™®. High selectivity to the desired product cinnamyl alcohol
was achieved by modifying the catalyst with a thiol (3-phenyl-1-propanethiol) which exhibited
aromatic stacking interactions with the phenyl head group of cinnamaldehyde. It was shown that
the 3-phenyl-1-propanethiol SAM is of the proper spacing such that non-covalent aromatic
stacking interactions favor an adsorbate orientation that leads to carbonyl hydrogenation to form
the desired product, cinnamyl alcohol. In addition to this ligand-specific effect, selectivity was
also influenced by a non-specific surface effect induced by attachment of the thiolate sulfur atom
to the metal surface.

Preliminary characterization of the cinnamaldehyde system showed that the selectivity
changed upon re-use of the catalyst in subsequent reactions, aging of the prepared catalyst in air,
and choice of solvent. Organic modifiers such as thiols are naturally susceptible to degradation,
especially under harsh reaction conditions. For example, under hydrogenation reaction
conditions in the liquid phase, it is expected that thiolates can undergo the reverse of the
deposition reaction, i.e. that they will gradually desorb from the catalyst as thiols'’. Despite the

growing use of SAMs as catalyst modifiers for liquid phase reactions®*2*%?

, a systematic study
of the effects of this phenomenon and its effect on catalysis has not yet been presented. Here we
use the hydrogenation of cinnamaldehyde as a probe reaction to study how environmental
conditions affect influence the structure and catalytic performance of SAM coated catalysts, and

to identify methods can be used to moderate these effects.
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6.3 Materials and Methods

6.3.1 Materials: A commercial 5 wt% Pt/Al,O3 catalyst was purchased from Sigma
Aldrich.  1-octadecanethiol (>99.5%) was purchased from Sigma Aldrich. 3-phenyl-1-
propanethiol was purchased from MolPort (>95%). Ethanol (>99.5% anhydrous), used as
solvent in reactions as well as for making ethanolic solutions of thiols for SAM deposition,
tetrahydrofuran (>99.5%) used as internal standard, and the reactant cinnamaldehyde was also
obtained from Sigma Aldrich. Gasses (hydrogen, oxygen, and helium) used for catalyst
preparation and reaction were Airgas ultra-high purity.

6.3.2 Catalyst Preparation: SAM-coated catalysts were prepared from the as-purchased
commercial 5wt% Pt/Al,O3 catalyst using the methods described in Chapter 1.4.1 and used in
Chapters 4 and 5. The catalyst (250 mg or less) was added to 40 mL of 10 mM thiophenol and
3-phenyl-1-propanethiol and 1 mM for octadecanethiol, deposited at a lower concentration due
to reduced solubility of octadecanethiol in ethanol. Using the maximum amount of catalyst, the
1 mM concentration corresponds to a deposition of thiol at 10x the theoretical monolayer
coverage assuming a packing structure of V343 R30° on the active surface area of the catalyst.
Active surface area was determined by chemisorption with carbon monoxide on a Quantachrome
Autosorb-land was determined to be 2.9 m2/g for uncoated 5 wt% Pt/Al,Os;. As will be
highlighted in this chapter, degradation of the catalysts was achieved by placing the catalyst
uncovered in ambient laboratory conditions for the desired incubation time.

In some of the results described below, the catalyst was regenerated between reactions.
In this regeneration procedure, the catalyst was deposited in an ethanolic solution of the thiol
precursor under the same incubation time as was performed for the initial deposition. The

concentration was reduced by half for the 3-phenyl-1-propanethiol coated catalyst and by a
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factor of 10 for the octadecanethiol coated catalyst. Less thiol deposition was required since the
surface still contained some thiols from the initial deposition, and to help stymie leaching of
metal from the alumina support. In addition, using full thiol deposition concentrations rendered
the rinse step less effective in removing physisorbed thiols, a condition easily noted by a
significant decrease in the reaction rate. Due to the low solubility of octadecanethiol in ethanol,
the rinse-removal of physisorbed thiols was paramount to preventing the accidental addition of
thiol to the reaction solution.

6.3.3 Materials: All reactions shown were run in the 100 mL Parr batch reactor at 50°C
and were pressurized to 40 bar with hydrogen gas. The reactor was prepared as done previously
with 48 mL solvent, 5 mL THF internal standard, and 1 mL of cinnamaldehyde'®. These
proportions give an initial reactant concentration of approximately 0.15 M. For reactions of
uncoated catalysts between 10 and 100 mg of catalyst were used, and for coated catalysts, up to
300 mg catalyst were used. For the catalysts submitted for ICP analysis, an initial loading of up
to 500 mg of catalyst was used so that there would be enough catalyst to submit for
quantification. These reactions were not used for kinetic data.

For recycle studies where thiol precursor was added to the reaction mixture, a dilute
concentration of the thiol was added to the solvent/THF/reactant solution prior to the start of the
reaction and was assumed to be a well-mixed additive to the reaction mixture.

6.3.4 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)Fourier
Transform Infrared Spectroscopy analysis was performed with a Thermo Scientific Nicolet 6700
FT-IR. A Harrick closed cell Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) attachment was used to take IR measurements. For each sample, 50 scans at 4 cm™

resolution were taken to compile the spectra. Approximately 50 mg of catalyst was used for
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each measurement. Measurements of CO DRIFTS were taken using a vacuum cell at an initial
pressure of <0.10 Torr. Carbon monoxide was dosed incrementally to the sample and allowed to
equilibrate for 10 min before taking measurements. Multiple measurements were taken at
increasing CO partial pressure to monitor the CO saturation of the surface. CO-DRIFTS spectra
are reported at the last measurement before CO was observed in the gas phase.

6.3.5 Inductively Coupled Plasma/Optical Emission Spectroscopy (ICP/OES)Inductively
Coupled Plasma experiments were performed to analyze the sulfur content and platinum content
of catalysts after deposition. Samples were analyzed with an ARL 3410+ inductively coupled
optical emission spectrometer (ICP-OES). A blank and three standards were used for
calibration. Catalyst samples were dissolved by adding 5 ml of a 7:3 mixture of hydrochloric
acid and hydrofluoric acid followed by 2 ml of nitric acid to the digestion tubes. The samples
were then heated to 95° C in a digestion block (HotBlock by Environmental Express) for 2
hours. The samples were then cooled and brought up to 50 ml with a 1.5 wt% boric acid
solution. Finally, the samples were reheated to 95° C for 15 min, and then cooled for analysis.

6.3.6 CO chemisorption of recycled catalystsAdditional chemisorption experiments were
carried out to determine how the active surface area, the dispersion, and Pt particle size were
changing upon multiple recycle reactions. A Micrometrics Chemisorb 2720 was used with 20%
CO in 80% Ar. Catalysts were prepared by degassing in 20 sccm Ar overnight at 150°C.
Analysis of the surface area was performed at 40°C by dosing volumetric amounts of the CO/Ar
mixture. Non-adsorbed CO was measured by a thermal conductivity detector until saturation

was reached.

6.4 Results and Discussion
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6.4.1 Recyclability of thiol SAM coated catalysts: The effects of recycling were
investigated for three types of catalysts: an uncoated Pt/A,Os3, an octadecanethiol (C18) coated
Pt/A,O3 catalyst, and a 3-phenyl-1-propanethiol coated Pt/A,O; catalyst. As discussed in the
introduction, the C18 modifier has been associated with non-specific effects on selectivity in
cinnamaldehyde hydrogenation, while the 3-phenyl-1-propoanethiol coating exhibits
enhancements in selectivity specific to the organic ligand. Post-reaction, the used catalysts were
recovered by allowing them to settle out of solution, decanting the solution, and then drying the
catalyst in air. In the most basic method of catalyst recycling, the catalyst was recycled in a fresh
reaction mixture immediately following the drying step. Cinnamyl alcohol selectivity versus

conversion plots for these catalysts are shown in Figure 6-1.
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Figure 6-1: Recycle reactions for catalysts which were reused without any regeneration
procedure. (a) uncoated catalyst (b) C18 coated catalyst (c) 3-phenyl-1-propanethiol

coated catalyst. Error in selectivity is + 6%

Shown in Figure 6-1 (a), the uncoated Pt/Al,O3 catalyst selectivity at 50% conversion
improved after recycling from 28% to 45%, potentially due to coking of the catalyst surface.

Partial coverage of the catalyst surface by spectator species may reduce the number of binding
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sites and/or the binding affinity of the double bond in a,B-unsaturated aldehydes®?*?®, The C18
coated catalyst selectivity showed little dependence on recycling, with selectivity remaining
within experimental error during the three recycle reactions. The most dramatic effect of recycle
was the decrease in selectivity for the 3-phenyl-1-propanethiol coated catalyst (Figure 6-1 (c)).
Such a decrease in selectivity is consistent with the hypothesis that a ligand specific interaction is
necessary to achieve high selectivity, and that this interaction effect is sensitive to subtle changes
in the monolayer™. As the specific interaction effect of the thiol is compromised, the selectivity
will decrease to parity with the non-specific selectivity improvement of the C18 coating. As
seen in Figure 6-1, over the course of sequential recycle reactions, the selectivity of each catalyst
do in fact converge towards 50% selectivity. This is consistent with the hypothesis that there is
degradation of the ligand specific 3-phenyl-1-propanethiol interaction, but also that the selective
poisoning of sulfur on the surface still results in selectivity improvement over that of the

uncoated catalyst.

Table 6-1: Recycle procedures used for regenerating catalysts between reactions. For the
recycle method of adding thiols to the reaction solution, the “Recycle with no

regeneration” technique was used with thiol added to the reaction mixture.

Recycle with no regeneration Recycle with catalyst regeneration

Run reaction Run reaction

Allow catalyst to settle Allow catalyst to settle

Decant reactant supernatant solution Decant reactant supernatant solution

Dry in desiccator under vacuum Dry in desiccator under vacuum

Run subsequent reaction Deposit catalyst overnight in thiol solution

Decant and rinse for 4 hours in ethanol

Decant and dry catalyst in desiccator under vacuum
Run subsequent reaction

g b~ wpN e

O NO Ol h WN -

140




We hypothesize that a critical factor to maintaining the performance of thiol-coated
catalysts in solution is maintaining an adequate surface coverage of the thiolate under reaction
conditions. Therefore, we used an alternative recycle method of regenerating the SAM coated
catalysts before reusing them in a subsequent reaction, referred to as the “recycle-regeneration”
procedure. Here, the catalysts were dried and decanted post-reaction and then immersed in a
thiol solution similar to that used for initial deposition, but at a lower concentration (Chapter 6
methods section) to limit physisorption of thiols on the catalyst surface. This procedure was
expected to replenish the thiols that had desorbed into the solution during reaction. In the case of

the uncoated catalyst, pure ethanol containing no thiols was used for the immersion step.
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Figure 6-2: Recycle reactions for catalysts which were regenerated by re-depositing them
in the thiol precursor. (a) uncoated catalyst, deposited and rinsed in pure ethanol (b)

octadecanethiol coated catalyst (c) 3-phenyl-1-propanethiol coated catalyst

Shown in Figure 6-2 (a), rinsing of the uncoated catalyst with ethanol after recycle
resulted in a near-constant selectivity at ca. 30% for all runs, in contrast to the procedure of
simply re-using the catalyst without an ethanol rinse (Figure 6-1). This result suggests that the
ethanol rinse served to remove carbonaceous species that had a beneficial effect on selectivity.
The C18 coated catalyst was greatly influenced by this recycle-regeneration procedure, which
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saw the selectivity increase from 50% to 79% selectivity during the 3™ reaction. The selectivity
of the 3-phenyl-1-propanethiol coated catalyst at 50% conversion fell somewhat from 93% in the
first reaction to 82% by the third reaction, but the decrease was not as large as the decrease seen
for the original recycle discussed in Figure 6-1.

Another method of maintaining the thiolate surface coverage, and thus the efficacy, of a
thiol coated catalyst was to add thiol to the reaction solution at a dilute concentration. This

recycle technique has already been described in ref.™

but is treated in further detail here with rate
data and surface characterization to complement the discussion of recycle techniques. The
technique of adding thiols to the reaction solution has been used for the hydrogenation of

epoxybutene in ethanol*®

, a system where addition of thiol was hypothesized to maintain a
critical equilibrium coverage of thiol in the reaction solvent. One of the key effects observed in
this method was a sharp decrease in the rate, likely due to thiol outcompeting reactant for surface
sites. Shown in Figure 6-3, very dilute concentrations of thiols, 0.005 mM C18 and 0.3 mM 3-

phenyl-1-propanethiol, were used in the reaction mixture to minimize the decrease in reaction

rate while still allowing the study of reaction selectivity.
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Figure 6-3: Recycle reactions where thiol was added to the reaction mixture (a) C18

coated Pt/Al,0; with 0.005 mM C18 added to the reaction solution (b) 3-phenyl-1-
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propanethiol coated Pt/Al,O3; with 0.3 mM 3-phenyl-1-propanethiol added to the reaction

solution. Adapted from ref."?

Here, the C18-coated catalyst showed a higher selectivity for the first reaction than a C18
coated catalyst run in a pure solvent, although this increase was observed only for the first
reaction after which it returned to the range of 50% which had been seen for a fresh C18 coated
catalyst in a pure reaction mixture.

The 3-phenyl-1-propanthiol coated catalyst retained high selectivity when thiols were
added to the reaction mixture, as shown in shown in Figure 6-3 (b). In contrast to a pure recycle,
this method of introducing thiols to the reaction mixture shows that selectivity can be
maintained, potentially as a method of compensating for desorption of thiols into reaction
solution. However, this method of improving selectivity can potentially decrease the rate of
reaction, an undesirable effect discussed next.

By coating a catalyst surface, thiol SAMs naturally reduce the rate of reaction as
compared to an uncoated catalyst'® similar to other methods of blocking surface sites, such as
coking®®. This simple effect is shown in Figure 6-4 (a) where, for the first reaction, the rate of
reaction for the coated catalysts are approximately 1/3 of the rate of the uncoated catalyst. In
subsequent reactions, the hydrogenation rate over the uncoated catalyst decreases, so that by the
third reaction its rate is within experimental error of the octadecanethiol coated catalyst, and
approaching that of the 3-phenyl-1-propanethiol coated catalyst. This trend was consistent with
the convergence of the selectivities of the uncoated, octadecanethiol coated, and 3-phenyl-1-

propanethiol coated catalysts shown in Figure 6-1, for the basic recycle procedure. This shows
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that both uncoated and SAM coated catalysts converge on similar reaction rates and selectivities

upon multiple recycles.
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Figure 6-4: Rate data for each of the recycle procedures. (a) Recycle without
regeneration (b) recycle with catalyst regeneration (c) recycle with thiols added to the
reaction mixture. All rates were calculated as the moles of reactant (cinnamaldehyde)

consumed per surface site of an uncoated Pt/Al,O3 catalyst per second.

For the recycle-regeneration procedure, shown in Figure 6-4 (b), catalyst activity was
stabilized, an effect particularly telling for the uncoated catalyst. The regeneration for the
uncoated catalyst (methods section), which consisted of a rinse in pure ethanol, stabilized the rate
and the selectivity, shown in Figure 6-2 (a), indicating that carbonaceous deposits left on the
catalyst surface could be eliminated with the ethanol wash. The rates for the coated catalysts,
shown in Figure 6-4 (b), were also stabilized with the recycle-regeneration procedure. The lack
of change in the rate for the octadecanethiol coated catalyst is surprising when considering that
the recycle regeneration procedure increased the selectivity of this reaction from 50% to 79%.
Typically for an increase in selectivity over a thiol-coated catalyst, there would be an

accompanying decrease in the rate of the reaction due to termination of an undesirable pathway.
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Possible explanations for this behavior are discussed below. The rate of the 3-phenyl-1-
propanethiol-coated catalyst was also stabilized for the regeneration-recycle procedure, but with
a slight decrease in selectivity. This decrease might be due to degradation of the ligand specific
interaction between the SAM and cinnamaldehyde as well as buildup of carbonaceous material

on the surface of the catalyst, discussed in section 6.4.2.

Finally, the procedure of adding thiols to the reaction mixture was shown to have a
significantly deleterious effect on the rate of reaction. Shown in Figure 6-4 (c), C18 was added
to the reactor at the lowest consistently measurable dose of 0.005 mM. Here, the rate of the first
reaction was within experimental error of the C18 catalyst case; however, subsequent dosing
resulted in a dramatic decrease in the rate to nearly immeasurable values. High concentrations,
not shown, completely suppressed the reaction yielding no conversion over a 60 min reaction.
The 3-phenyl-1-propanethiol rate was relatively stable with 0.3 mM thiol in the reaction solution,
decreasing by a factor of 3. Such decreases in rate for this procedure were consistent with
previous studies where thiols have highly competitive affinity for the near surface region®®.
Thus, the method of including thiols in the reaction mixture appears to offer promise for
maintaining high selectivity, but the concentration must be finely tuned to prevent significant

loss of activity.

6.4.2 Characterization of recycled catalystsin order to measure the coverage of thiols on
the catalyst surface and monitor potential coking, diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) was used to study two infrared regions of interest, the carbonyl C=0
stretching region from 1550-1750 cm™ and the hydrocarbon C-H stretching region from 2850-
3150 cm™. These regions were used to characterize the order of the SAM layer, to identify the

presence of remaining carbonyl species from the reaction and to measure carbonaceous species
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left over from decomposed solvent or reactants. As shown in Figure 6-5 (a), the pre-reaction
uncoated catalyst, as expected, showed no significant peaks in either the C-H stretching region or
the C=0 stretching region, with only a small hump at 1650 cm™ from the beginning of the
platinum fingerprint region. Recycling the catalyst without regeneration led to organic deposits
in both of these regions. Post reaction spectra showed the presence of an aldehyde stretch at
1675 cm™ indicating some remaining aldehyde, as well as C-H stretches between 3000 cm™ and

3100 cm™ indicating the presence of hydrocarbons deposited in the reaction mixture.
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Figure 6-5: DRIFTS spectra of catalysts before reaction 1 and after reactions 1, 2, and 3

for catalyst recycle with no regeneration or thiol added to the reaction solution.
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Reactions run with ethanol solvent over (a) uncoated Pt/Al,O3, (b) C18 coated Pt/Al,O3,
(c) 3-phenyl-1-propanethiol coated Pt/Al,O3, (d) C18 coated Pt/Al,O3 with added 0.005M
thiol added to the reaction mixture. The peak at 1670 cm™ indicates the presence of
aldehyde on the recycled catalyst surface. The peaks between 3000 cm™ and 3100 cm™

indicate the presence of hydrocarbons on the catalyst surface.

For the C18-coated catalysts, the C-H stretching region is particularly valuable for
characterizing the ordering of the SAM. The peak position of the asymmetric methylene stretch
(va) is related to the intrinsic order within an alkanethiol SAM, where a lower frequency
indicates higher crystallinity and greater order within the monolayer>*, In Figure 6-5 (b) for
the non-regeneration recycle, the asymmetric methylene stretch was observed on the pre-reaction
catalyst at 2923 cm™ and increased to 2926 cm™ after reaction 3, indicating a decrease in the
order of the alkanethiol monolayer, though the intensity was relatively constant®. The 3-phenyl-
1-propanethiol monolayer, shown in Figure 6-5 (c), exhibited an alkyl CH stretch at 2973 cm™
that decreased significantly in magnitude after the first reaction. Such a change in the IR
spectrum is indicative of a change in the structure of the 3-phenyl-1-propanethiol coating, and is
correlated to a decrease in efficacy. Interestingly, as shown in Figure 6-5 (d), the procedure of
adding octadecanethiol to the reaction mixture was able to maintain the v, peak position at 2923

cm™* even though this case resulted in a dramatic reduction in the rate of reaction.

The recycle regeneration procedure showed the ability to stabilize the selectivity of the
uncoated and 3-phenyl-1-propanethiol coated catalyst and to increase the selectivity of the

octadecanethiol coated catalyst. The DRIFT spectra shown in Figure 6-6 were collected for the
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catalyst before the first reaction, after the second reaction, after the second reaction regeneration
(pre-run 3), and after the third reaction. As discussed above, the “regeneration” of an uncoated
catalyst involved immersion of the catalyst in an ethanol solution prior to re-use, followed by an
ethanol rinse of the catalyst. This recycle procedure was shown to decrease the intensity of
peaks in the hydrocarbon region and the aldehyde region, for example comparing the post-
reaction 2 spectra of Figure 6-6 (a) to the pre-reaction 3 spectra. Considering this in conjunction
with the stabilization of the rate and selectivity data, this indicates that ethanol was likely
effective in removing some of the hydrocarbons deposited from the previous reaction and

restoring the surface of the uncoated catalyst.
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Figure 6-6: DRIFTS spectra of catalysts having undergone a recycle-regeneration
procedure. (a) uncoated Pt/Al,O3 (b) octadecanethiol coated Pt/Al,O3 (c) 3-phenyl-1-

propanethiol coated Pt/Al,O3

One of the key points of interest in section 6.4.1 was the recycle regeneration procedure
for octadecanethiol which was shown to result in an increase in the selectivity of the reaction to
cinnamyl alcohol. The DRIFT spectra in Figure 6-6 (b) show some removal of organic species
from the catalyst during the regeneration procedure after reaction 2 and before reaction 3, as
indicated by the decrease in the C-H peaks between 3000 cm™ and 3100 cm™ and the decrease of
the aldehyde stretch at 1685cm™. The asymmetric methylene stretch stayed constant at 2923 cm”
! for all four spectra indicating that the initial order of the monolayer is maintained. Thus, the
increase in selectivity observed for this catalyst system is not obviously related to changes in the
DRIFT spectra. Attempts were made to understand the increase in selectivity of the recycle
regenerated octadecanethiol coated catalyst by targeting potentially specific causes of the
increase. For example, cinnamaldehyde was co-deposited with a C18 catalyst to test for
imprinting of the catalyst surface as might occur under reaction conditions. C18-coated catalysts
were also deposited at the reaction temperature of 50°C to mimic the potential ordering that
might occur during reaction, which is at 50°C. None of these procedures increased the selectivity

of the C18 catalyst to more than 50%, the same value seen for a standard C18 deposit.

Finally, the 3-phenyl-1-propanethiol coated catalyst, having shown a loss of its signature
methylene stretch at 2973 cm™ post reaction was restored with the recycle regeneration

procedure, although some coking was still observable on the catalyst surface. This indicated that
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the redeposit procedure could mostly restore the ligand specific properties of the initial 3-phenyl-
1-propanethiol coated catalyst (also shown by the selectivity data in Figure 6-2 (c)), but was

slightly inhibited by some remaining organic material on the catalyst surface.

The catalyst surface was explored further by studying the effect of regeneration recycle
reactions on available surface sites using a CO-DRIFTS technique?®*°. With this technique, CO
is adsorbed on the catalyst surface to characterize the accessible surface sites. Here, lower
frequencies are indicative of stronger CO-surface binding. As seen in Figure 6-7 (a), the CO
stretch at 1805 cm™ is associated with the most stable CO binding configuration on the uncoated

catalyst, the threefold hollow site, which shifts to higher wavenumber, 1846 cm™, after reaction.
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Figure 6-7: CO-DRIFTS of an (a) uncoated catalyst and (b) C18 coated catalyst before

and after reaction of cinnamaldehyde solvated in ethanol. All dosings shown are at 500

mtorr CO
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In contrast to the destabilized binding on the uncoated catalyst, the CO stretching
frequency on the C18 catalyst is largely unaffected; as shown in Figure 6-7 (b), that frequency
remains at 18145 cm™. The change observed for the uncoated catalyst suggests a coking of
stable sites whereas the stabilization of this peak on the C18 coated catalyst indicates that such
sites are preserved across reactions. Similarly, the binding of CO to edge sites, indicated by the
peaks at ~2022 cm™ shift to higher wavenumber, 2044 cm™ on the uncoated catalyst, but remain
at 2022 cm™ on the C18 coated catalyst, again indicating the preservation of more stable binding
configurations on the C18 coated catalyst. These data indicate that the addition of a thiol

monolayer creates surface sites that are more stable against changes during reaction.

To further characterize the recycle system, inductively coupled plasma optical emission
spectroscopy (ICP-OES) was carried out on the C18 coated catalyst for the recycle regeneration
procedure to measure the change in the weight loading of Pt and the loading of sulfur on the
catalyst surface. Figure 6-8 displays these data as compared to the theoretical weight loading
and theoretical sulfur coverage. Theoretical calculations were based on the as purchased 5wt%
Pt/Al,O3 and the theoretical coverage of 1/3 of a monolayer of sulfur on the surface, 0.05 sulfur

atoms per A? or a weight loading of 7x10™* wt%.
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Figure 6-8: ICP-AES analysis of C18 coated catalysts. “C18 normal deposition” is the
standard deposit procedure used for the catalysts throughout this study corresponding to
thiol deposition concentration ca. 10x the theoretical coverage of thiol. C18 dilute
deposit is the same deposition procedure but using ca. 1x theoretical coverage of thiol.

Post reaction C18 catalysts were analyzed after the decanting step.

As shown in Figure 6-8, the C18 coated catalyst was analyzed after the standard
deposition procedure and was then run and recycled with the regeneration procedure to generate

the catalysts which were analyzed following reactions 1, 2, and 3.

The most striking trend from the ICP analysis is the decrease in metal loading of the
catalysts across subsequent reactions. As a catalyst proceeds through numerous reactions,

decanting steps and recycle procedures while in the presence of a thiol ligand, there is a strong
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driving force for some of the metal to be detached from the alumina support and decanted with
supernatant liquid. Thiols are particularly good at stabilizing nanoparticles in solution, often
being used for just this purpose®!, and likely contribute to the dissolution of Pt from the alumina
support®. For example, such catalyst leaching to create monolayer protected clusters (MPCs)
has been shown before for a 3-mercaptopropyl-functionalized silica support which self-quenched
soluble palladium®. This effect may provide an explanation for the increase in selectivity
observed for the regeneration recycle procedure since smaller nanoparticles are more likely to be
leached from the alumina support®*. CO chemisorption results (Table 6-2) indicate that the
recycle regeneration procedure decreases the dispersion and surface area of the C18 catalyst,

consistent with the hypothesis that smaller particles are preferentially removed.

Table 6-2: CO chemisorption of C18 coated and recycled catalysts. Metal loading
determined from ICP. The final catalyst was oxidized in 80:20 He:O, for 3 hours at

300°C and then reduced in 80:20 He:H, for 2 hours at 200°C.

Catalyst wt%Pt Dispersion (%) SA (m2/g Pt)

C18 coated Pt 4,93 6.6 16.2
C18 recycle regen 3x 3.77 1.4 35
C18 recycle regen 3x re/ox 3.77 25.4 62.8
Uncoated Pt 5.00 40.8 100.7

Here, the C18-coated catalyst shows that the surface area and dispersion decrease after 3
recycle reactions even when taking into account the loss of metal content. As further
verification, the recycle regenerated catalyst was oxidized and reduced to return it to a clean

surface where it could be compared with a fresh uncoated Pt/Al,O3 catalyst. These data also
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showed a significant decrease in active surface area and dispersion when taking into account loss
of metal content. A simple factor such as coking of the catalyst surface could result in the
decrease in surface area, but when considering each of these cases, both with thiol and cleaned,
the data suggest that there is a loss of small metal particles, leaving larger particles behind which
have less surface area per mass. Crucially, smaller Pt particles have been shown to have the
lowest selectivity for o,B-unsaturated aldehyde hydrogenation, whereas large particles with a
higher percentage of flat surface, such as those potentially left behind, have naturally higher

selectivity to unsaturated alcohols®**

. Overall, the chemisorption and ICP data combined with
the reactivity results suggest that the recycle and regeneration procedure can facilitate the

leaching of small metal nanoparticles into solution.

In this and our other studies, the initial deposition concentration of thiol used for
preparation of the coated catalysts is typically 10x the thiol necessary to generate one theoretical
monolayer of coverage. This seemingly high concentration, though potentially responsible for
some leaching of platinum from the alumina, is necessary to ensure a complete monolayer of
coverage. For comparison, a “dilute deposit” of C18 on a Pt/Al,O3 catalyst was prepared using a
concentration of thiol necessary to generate only 1x the theoretical monolayer. Shown in Figure
6-8, this deposition procedure, labeled “C18 dilute deposition”, shows that too little thiol in the
initial deposition procedure can result in insufficient thiol adsorption, as indicated by the sulfur
coverage being significantly less than what would be required to form one monolayer of
theoretical sulfur coverage. In order to temper the effect of oversaturating the surface with thiol
during the regeneration-recycle procedure, a lower concentration of thiol was used for
regeneration depositions (methods section) but the ICP analysis indicated that this still resulted

in significant leaching of metal from the alumina support.
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The full effect of metal leaching during deposition was measured by making catalyst and
then subsequently re-depositing it without running it in a reaction. This experiment was
performed to identify how each of the subsequent recycle steps was affecting the leaching of
metal. Shown in Figure 6-9, ICP analysis from a series of sequential depositions show a

decrease in metal content for each of the catalyst systems.
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Figure 6-9: ICP-AES analysis for uncoated, 3-phenyl-1-propanethiol coated and C18

coated catalysts which were re-deposited without running reactions.

Here, simply re-depositing a coating contributes to a loss of metal content. In fact, even
the uncoated catalyst, where deposition was merely rinsing of the catalyst in ethanol, resulted in
a decreased weight loading. In order to test how different thiols have different effects on
leaching of metal, the recycle regeneration procedure was completed for each of the catalysts.
Shown in Figure 6-10, the regeneration recycle procedure resulted in the greatest loss of metal
content for the C18 catalyst, but the recycle of the 3-phenyl-1-propanethiol and the uncoated
catalysts also saw loss of metal content during recycle regeneration reactions, greater than the

loss for a simple redeposit.
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Figure 6-10: ICP-AES analysis recycle regeneration reactions for uncoated, 3-phenyl-1-
propanethiol coated and C18 coated catalysts. For comparison, a recycle of the C18

catalyst with no regeneration/redeposit step is included.

This ICP data combined with the CO chemisorption experiments show that each of the
steps involved in recycle result in loss of metal content and when combined, the loss is
exacerbated. This effect is greatest for the C18 catalyst, but all of the catalysts are affected by
such losses of metal content which are likely to be responsible for changes in the performance of
the catalyst during subsequent recycle reactions. In the case of the C18 catalyst, the loss of metal

content is through the leaching of small Pt particles.

A less pronounced effect was the increase in sulfur content for recycled reactions, shown
in Figure 6-8. The three recycled catalysts each show sulfur content higher than the theoretical
coverage of sulfur and higher than the initial deposition coverage indicating that the recycle-
redeposit procedure is increasing the total amount of sulfur relative to total metal. Physisorbed

thiols, those not bound to the metal surface, could explain the increased measurement of sulfur;
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however, a control was performed by depositing octadecanethiol on a blank alumina support
which showed no sulfur in subsequent ICP analysis. In addition, the sulfur content of each of the
regenerated catalysts was shown to be constant indicating that there was no significant change in
sulfur loading between different recycle procedures, regeneration procedures, or iterations of
these procedures. This effect is especially important when considering the ICP and CO
chemisorption data that indicate a decreasing surface area across recycled catalysts. For the
surface area to be decreasing but the sulfur loading to stay the same, the sulfur must be going

somewhere other than the surface.

This excess sulfur content could be described by sulfur breaking from its alkane ligand

and diffusing into the bulk Pt metal®

. If, as hypothesized, leaching of small metal nanoparticles
is responsible for the loss of metal loading and increase in reaction selectivity, then the larger
nanoparticles left behind would have less surface area per mass to hold sulfur atoms. The only

way the remaining Pt could then hold the extra sulfur would be if it were to allow sulfur in the

bulk.

Taken as a whole, the recycle procedures can be effective means of stabilizing a thiol
coated catalyst, but can result in various changes to the morphology of the catalyst including the

metal loading, the size distribution of particles, and the relative sulfur content.

6.4.3 Effects of SAM aging in air: The recyclability of thiol SAM coated catalysts lends
insight into the sensitivity of reaction selectivity on the detailed structure of the catalytic
interface. Another possible way in which that interface can be perturbed is through SAM

degradation in air between or before reaction®”. It was previously shown™® that aging a 3-phenyl-
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1-propanethiol coated catalyst in air decreased its selectivity to cinnamyl alcohol. A detailed

investigation of this effect is reported in Figure 6-11 (a).
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Figure 6-11: Effect of aging in air of 3-phenyl-1-propanethiol coated and C18 coated

Pt/Al,O3 catalysts on the (a) reaction selectivity and (b) reaction activity

The cinnamyl alcohol selectivity for the 3-phenyl-1-propanethiol coated catalyst
decreased sharply from 94% to 38% in only 24 hr of air exposure and continued to decrease
below the selectivity of an uncoated catalyst. The C18-coated catalyst also showed a
susceptibility to aging in air, but the change in selectivity was more gradual with aging time.
The differing selectivity decline for these two catalysts can be explained by their differing modes
of selectivity enhancement. The 3-phenyl-1-propanethiol coated catalyst was shown to have an
inherently high selectivity due to the ligand specific interaction exhibited between the phenyl
ring of the thiol and the phenyl ring of the cinnamaldehyde. Only a slight decrease in the order
of the thiol monolayer would have a significant impact on the selectivity of the catalyst, since the
spacing of the phenyl ring from the surface was shown to be paramount to the ligand specific

interaction. In contrast, the C18-coated catalyst, which was shown to non-specifically improve
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the selectivity to cinnamyl alcohol, largely through the presence of the sulfur head group, was
not as immediately susceptible to aging. Still, over time, both showed a decrease in selectivity
suggesting that thiol-coated catalysts stored in the presence of oxygen or light should be used
within a relatively short time period after preparation, and exposure to these oxidative species
should be limited. In addition, over long time periods, the rates for both the C18 coated and the
3-phenyl-1-propanethiol coated catalysts increased, indicating greater cinnamaldehyde access to
the surface. These results might also explain some of the losses in selectivity between recycle
reactions as the catalysts were exposed to air during the catalyst-recycle procedure. Alkanethiols
on flat Pd surfaces have been shown to be stable in air for 2-5 days®, and largely unchanged on
flat Pt surfaces for 7 days™, but when used to modify supported metal catalysts, they appear to

degrade more quickly.
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Figure 6-12: DRIFTS of an (a) C18 coated catalyst and (b) a 3-phenyl-1-propanethiol

coated catalyst aged in ambient laboratory conditions

Shown in Figure 6-12 (a), DRIFTS analysis of the aged C18 catalyst over a month shows

a shift in the asymmetric methylene stretch from the initial value of 2923 cm™ to 2927 cm™,
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indicative of deterioration in the order of the monolayer’®?

. Aging of the 3-phenyl-1-
propanehiol catalyst for just one day results in total loss of the C-H peak at 2973 cm™. Unlike
C18, the C-H stretching region for the 3-phenyl-1-propanethiol shown in Figure 6-12 (b) is not

related to the order of the SAM, but still suggests a change in the monolayer.

6.5 Conclusions

The modification of Pt/Al,O; with thiol SAMs for controlling cinnamaldehyde
hydrogenation has been further characterized. Recycling of spent catalysts showed a decrease in
efficacy for ligand specific thiols, but selectivity could be largely regenerated by depositing the
spent catalyst in a fresh thiol deposition. In contrast, the C18-coated catalyst did not show a
decrease in selectivity upon ordinary recycle, but with the regeneration procedure showed an
increase in reaction selectivity. It was shown that over multiple recycles, this procedure led to a
decrease of metal loading and an increase in sulfur loading as indicated by ICP-OES analysis.
CO chemisorption of these recycle regenerated C18-coated catalysts revealed a loss of surface
area suggesting leaching of small Pt particles across recycle reactions. Aging of catalyst in air
was shown to be an important effect for both selectivity and activity as the selectivity of a freshly
prepared 3-phenyl-1-propanethiol coated Pt/Al,O3; decreased from greater than 90% to less than
20% when aged for more than 2 days. C18 coated catalysts also showed a decrease in selectivity

with aging in air but not as rapid of a decrease.
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CHAPTER 7

Conclusions and Future Directions

7.1 Introduction

The work conducted in this thesis has explored the potential of thiol SAMs for coating
catalyst surfaces, expanding on a nascent branch of catalysis which was pioneered by S. Marshall
only shortly before I began working on the project'?. This previous work had shown that the
addition of thiol SAMs to the surface of a Pd/Al,O3 catalyst could improve the selectivity of
epoxybutene hydrogenation in the gas phase, and that the improvement was largely due to the
presence of sulfur on the surface. But as a whole, thiol SAM catalysis was an interesting new
phenomenon with little known about its potential.

The work in this thesis has expanded the use of thiol-modified catalysts to the liquid
phase providing new insight as to how a SAM coating affects a hydrogenation catalyst.
Definitive conclusions and observations have been made and presented in Chapters 2-6, but in
many ways, these results have opened up even more questions as to how SAMs affect a catalyst
surface and in what ways they can be used to rationally design the near-surface environment. In
this Chapter, I will provide a summary of some of the most important themes of this thesis,
identify some of the outstanding questions, and propose experiments to further expand on this

work.

7.2 Thesis Conclusions
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First and foremost, the work in this thesis demonstrates that thiol SAMs can be
effectively used to modify catalysts for a variety of reactions in the liquid and gas phase. The
interesting and novel results of epoxybutene hydrogenation were expanded to the hydrogenation
of fatty acids, o,B-unsaturated aldehydes and other small molecular probe reactants
demonstrating the broader applicability of SAM modifiers.

Arguably the most important result from the work presented in this thesis is that thiol
SAMs can exhibit two distinct modes of selectivity enhancement on a reaction environment, a
ligand non-specific and a ligand specific interaction®®.  First, as demonstrated by the
hydrogenation of epoxybutene in both the gas and liquid phase, ligand non-specific interactions
can improve the selectivity of a reaction. In this case, the specific functionality of the tail is
unimportant to the selectivity of the reaction—the selectivity improvement is largely attributed to
the 1/3 monolayer coverage of sulfur on the surface of the catalyst'*,

The second mechanism of selectivity improvement, discussed extensively in Chapters 4-6
are ligand specific interactions—modes of selectivity improvement which rely on the interaction
effects between the functionality of a thiol tail ligand and a reactant molecule. In the case of
cinnamaldehyde, it was shown that ligand specific interactions, exerted through a pi-pi stacking
interaction between phenylated thiols and the phenyl ring of cinnamaldehyde were responsible
for functionally orienting cinnamaldehyde in a specific conformation with the surface such that
selectivity could be directed down one of two competing reaction pathways®. What’s more, it
was shown that ligand-specific interactions can compound upon ligand non-specific interactions
such that selectivity can be improved a uniform amount by a ligand non-specific interaction due
to the presence of sulfur on a catalyst surface and then tuned further by ligand specific

interactions with the tail of the SAM modifier.
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The rate of reaction for these specific types of interactions was not of top concern but
important trends supported the initial work from epoxybutene hydrogenation in the gas phase.
For ligand non-specific interactions, the rate of the reaction was dependent on the order of the
thiol monolayer where a more ordered SAM had a greater rate of reaction. This result was
demonstrated in both the gas and liquid phases™*.

An important consideration which always raises questions at conferences and with peer
reviewers is the durability of the SAM coatings both during and between reactions. Chapter 6
attempts to address some of these concerns, and importantly shows that a simple catalyst
regeneration step can be used to stabilize the selectivity improvement of a ligand specific
interaction. Additionally, ligand non-specific interactions appear to be relatively robust across
recycle reactions, even showing indications that a non-specific SAM coating might be similar to
a controlled coking of a catalyst surface.

Out of all of this work, Chapter 3 is likely the most overlooked, but potentially one of the
most interesting. What this chapter illustrates is that for reactant molecules much larger than the
spacing of thiols on the catalyst surface, extensive interaction with the monolayer is necessary.
Many of the smaller reactants studied here are on the same size scale as the 5 A spacing of the
thiol monolayer. Using reactants such as fatty acids which are closer to 20 A allows for greatly
increased control of reaction by either excluding the reactant from the surface with a molecule
like thioglycerol, or restricting it from lying down on the surface as was shown for

polyunsaturated fatty acids®. Such systems will be considered in the discussion of Chapter 7.3.

7.3 Future Paths
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The field of catalysis is concerned with a wide range of reactions and systems, potentially
all of which could exhibit interesting results when conducted over a thiol SAM modified
catalyst. Here, I will briefly consider some of the questions that came up most often and discuss
some experiments which might build on this thesis.

As discussed in Chapter 7.2, one of the most important results from this thesis is the
discovery of ligand specific and ligand non-specific interactions between the SAM and the
reactant. When looking at the results from the ligand specific studies presented in Chapters 4-6,
it seems particularly enticing to look for molecules similar to cinnamaldehyde that could be
functionally oriented in conformations affecting reaction selectivity. But, after considering
numerous options for similar systems, it is my belief that such a discovery is limited in the
number and types of molecules to which it can apply. My hypothesis is that types of molecules
able to interact in the ligand specific interaction mechanism are limited to a small range of sizes.
For example, larger molecules with more functionality would be more prone to be restricted
access to the surface, similar to the study of fatty acids®, and smaller molecules would be able to
skirt interaction mechanisms on catalyst defect sites and around the monolayer as was shown for
epoxybutene and even prenal*®.

In addition to the small range of sizes that appear to be controllable, the ligand specific-
interaction is extremely sensitive to subtle changes in the near surface environment. For
example, in Chapter 5, it was shown that extending the ligand specific coatings used in Chapter 4
from a Pt surface to a Pd surface did not result in the same control of selectivity. As discussed in
Chapter 1.2.2, thiols form at an angle normal to the surface on Pt whereas they form at 14-18° on
Pd"®. Aging in air was shown to significantly deteriorate the ligand specific interaction of the 3-

phenyl-1-propanethiol monolayer in only 1 day of aging. When considering the results of the
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recycle studies presented in Chapter 6, the ligand specific interactions alone present numerous
challenges for wide ranging use in catalysis. Of course, the concept of designing an active site
on the surface of a metal catalyst is particularly compelling and worthy of further thought****.
7.3.1 Competitive reaction: One idea for using the ligand specific interaction is to design
a near-surface environment that favors adsorption of one reactant over another. This concept is
essentially to create a competitive reaction system where each reactant has an identical reactive
group and in the absence of a SAM coating, would equally compete for the surface. Control
could be exerted by coating the surface with a thiol that preferentially favors adsorption of one of

the reactants. Such a concept is illustrated in Figure 7-1 for a coating with increased affinity for

phenylated reactants.

REACTANTS PRODUCTS

Benzaldehyde Butyraldehyde Benzyl Alcohol Butanol

R
O

v
RPPR,

Hydrogenation Metal
Figure 7-1: Competitive reaction scheme. Here benzaldehyde and butyraldehyde have

the same reactive groups, but different structures. A surface coating such as thiophenol
(shown) might preferentially attract benzaldehyde over butyraldehyde thus increasing its

relative rate

168



In practice, this idea is similar to the competitive reaction that was shown to occur
between hydrocinnamaldehyde and cinnamyl alcohol at the end of Chapter 4. Here, we merely
would start with equal amounts of the reactants in question, and the reactive groups would be
identical, instead of comparing hydrogenation of an olefin and an aldehyde. Already this
technique has been attempted for the competitive hydrogenation of benzaldehyde and

butyraldehyde and the results are shown in Figure 7-2.
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Figure 7-2: Competitive reaction of benzaldehyde and butyraldehyde. Ratio of rates is
reported as the rate of benzaldehyde consumption divided by the rate of butyraldehyde
consumption. The yellow bars are for reactions where benzaldehyde and butyraldehyde
were reacted simultaneously to the reactor. The red bars are for reactions where
benzaldehyde and butyraldehyde were run individually in the reactor. C12 refers to

dodecanethiol.
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As these data show, the competitive reaction did not show a statistically significant
increase in selectivity when the surface was coated with a short phenylated molecule like
thiophenol. In contrast, the rate of benzaldehyde consumption may have increased more for the
other types of coatings shown. Still, none of the results presented illustrated a statistically
significant improvement over the competitive reaction on an uncoated catalyst.

One explanation for the lack of selectivity enhancement is that even after reaction, the
phenyl ring responsible for the attractive mechanism remains in active. Therefore, the near-
surface environment could in fact be creating a favorable environment for benzaldehyde but also
for the product benzyl alcohol thus equalizing the favorable adsorption environment for

1213 1t is also

benzaldehyde by mitigating the increased on-rate with a decreased off-rate
important to remember that the east of adsorption of a reactant does not necessarily parallel
relative rates of reaction™*.

Although this particular system did not work, it is possible to think of systems where the
targeted reactant molecule might have an initial affinity for the near surface environment which
is destroyed by the reaction. For example, a near surface environment that attracts olefins but
then reacts these groups might be effective in increasing the relative rate of their reaction by only
increasing the affinity of the reactant for the surface.

7.3.2 Imprinting: One of the problems with using thiol SAMs is that their coverage
density (1/3 monolayer) has an interatomic spacing of approximately 5A. This spacing is on the
order of many small reactants and is potentially one of the limiting factors for designing a

catalyst surface which can exert ligand specific interactions on small molecules—they simply

slip through the spaces in the monolayer.
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Therefore, in order to exploit and design active sites on metal catalysts, an alternative
method might be to look at the selective hydrogenation of larger reactants, molecules such as the
fatty acids studied in Chapter 3 which necessarily must interact with the thiol monolayer due to
their large size. As shown in Chapter 3 for the hydrogenation of fatty acids, a full monolayer can
dramatically restrict access of the reactant to the surface®. Using this restriction as an advantage,
it might be possible to create an active site for a large reactant by imprinting with a template
molecule in a SAM monolayer.

The idea of monolayer tempting on gold and glass substrates has been discussed

extensively for large biomolecules™™’

after being pioneered by Sagiv et. al in 1979 in a report
that described an insertion imprinting step to form holes in an n-octadectltrichlorosilane SAM™.
The underlying concept is to imprint the monolayer surface with the reactant molecule, leaving a
binding pocket where only similar sized molecules can fit and react. Termed “Molecularly
Imprinted Materials” or MIMs, these surfaces have been especially important for measuring the
adsorption of large macromolecules on a surface.

Here we are interested in imprinting a surface for adsorption but also reaction on a
surface. One promising system is trans-stilbene, a conjugated planar molecule with large bulky
phenyl rings and a double bond in the center. Due to its planar configuration, trans-stilbene must
lie flat on a catalyst surface to react, and at a length of ca. 12 A it must have ample space on the
surface to be able to lie down. Therefore imprinting, or a method designed to preserve access to
the catalyst surface in the presence of a SAM is necessary to allow trans-stilbene to react. This

general idea is presented in Figure 7-3 where imprinting is hypothesized with a thioglycerol

SAM.
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Figure 7-3: Imprinting a Pd surface with thioglycerol. Trans-stilbene or other large

reactant molecules are large enough to exclude regions of the surface from thiol

formation leaving behind a binding pocket properly spaced for the imprinted molecule.

Assuming imprinting is possible, one of the biggest hurdles is fixing the imprinted thiols
in place on the catalyst surface. Potentially cross-linking the monolayer will be discussed as one
option, but thioglycerol presents a compelling alternative. The hydroxyl groups present potential
for non-covalent interactions which might stabilize the monolayer, and have already been shown
in Chapters 3-4 to be effective at shutting down the reactivity of large reactants like fatty acids
and cinnamaldehyde®®. The idea presented in Figure 7-3 has undergone some preliminary

testing to determine whether this path is worth pursuing and the results are shown in Figure 7-4.
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Figure 7-4: Reaction of trans-stilbene on imprinted Pd. For the reaction of trans-stilbene
on a Pd catalyst that has been imprinted with trans-stilbene, conversion can be maintained

to a higher deposition concentration than if no imprinting procedure is used

The results shown in Figure 7-4 indicate that for a thioglycerol coating of greater than 6
theoretical monolayers, the reaction of trans-stilbene achieves no conversion over a 60 minute
reaction. In contrast, pre-depositing 250 mg of catalyst with 300 mg of trans-stilbene in 10 mL
of THF before depositing the intended dose of thioglycerol in 40 mL of ethanol, the reaction still
achieved 100% conversion over the course of a 60 minute reaction. These results are promising,
but will require much additional testing to determine whether imprinting of trans-stilbene is
occurring or whether stilbene is merely preventing the formation of a complete monolayer. The
key studies that will be necessary to test this hypothesis are the use of different sized reactants
which could theoretically fit or be excluded from an imprinted binding pocket on the catalyst

surface.
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Unfortunately, one of the biggest hurdles to testing this hypothesis is the availability of
molecules capable of probing this system. Larger molecules tend to be insoluble in organic
solvents, whereas smaller molecules such as styrene have the ability to react on a thioglycerol
coated surface. As discussed previously, styrene and other small reactants are on the same order
of size as the monolayer and are not as easy to control by coating the catalyst surface. Olefin
hydrogenation is extremely favorable on Pd catalysts and styrene is small enough that it can
potentially “cheat” by avoiding the imprinted surface and reacting exclusively on defect sites.
With such a fast rate, controlling the reactivity in an on/off fashion is challenging, but potentially
highly valuable. As alluded to earlier in this section, larger reactant molecules such as those
derived from biomass are promising for their necessary interactions with a thiol coated surface.

If the concept of imprinting can be made to work, a variety of reaction systems could be
designed. For example, size specific holes in a monolayer could be filled with a subsequent
deposit of a different type of thiol. This could be used to exploit the interface of two thiols
similar to the idea of exploiting the interface of two dissimilar liquids or phases.

Another future goal might be to imprint with crosslinking SAMs such that after
imprinting, the SAMs can be locked in place by a crosslinking step. Now, not only would there
be limited mobility into the holes on the surface, but the holes could be stable to harsh reaction
conditions. One perennially studied and seldom achieved reaction in the field of catalysis is
decarboxylation of an unsaturated fatty acid while preserving double bonds in the alkane tail

1920 On a standard hydrogenation catalyst, the conditions required for decarboxylation,

region
300°C and 40 bar H,, will immediately hydrogenate the double bonds, valuable functional
groups in downstream processing. By imprinting the catalyst surface with a small molecule such

as styrene, depositing a crosslinking SAM such as (3-Mercaptopropyl)triethoxysilane,
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crosslinking the silane groups, and then running operating conditions for the decarboxylation of
linoleic acid, it may be possible to decarboxylate the react the head group while maintaining the
hydrocarbon tail. Such a system would test the durability of a thiol modifier as well as the
theory of creating an artificial enzyme.

7.3.3 Solvent effects: Catalyst and reaction experts have explored the idea of biphasic
catalysis for years looking at ways to exploit the interface between two incompatible phases* 2.
The same kind of effect could potentially be exhibited by the difference in polarity between a
polar solvent and a non-polar thiol coating or vice versa. This concept, proposed in my
preliminary exam, but never fully explored might provide an elegant method for orienting a large
reactant between the near surface of the catalyst and the bulk reaction solution. Chapter 2 shows
that such solvent and monolayer interactions are important for controlling the selectivity of the
hydrogenation of epoxybutene, possibly due to the ability of a non-polar solvent like heptane to
stabilize a polar coating like thioglycerol. Similarly, the results of solvent studies in Chapter 4
show that a polar solvent like ethanol is possibly the most effective solvent for stabilizing the
non-polar thiol coatings. In general, consideration of the interaction between reaction solvent
and monolayer is an important consideration for future reaction systems.

7.3.4 Desorption of thiols in solution: Building off of the discussion of solvent effect, one
of the most pressing questions for the use of thiol modifiers in the liquid phase is their ability to
maintain coverage in the presence of a solvent”. One simple experiment which would be
interesting to carry out is a dynamic exchange of thiols from a metal surface. This procedure
could best be accomplished with an ATR flow cell. ATR, discussed in Chapter 1.5.5 is
particularly effective for looking at vibrational modes of molecules within 1 mm of the ATR

crystal surface. A potential experiment would be to coat the ATR crystal with a thin film of Pd
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and then deposit a labeled thiol on the surface. Using the flow cell to flow a distinctly different
thiol through the chamber, it could be possible to measure the rate of replacement®®#’. Similarly,
a pure solvent could be flowed to measure the rate of dissolution from the metal surface.

7.3.5 Active site characterization: Finally, there are many additional lingering questions
about the formation and effects of thiols on individual reactions. The suggestions presented
throughout this thesis are engineering questions in nature, that is, they address functional
concerns of the catalyst and measure macroscopic deliverables like activity and selectivity while
largely overlooking the nuances of the microscopic origins of these deliverables. One constantly
pressing question is the definition of an active site on a SAM coated catalyst. Currently, both
coated and uncoated catalysts are treated the same where rate is reported as the moles of reactant
consumed per second per site on an uncoated catalyst. This question is vital to truly
understanding how the SAMs affect the rate of reaction.

2829 Reactants come in

Such characterization is difficult even on an uncoated catalyst
many different sizes and conformations, so it is likely that there is no one definition of what an
active site is on these catalysts. A small reactant such as acetylene might not experience a very
different surface whether a catalyst is coated or not, while a large reactant such as
cinnamaldehyde is clearly constrained on the surface such that some of the sites accessible to
acetylene are inaccessible to cinnamaldehyde. Such subtle differences are scientific in nature
and extremely difficult to quantify, but experiments which might shed light on the underlying
nature would be valuable for understanding future systems. Already experiments with CO-
DRIFTS have been carried out to measure the types of sites available on coated and uncoated

catalysts**3*. The problem with these studies is exactly the problem described for the difference

between a small reactant like acetylene and a large reactant like cinnamaldehyde—different sized
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molecules might not have the same access to sites when spatially constrained by the monolayer.
Careful isotherm measurements might similarly yield information on the availability of active
sites but are also plagued by subtle confounding factors such as coking and defects.

In conclusion, 1 would like to say that this project has evolved greatly in the 4 years that |
have worked on it. Starting off, little was known about the effects of thiol SAM catalyst
modifiers, and in 4 years | have extended work to the liquid phase, opened experiment space to
larger reactants, new conditions, and novel experiments. The project has been exciting and
challenging at the same time, and | hope that future researchers can find as much joy and interest

in the project as | have experienced. Good luck!
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