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by

Ryan S. Johnson
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Ph. D., Chemistry, University of New Mexico, 2014

Abstract

Transition metal catalysis, being critical to nearly all aspects of the modern indus-
trial world, is the focus of a series of theoretical studies which seek to elucidate the
fundamental and electronic origins of enhanced chemical activity and selectivity. The
application of density functional theory on extended single metal and alloyed sur-
faces, supported single metal atoms, and gas phase cationic species illuminate various
aspects of transition metal catalysis in a wide range of enviornments. Adsorption,
reactivity, and other mechanistic details developed here suggest possible mechanisms
used to aid interpretation of experimental results and guide developement of future

catalysts.
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Chapter 1. Introduction

1.1 Introduction

One of the most critical technologies responsible for our modern industrial world
is the use of catalysts to accelerate reactions. A particularly potent example is
the Bosch-Haber process in which nitrogen from the atmosphere is converted to
ammonia over an iron based catalyst, allowing the affordable production of fertilizer
and in turn the agricultural capacity to sustain much of the world’s population.
Automotive exhaust is cleansed of NO,, CO and uncombusted hydrocarbons through
a three way catalyst, reducing smog and air pollution. Furthermore, it has been
estimated that over 90% of industrial processes use catalysts, and the overall impact
of catalysts has been estimated to $10 trillion per year [1]. Industrial catalysts are
often heterogeneous and composed of transition metal particles dispersed over solid
supports, however, solid metal surfaces, ligated and solvated metal atoms, enzymes

and single gas phase metal containing molecules are all catalytically active systems.

However important, the catalysts that are used industrially are very complex
chemical materials, often using a great number of additives (promoters) in addition
to the main catalytic material, and dispersed over a porous and not always chemically
inert supporting material. The morphologies of the material are often complex and
difficult to characterize. A further complication is that the active catalyst as found
under reaction conditions is typically not the the same as the as prepared catalyst.
Once exposed to the reaction conditions (pressure, temperature and the chemical
species present) a catalyst can undergo restructuring and activation, as evidenced by
the short period of time before reactions begin, known as the induction period. As

a result, it is often necessary to study a catalyst in situ.

As a result of such complex structure and function, a detailed and molecular un-
derstanding of catalytic processes is is still poor and development of catalysts con-

tinues to be done through expensive trial and error today. Important breakthroughs
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in understanding catalysis have come historically, not from studying the most ac-
tive, and complex materials, but from simpler systems: clean, well defined surfaces,
with low concentrations of reactants for simple reactions or from studying isolated
molecular reactions. For example, the careful study of CO and O, adsorption [2]
and reaction [3, 4] on various clean surfaces earned Gerhard Ertl a Nobel prize [5] in
2007. These simple systems guide development of fundamental models, trends and
“rules of thumb” which can then be used in designing new, better and more efficient
catalysts. Furthermore, advancements in theoretical methods (in particular density
functional theory) have made possible the modeling of relatively large catalytic sys-
tems providing the molecular and electronic view that is so desperately needed to
understand more complex systems. In the following work, DFT has been used in a
number of model cases, ranging from perfectly clean and infinitely extended single
metal and alloy surfaces to single metal atoms embedded in a supporting material,

to gas phase transition metal catalysis.

1.2 General Concepts in Catalysis

A substance that is able to accelerate the rate of a reaction without itself being
consumed in the reaction is called a catalyst. This is achieved by providing some

alternative pathway to the products which avoids the uncatalyzed reaction barrier.

In Figure 1.1, we can see many important features in a chemical reaction, cat-
alyzed and not. In black we see the unperturbed pathway that represents the energet-
ics for an uncatalyzed chemical reaction. The reactant and product wells represent
the bound vibrational well of reactants A and B, and product C. Distorting the ge-
ometry along a particular mode, which can be a complicated set of internal motions
(here labeled simply “Reaction Coordinate”), will take the reactant up along the
black path (ie “minimum energy pathway” (MEP)) to the transition state, the high-
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Energy

Reaction Coordinate

Figure 1.1: General reaction coordinate showing non-catalyzed reaction (black) and
catalyzed reaction (red).

est energy point in a reaction. The transition state is of particular interest because
of its intimate relationship with the rate of a reaction. According to Arrhenius, the

rate of a reaction is given by:
k= Ae P /ksT (1.1)

Where A is a pre-exponential factor related how often the reactant attempts to
surmount the barrier, E* is the activation energy of the reaction and kg7 is the
thermal energy available to the reactant at temperature 7. Due to the exponential
dependence of the rate with the transition state, a small reduction in the height of
this barrier can significantly accelerate a reaction at a given temperature, or reduce

the required temperature for the reaction to proceed at an appreciable rate.

This is one of the key roles of a catalyst, as is illustrated in the diagram in red. The
red curve here implies that the function of a catalyst is to introduce a new pathway

between the reactants an products, which circumvents the high barrier. Often, this
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path will consist of new intermediate species stabilized with respect to the black
curve. It is important to note that the overall Gibbs free energy of the reaction is
unchanged, as this is a state function of the reaction and independent of the path
taken from reactants to products. As a result, a catalyst also cannot modify the
equilibrium of a reaction. It can be noted that in the framework of Transition State
Theory (TST) the reactants and transition state are viewed to be in equilibrium. A
reduction of the height of the barrier does in fact modify this pseudo-equilibrium in

favor of the TS.

1.2.1 Functions of catalyst

Catalysts can play two roles: accelerate reactions and increase the selectivity for one
possible product over other thermodynamically feasible ones. In 1948, Linus Pauling
first hypothesized that an enzyme achieves catalysis by binding to, and therefore
stabilizing the transition state. [6] This viewpoint has largely been supported by
the subsequent 7 decades of research. However, catalysts can also achieve reduced
transition states by stabilizing/destabilizing the product/reactant, as explored by
Brgnsted, Evans, Polanyi, Marcus and others in the context of the crossing of reactant
and product potential energy surfaces. This will be discussed in further detail in

section 1.3.3

The transition state is, in some sense, the worst possible energetic case a molecule
will face. At this particular moment along a reaction coordinate there is a balance
between breaking and forming chemical bonds. The energetic cost of dissociating
the reactant molecule and forming the product meet at the same geometrical point.
Often, there can be a buildup of charge in localized regions of the molecule at this
point. Anything capable of stabilizing this charge buildup will reduce the activation

energy of the barrier. Active sites of enzymes often have an electrostatic profile which
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matches that of the transition state. Additionally, if the enzyme contains a metal
center in the active site, the metal atom can act as an electron buffer for the TS;
donating or accepting electron density as needed to offset the energetic penalty of

charge buildup. A transition metal surface or particle can play the same role.

Selective catalysts are highly desirable in the context of increased atom economy,
an important tenet of the green chemistry movement, but may also be important if
side products are toxic to humans or down-stream processes. Selectivity is achieved
by the modification of activation energies of the possible reactions with respect to
each other. Either favorable products have lower barriers, unfavorable products have
enhanced ones, or there can be a combination of both. This can either be a geo-
metrical effect, ie. a particular isomer is blocked from forming by the geometric
conformation of the catalyst-reactant complex, or an electronic one where one par-
ticular bond in the molecule is activated more than another as a result of interacting
with the catalyst. The product which requires the lowest activation energy will

dominate the final composition.

1.2.2 Surfaces, particles and single atoms

While not all catalysts use transition metals (examples are metal free enzymes and
organocatalysis [7]), a great many do. Whether as surfaces, small particles, in metal
containing enzymes, or solubilized metals, transition metals show a strong ability
for catalysis. This is in part due to the fact that these atoms have a partially filled
valence d shell that can both donate or accept electron density from reactants. For
example, if in the transition state there is significant buildup of electron density, a
transition metal could alleviate such an unfavorable situation by being reduced and
accepting the excess density as needed. Alternatively, density can be donated, should

a transition state be electron deficient. Transition metals are able to donate/accept
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density because these primarily involve the valence d-orbitals of the metal, which
are well screened from the nucleus, and as such are loosely bound to the atom.
Furthermore, the near degeneracy of excited states can offer alternative reaction

pathways which utilize excited spin surfaces, as will be discussed in Chapter 7.

For heterogeneous catalysts, activity is a function of surface area: the more ex-
posed catalyst, the more places for reactions to take place. This basic principle has
meant that in practice heterogenous catalysts are usually composed of small parti-
cles dispersed on some support (for example ZnO or Al,O,). In fact, the chemists
and engineers designing catalysts were pioneers in nanoscience long before the term
gained wide popularity and specific focus over the last decade. However, due to
early challenges in characterizing and synthesizing uniform particles, many of the
early breakthroughs in understanding these systems were done on well defined metal
surfaces under ultra high vacuum conditions [2, 8]. While many of the key concepts
learned from these studies are relevant for small particles, these single crystal sys-
tems cannot capture all of the unique and important features of industrially relevant
small particles. For instance, a small particle can display multiple and/or high en-
ergy crystallographic surfaces, a high concentration of defects such as kinks or steps,
interactions with the support, and unique electronic structure from an extended sur-
face. All of these features have been found to impact catalysis [9] and some are

visible in Figure 1.2.

For many reactions, the state-of-the-art catalyst is comprised of rare and expen-
sive transition metals such as Pt, Pd or Ru. As such, it is desirable to use as little
metal as possible. In the far most extreme case it would be advantageous to use only
a single metal atom per active site. To this end a few papers [10-12] have recently
been published which use single metals atoms anchored on supporting material and
even find enhanced catalytic activity per atom. For example, in 2011 a Pt/FeO cat-

alyst was found to have a turn over frequency for CO oxidation of 13.6 x 10%(s™1),
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Figure 1.2: TEM image of Cerium oxide CeOx displaying (100) and (111) surfaces as
well as defects and other heterogeneous morphologies. Image compliments of Andrew
DeLaRiva.

2.9 times higher than that of Au/Fe,O,, a highly active catalyst [11]. Single atom
catalysis is the focus of Chapter 6, in which single Pd atoms are incorporated into
defects on a v-Al,O, surface. Developments in characterization methods such as
tunnelling electron microscopy (TEM) and xray photoelectric spectroscopy (XPS)
along with advancements in the controlled synthesis of nano-scaled systems have
made the realization of single atom catalysts possible. These systems are also useful
models for the study of fundamental processes which may be important in industri-
ally relevant catalysts which may be difficult to isolate and examine systematically.
For example, how a support modifies the electronic structure of an adsorbed metal
is a key question and has been shown to be an important consideration in a number
of systems [13, 14]. At the other end of large metal surfaces or nano-particles is

the case of gas phase transition metal catalysis. Although not particularly relevant
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for commercial processes the, small and isolated nature of such systems allow more
detailed theoretical treatment. There is an important difference between atomic or
molecular systems and extended systems like surfaces. The electronic states for iso-
lated atoms/molecules are discrete, quantized states. In surfaces and bulk materials
these electronic states are smeared out and described with band structures. It ap-
pears that some of the most interesting catalytic systems fall into an intermediary

range between these two electronic models.

1.3 The d-band Model

A very powerful model for understanding and predicting the general reactivity of
transition metals has been developed by Ngrskov and Hammer [15-17] over the last
decade, building on the foundational work of Newns and Andersen [18, 19]. This
model identifies the d-band center as the most important descriptor for reactivity

and offers insight into the mechanisms of adsorption and reactivity.

When discussing the d-band of a metal, there are a few interrelated quantities of
interest: the metal-metal d orbital overlap between adjacent atoms (Vj;), the d-band
width and the d-band center (Ey). V,, largely determines the width; greater overlap
and greater coupling between the atoms results in a more narrow d-band width and
the center and width of the d band are interrelated via the electron occupation the
bands. An increase in the overlap (eg. through compressive strain), causes the d-
band width to increase. Since metals tend to conserve the number of occupied bands
(those that fall below the Fermi level) the d-band center will shift down relative to the
Fermi level thereby restoring the occupation of the band. As a result of the correlated
behavior of these factors, only one needs to be chosen to characterize the interaction
of an atomic of molecular adsorbate, and the d-band center has been found to be

such a descriptor. The mechanism of adsorption is easiest to understand in terms
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Figure 1.3: Model illustrating the transition from discrete energy levels in atoms and
molecules, to broadened band structure in extended materials.

of an atomic adsorbate as discussed below, but the arguments can be extended to

molecular systems and is elaborated in Chapter 5 for the adsorption of CH,O.

1.3.1 Electronic Structure of Metals

A key qualitative difference between solid materials and molecules is the fact that
the atomic orbitals which contribute to the structure are so numerous that they do
not form discrete energy levels as in atoms and molecules, but rather bands, in which

the eigenvalues form a continuum, or a band. This is illustrated in Figure 1.3.

For metal surfaces there are two distinct bands that form. The s-band and d-
band from the overlap of s+p and d orbitals respectively. The s orbitals, largely

delocalized across all atoms in the material, have a relatively large coupling element

10
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Figure 1.4: Cartoon model of the electronic structure in metals. The s-band is diffuse
and half full. The d-band is more discrete and located near the Fermi level (Epepm;)-

between themselves, and as a result is very broad and half way filled. The d-band,
conversely, is composed of the fairly localized d-orbitals which are less coupled to each
other resulting a narrow band. The energy which divides the bands into occupied
and unoccupied (also called the “valence* and “conduction” bands) regions is called
the Fermi energy (Epermi). Electronic states that lay below the Epe.m; are occupied,
and those above it are not. The Fermi level is analogous to the HOMO-LUMO gap

in molecules.

The localization of d-orbitals and their resulting narrow d-band has profound
implications in the bonding of adsorbates to the surface. The well quantized atomic
and molecular eigenstates can interact with the relatively narrow d-band to form
new bonding and anti-bonging orbitals between the surface and adsorbate as is seen
in two-state atomic orbital model. This is opposed to interaction with the broad
s-band, which does not split the orbitals but rather just smears them out. This

interaction with the s-band is far weaker and does not change much from one metal
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to another. The position of the d-band, on the other hand, varies from 4 eV below
Erpermi in Ag to 2.5 eV above in Hf. The relative position of the d-band determines
the occupation of bonding/anti-bonding orbitals formed, and therefore the strength

of adsorption.

1.3.2 Adsorption

The initial step for any reaction on a surface must be one or more of the reactants
adsorbing on the surface. Adsorption may play a number of roles in surface catalysis,
from immobilizing the species near each other, to fully modifying the electronic
structure of the adsorbate upon interaction with the d-band. In some cases, this
interaction is enough to break bonds in the molecule, as in the dissociative adsorption
of O, on Pd(111) to form 2 atomic oxygen species. Alternatively, it could be a weaker
interaction with the surface that simply activates a bond for later interaction with
another species. This is the case for CO on Pd(111), in which the 7* MO of CO is
populated from the d-orbital of the binding metal atom; elongating and weakening
the C—O bond. These types of adsorption fall under the category of chemisorption,
in that they result in a chemical bond to the surface. Physisorption, a weaker
interaction, results from van der Walls interactions between the molecule and the
surface. As this interaction is so weak and has almost no effect on the structure
of the adsorbate, I will confine my discussion to the more catalytically interesting

chemisorption.

Adsorption of a single atom on a surface is the simplest case and provides a
clear picture of the electronic interaction, which is later applied to more complicated
molecular adsorbates. When an atom comes close to a surface a number of interac-
tions take place as the atomic orbitals mix with the valence states of the metal. It is

useful to mentally break this into two separate steps, as is illustrated in Figure 1.5.
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Figure 1.5: Hlustration of the interaction of the atomic orbital as it couples with a
metal surface. In vacuum the atomic orbital is discrete. Upon coupling with the s-
band, the orbital is broadened. Coupling to the d-band slits metal-atom orbitals into
bonding and anti-bonding orbitals, whose position with respect to (Egermi). depend
on the position of the d-band in the metal and the atomic orbital.

First the AO’s mix with the broad s-band of the surface. Since the s-band is so wide,
this simply broadens the AO levels slightly, but does not cause them to shift in energy
or spit into bonding and anti-bonding states. Secondly, there is coupling with the
narrow d-band. Since the d-band is narrow, this interaction does result in bonding
and anti-bonding orbitals formed above and below the initial AO’s. The interaction
of the atom with the surface is then controlled by the location of these orbitals with
respect to the Fermi level. Since only the d-band forms bonding/anti-bonding or-
bitals, its relative position with respect to the Fermi level determines the extent to
which the various atom-metal orbitals are filled, and thus it is the location of the
d-band center than is the determining factor in determining the binding strength. If,
for example, the d-band is very low with respect to Ege.n; than both bonding and

anti-bonding orbitals would form below FEpe.n;, resulting in no significant bonding

13
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Figure 1.6: Three cases of d-band position and the resulting metal-atom orbitals
upon adsorption. A) Unoccupied d-band; part of the resulting bonding orbital is
populated. B) Half filled d-bad; here the strongest bond results because all bonding
states are occupied and non of the anti-bonding. C) d-band totally occupied; now
the anti-bonding orbitals are becoming populated weakening the adsorption.

interaction. On the other extreme, if the d-band center is very high, the resulting
bonding and anti-bonding orbitals might both fall above Ege i, again forming no

net bonding interaction. Three possible cases are presented in Figure 1.6

This implies that there is an ideal intermediate range of d-band position which
form strong interactions with a given adsorbate, but not so strong that the adsorbed
species is trapped on the surface. In fact, this variation in Ep.,,; through the periodic
table is the origin of the “volcano plot” of reactivity as shown in Fig 1.7 [20]. As the
Sabatier principle identifies, the most active catalyst will be the one that does not
bind too tight (poisoning) or too loose (no interaction) to the adsorbate. The most
active transition metals tend to be those that fall in this intermediate range d-band

center, and therefore adsorption strengths.

Molecular adsorption on surfaces follows that of atoms, but with some additional

complexity. No longer is there a single adsorbate orbital interacting with the surface
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Figure 1.7: Volcano plot for the decomposition of formic acid on various transition
metals. The temperature of decomposition (a measure of relative activation energy)
is plotted against the enthalpy of formation. The most active metals are centered
around Group 9 and 10 elements.

but many. As with atoms, there the molecular orbitals interact with the d-band
to form new molecule-metal bonding and anti-bonding orbitals. The occupation of
these orbitals determines the strength of the adsorption. However, the molecule also
has it’s own molecular bonding and anti-bonding orbitals which will change upon
interaction with the surface. The change in filling of these molecular orbitals can
change the bonding within the molecule itself, as in the loosening of the C—O bond

upon adsorption to Pd.

15



Chapter 1. Introduction

1.3.3 Brgnsted Evans Polanyi Relationships and Scaling Re-

lationships

Another powerful theoretical framework on which to case catalytic reactions is the
so called “BEP relationship”, named after Brgnsted, Evans and Polanyi, key figures
in its development. [21, 22| Brgnsted first articulated it in 1928 by observing that
there was a linear relationship between the rate of an acid catalyzed reaction and
the strength of the acid doing the catalysis. It was later generalized and extended
to surface reactions. It articulates the relationship between the stability of reactants
and products and the transition state between them. BEP relationships are often
used to predict how the activation energy of a reaction will change on various metals.

The BEP relationship can be written as,
AEact =oa X AET (12)

where the change in activation energy (FE,.) is linearly proportional to the corre-
sponding change in reaction energy (FE,). Constant « depends on the particular
reaction and can be roughly interpreted as how reactant-like (early) or product-like

(late) the transition state is.

The key to understanding the BEP relationship rests on viewing the reaction as
the crossing of two independent wells in the potential energy surface. One represent-
ing the reactant and the other the product. This is illustrated in Figure 1.8 where
the reactant is labeled R, product P, and the transition state is represented by where
the two curves cross. In this framework the transition state is the point at which the
distortion of the reactant overlaps with the product well, both in geometry and in

energy.

Also illustrated in Figure 1.8 is how a change in the vertical position of the reac-
tant in this case, will shift the crossing point by roughly the same amount of energy.

The depth of a well in the case of a surface reaction is simply the binding energy of
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Figure 1.8: Illustration of the BEP relationship. Here the reactant has been stabilized
by AR, resulting in a downward shift of the crossing points; the transition state by
AT

a species to that surface. Assuming that the shape of the wells do not change going
from metal to metal, and that the binding energy will change with the position of the
d-band center of the metal as discussed above, knowledge of the activation energy
and binding energies of one surface plus the change in binding energy for another
metal is sufficient to predict the transition state energy on the other surface. This
is useful in light of the practical challenges to calculating a transition state. Fur-
thermore, since the d-band model allows the prediction of binding energies based
on the d-band center, transition states can be estimated with only knowledge of the

electronic structure of the surface.

As shown by Hammer and Ngrskov [15-17], a consequence of the above d-band
model of bonding to surfaces, a linear relationship is found between BE and d-center.
As a result of the BEP relationships, the activation energy of a reaction can be related

to the binding energy. This allows extrapolation of metal reactivity from a known
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metal to one unknown one and the screening of many potential metals to a first

approximation by their d-band center.

This is particularly useful in studying possible alloy combinations which have a
d-band character of interest. Ngrskov et al. have publish a few models recently
which utilize these linear relationships to efficiently screen a great number of metals
for reactivity [23-25]. The results of such screening can direct experimental studies

on potentially active materials, an exciting step towards a priori catalyst design.

1.4 Conclusion

In the following chapters, transition metal catalysis will be explored in a number
of cases, from mathematically infinite surfaces of metals, to a case of single atom
catalysis, to studies of the reactivity of complexes which contain a single metal atom
in the gas phase. Throughout these studies, time independent quantum mechanical
methods have been used to predict the key geometries involved in reactions and their
electronic structure, providing both practical and fundamental insight into these
processes. Interestingly, these systems tend to be of a size scale that is difficult
for our current quantum tools to treat. On one hand, our formalism of electronic
structure is developed for an infinitely extended 3D periodic lattice and on the other
for single isolated atoms. Both are strained when applied to these systems where the

discrete quantum nature of an atom is blurred with the continuum nature of a solid.

In the next chapter I will outline the theoretical methods used throughout. Chap-
ter 3 traces the possible reaction pathways of formaldehyde on a copper surface under
methanol steam reforming conditions. In chapter 4 the effect of alloying Zn atoms
into a Pd surface is studied in the context of CO oxidation. Further studies on the
reactivity of formaldehyde on Pd, Cu and PdZn surfaces are investigated in chap-

ter 5. Chapter 6 looks at the development of a model for a single Pd atom embedded
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in a 7-Al,O4 surface, which is capable of performing CO oxidation at encouragingly

low temperatures. These projects were often collaborations with experimentalists,

whose data provided inspiration and key benchmarks for development of these theo-

retical models. The experimental methods and results are largely included to provide

context and narrative, but have been edited down. Please see any publications for

full details. The following chapters are associated with these publications: Chapter

3:[2

6], Chapter 4: [27], Chapter 7: [28].
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Chapter 2. Methods

The study of chemical reactions on the molecular level requires that we confront
the quantum nature of these systems. In principle, the Schrodinger equation offers
us an complete description but full solutions to systems of interest to chemists are
very difficult and thus largely unavailable. This has necessitated developement of
the rich variety of approximate methods to study quantum systems. As discussed
below, it is customary to first separate the treatment of the electronic part of the
problem from the nuclear one. Under this so-called Born-Oppenheimer (BO) ap-
proximation, the Schrodinger equation for the electronic motion is solved at fixed

nuclear configurations. In this Thesis, we will focus on the electronic problem.

The gold standard for treating electronic motion are the “first-principles” or ab
initio methods that contain no empirical approximations; only the geometry, charge,
spin state and fundamental constants are specified. They are typically very accurate,
but also computational expensive. While impractical for routine use in large systems,
they are powerful analysis and benchmarking tools for relatively small systems. An
alternative approach to ab initio methods that has gained tremendous popularity
is the density functional theory (DFT). In DFT, the problem is not cast in terms
of wavefunctions as in the Schrodinger equation, but rather on the electron density
and is efficient and qualitatively accurate. As a result, the primary methodology

employed in the following work is DF'T based.

There are two formalisms which I have utilized, depending on the nature of the
system being studied. For large, periodic systems such as bulk crystals and surfaces,
a planewave based DFT is the optimal choice. Inspired by the periodic nature of
crystals, this formalism is cast in the language of planewaves, Fourier series and the
notion of reciprocal space. For small gas phase systems an atomic orbital based
DFT is preferred and inspired by the language of chemists. It is important to note
that these two formalisms were derived to treat two different limiting cases: isolated

atoms and molecules on one hand and infinitely extended crystalline structures on
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the other. One is marked by quantized behavior and the other continuous. Both of
these frameworks are deeply strained in some sense when applied to the intermediary

systems that are of current interest in heterogeneous catalysis.

2.1 Quantum mechanics

The starting point for a quantum mechanical description of microscopic system is

the time independent Schrodinger equation,
HY = EV (2.1)

where the wavefunction W is a function of both the electronic and nuclear coordinates;
U(r, R) for r electron coordinates and R nuclear coordinates. H is the Hamiltonian
and F is its energy. Solving this partial differential equation for the individual and
correlated motion of each nucleus and electron in the desired system, at least a 3N —6

degree problem for N particles, is an immensely difficult mathematical undertaking.

Robert Oppenheimer and Max Born in 1927 [1] recognized the fact that the mass
of a nucleus is more than 1800 times that of an electron and as such the nuclear
motion is often so slow with respect to electron motion that the nuclear motion can
be considered considered adiabatic. In other words, it is a good approximation to
consider nuclei as a fixed framework upon which electrons move. The total wave-
function can thus be approximated as the product of the nuclear wavefunction (x)

and the electronic wavefunction () at a fixed position R, ie
U(r, R) = ¢(r; R) x x(R)

A consequence of the Born Oppenheimer (BO) approximation is a divide-and-conquer
scheme for studying molecular systems. Instead of solving electronic and nuclear

problems simultaneously, the electronic energy is parameterized by the nuclear co-
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ordinates and can be determined by repeating this step at different nuclear config-
urations. The resulting BO potential energy surface (PES) allows us to determine
the forces acting on atoms as the negative derivative of PES with respect to nuclear
coordinates, allowing geometry optimization. The BO PES can be used to predict
behavior of the chemical system such as its reactivity and interaction with light. Our
task is now to seek a solution to the electronic Schrodinger equation, the starting

point is often the Hartree-Fock approximation, which is discussed below.

2.1.1 Hartree-Fock

In the Hartree approach, the true multi-electron wavefunction is approximated by

the product of single electron wavefunctions:

W(ry,re,..., 1) = @(r1) * @(r2) * -+ - % d(1y,) (2.2)

By replacing ¥ in equation 2.1 with the Hartree wavefunction, one can solve for
the energies and wavefunctions for multi-electron systems. With this approximation
each electron is under the averaged influence of the other electrons, and the Hamil-
tonian must account the Coulombic attraction to the nucleus, the electronic kinetic
energy and for the average charge distribution of electrons. As the average repulsion
felt by electron 1 with electron j is given by the integral of the product of the jth

electrons charge density (the square of its wavefunction) and 1/ry;:

1
vy = [ 16,00 (2.
1j
the resulting single electron effective Hamiltonian for electron 1 is,
. -v? Z 1
i = =243 [l P, (24)
2 T1 i 15

Since the solution for one electron requires the knowledge of all the other elec-

trons, the problem must be tackled iteratively. First, a guess must be made for all
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¢(r) in order to construct the electron-electron potential energy term in Eq. 2.4.
Solving the resulting single electron Schrédinger equations provide improved wave-
functions over the initial guesses. The effective Hamiltonian is updated with the
new ¢(r), and the process is repeated until there is not significant change in energy

or wavefunctions upon further iteration. This is known as the Self Consistent Field

(SCF) procedure.

The above discussion does not take electron spin into account. We now must
consider a spin-orbital x, to be the product of the spatial function ¢(r) and a spin
function, either v or 8. The Pauli exclusion principle requires that the total electronic
wavefunction be antisymmetric upon exchange of any two electrons, ie: ¥(1,2) =
—W(2,1). As a result, only certain spin-orbit functions are valid. Vladimir Fock
antisymmetrized the Hartree states by selecting only appropriate linear combinations
of exchanged spin-orbit functions. The antisymmetrization was further developed by
John Slater in the form of the so-called Slater determinant, shown in Eq. 2.5. For
a closed shell system with two electrons, the wavefunction for two electrons sharing
the same spatial orbital ¢ is written as the Slater determinant, then expanded into

the resulting spin-orbit function,

\P(Thm):i x1(1) x2(1) (2.5)

\/5 X1(2) X2(2)
_ % Daye(2) = vi(2)xa(1)} (2.6)

1
= 5 16 a(1)32) - a2)5()]) (2.7)

The Slater determinant ensures that if any two electrons are exchanged (ie two
rows are switched) the wavefunction remains the same with a switched sign, and if

any two rows are equal to each other (ie two electrons have the same spin and spatial

coordinates) the determinant vanish, satisfying the Pauli principle.

43 7

Importantly, in in the Hartree-Fock (HF) method an electron does not “see
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another individual electron, but only its average charge density as given in Eq. 2.3.
In truth, each electron will tend to avoid the other electrons in the system, slightly
reducing Coulombic repulsion. The HF approximation fails, therefore, to account
for this electron-electron correlation. The correlation function is is defined as the

difference between the exact energy of the system and the HF energy,
Ecorr = Eexact — Enr

Relative to Eyp, Feor is typically small and much of the total energy is reasonably
well represented by the HF approach. However, the correlation energy is on the order
of the strength of a bond, and therefore can become absolutely critical for accurate
modeling of molecules and their processes. To address this problem a number of post-
HF approaches have been developed to account for the missing electron correlation
energy. These include the perturbative approaches of Mgller-Plesset (MP3, MP4,
etc), multi-configurational SCF, couple-cluster (CC) and configuration interaction
(CI) based methods. DFT takes a distinct approach to the problem, and captures
the correlation and exchange energies in an approximate. DFT takes a distinct
approach to the problem, and captures the correlation and exchange energies in an
approximate way through the use of an exchange-correlation functional, and is not
typically considered to be an ab inito method because the exact form of the functional

is not known.

Post Hartree-Fock ab initio Methods

In HF, the total wavefunction is constructed using only the Slater determinant cor-
responding to the ground state. However, by writing the total wavefunction as a
linear combination of all possible determinants (in other words, by including those
determinants that represent all possible excited configurations in which one or more
unoccupied orbitals are switched with occupied ones), electron correlation is rein-

troduced into the calculation. It is common to label these excited determinants by

27



Chapter 2. Methods

the number of electrons that are being simultaneously excited; “singles” for a wave-
function that includes all single electron excitations, “doubles” for two, etc. The
HF determinant could be considered the zeroth configurations, in that it has no

excitations.

\I/CI = ZCka (28)
k

where Dj, contains the HF determinate and k possible excitations within a given basis
set. The energy is minimized with respect to the coefficients ¢;. For N electrons
and M orbitals the number of Dy is (2M!)/[N!(2M — N)!] and can quickly number
in the millions or billions, thus is only possible for small systems. This is called
the Configuration Interaction (CI) approach, and when used as the full CI with all
possible Dy, the exact energy is found for a given basis set. Since the number of Dy,
can be so large and because not all excited determinants will contribute equally to the
correlation energy, the number of configurations is often truncated. For example CIS
and CISD are methods which just include the single or single and double excitations
respectively. Unfortunately, it is not possible to tell a priori how large such an
expansion needs to be and there is not well behaved convergence with respect to

increasing k.

Another popular approach to truncating the number of excitations considered
is called the “Complete Active Space” SCF or CASSCF. Here, the wavefunctions
are divided into three types: those that are doubly occupied in all configurations,
those that are totally unoccupied, and the active space which contain the electrons
and orbitals that are allowed to participate in excitations. Furthermore, unlike CI
where HF wavefunctions are used unchanged and only determinant coefficients Cj
are optimized, the CAS procedure optimizes both determinant and wavefunction
coefficients. This can dramatically reduce the computational effort, but requires
careful selection of the active space. Generally, one wants to choose one which

captures all the important states (large ¢) that contribute to the ¥ and few of those

28



Chapter 2. Methods

with minimal contribution.

Similar in spirit to CI but cast in terms of quantum operators is the Coupled
Cluster (CC) method. Here the total wavefunction W is constructed from W, the
single HF determinant, operated on by an exponential operator which performs the

excitations as in CI in the exponent.

Voo = el Wy, (2.9)
where

T'=NT+T+T5+--- (2.10)

Here T} performs modifications of the HF determinant to create the ensemble of
possible single excitations, 75 the doubles, and so on. When all T" operators are
included, the exact wavefunction is found within the given basis set, just as in CI.
However, this is only possible again for the smallest systems. Often the excitation
operator is truncated with the first or second, resulting in CCS and CCSD respec-
tively. The accuracy of these level calculations is superb for their speed, but can
be further improved with addition of higher terms. The “gold standard” of compu-
tational chemistry, CCSD(T) with a large basis set, includes some triple excitation
not iteratively like the singles and doubles, but rather uses a perturbative approach
to make estimates of the triplet contribution. This method is still considered to be
“single reference” because only the ground state HF determinant is used to generate

the expansion.

2.1.2 Density Functional Theory

In the 1960’s Density Functional Theory (DFT) was first established by two seminal
papers by W. Kohn, P. Hohenberg, and L. Sham [2, 3]. These two papers have had a

tremendous impact in molecular and atomic modeling as evidenced by the fact that
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they are the two most cited papers in the publishing journal: Physical Review and by
the exponential growth of those citations since 1964. Unlike the ab initio methods
discussed above, which concern themselves with the 3N dimensional wavefunction
U(ry,7g,...,7n), DET is cast in terms of the total ground state electron density of
the system p(r), a function of only the three spatial coordinates. Although not as
accurate as the post-HF ab initio methods, DF'T scales far better with the number
of electrons and thus as drastically increased the size of systems that can be brought

under quantum mechanical analysis.

Kohn and Hohenberg first laid the theoretical underpinnings of DFT by showing
that the total energy of a molecule is a unique functional (function of a function) of
the electron density and that there exists a variation principle such that any density
that other than the ground state density will have an energy greater than the ground

state energy.

The basic form of the energy functional can be written as the sum of two terms;

Elpr)) = [ Vulr)o)dr + Flpr) 2.11)

Where p(r) is the electron density, (V,,;) is the external Coulombic potential of the
BO nuclear framework, and F[p(r)] is a “catch-all” for everything else including the
electronic kinetic, exchange and correlation energy contributions. Since E|[p(r| is
uniquely determined by V.., the functional F[p(r)] must be universal for any system
of electrons! Unfortunately, the exact form of F[p(r)] is not known, but Kohn and

Sham proposed the following expansion:

Flp(r)] = Exglp(r)] + Eulp(r)] + Excp(r)] (2.12)

Here Explp(r)] is the kinetic energy of a system of non-interacting electrons with
the same density as the true system at point 7. Ey[p(r)] is the classical electrostatic
(Hartree) energy of the electrons and Ex¢[p(r)] is the exchange-correlation energy.

The first two terms are known exactly, however some error is introduced by taking
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the kinetic energy of non-interacting electrons and a correction for this is included
in Exc|p(r)]. In practice, this last term is actually implemented as Vx¢[r]|, which is

the functional derivative of Exc[p(r)] with respect to the density p;

it (22)

Vxc[r] is called the exchange-correlation potential and its approximation is key to

(2.13)

the success of DFT. Kohn and Hohenberg offered the first approximation for Vy[r]
in their 1964 paper, called the Local Density Approximation (LDA). Here, Vyc|[r]
is just the exchange-correlation potential for a homogeneous electron gas of density
p(r). This model of an even and infinitely distributed electron gas is a poor model
for molecular systems, yet it proved to have better accuracy than HF for comparable
computational effort. This is in part because DFT is able to account for some of
the correlation energy, whereas the correlation is explicitly ignored in HF. However,
LDA-DFT suffers from shortcomings such as overbinding, in which bond strengths

are consistently over estimated.

Later, the Generalized Gradient Approximation (GGA) family of functionals were
developed which include local gradients of electron density in deriving the exchange-
correlation functional and tend to perform much better than LDA. The functional
used in Chapters 3, 4, 5 and 6, Perdue-Wang 1991 (PW91) [4], is a GGA func-
tional and is very popular for the study of surface chemistry. One of the most
successful functionals developed and the one used in Chapter 7, Becky3-Lee-Yang-
Parr (B3LYP) [5], is considered a “hybrid functional” because it uses a portion of
the exact exchange energy as calculated from Hartree-Fock along with a GGA based
functional. The amount of HF exchange to include is empirically fit to the heats of
formation of a number of small molecules. Hybrid functionals are slower than non-
hybrid because they perform a HF calculation as well as evaluate the DFT functional,

but the accuracy is significantly improved over non-hybrid GGA functional.

There exists a variational principle for DF'T that states the lowest energy possible
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achieved for a given electron density corresponds to the actual ground state electron
density. This allows an iterative approach to solving the problem. The density is first
expanded by linear combination of basis functions in some (often random) fashion.
Then these orbitals are optimized with respect to the expansion coefficients until the
total energy is minimized. It should be noted that the orbitals that are calculated
in DFT are actually the so-called one electron “Kohn-Sham orbitals”, but are very

similar to the actual molecular orbitals and can be casually interpreted as such [6].

2.1.3 Basis Sets

An important consideration in any quantum calculation is the choice of basis set.
Mathematically, a basis is a complete set of linearly independent vectors which to-
gether in linear combination, can represent any possible vector in that space. Quan-
tum mechanically, they are the set of basic (often atomically inspired) functions
which are used, in linear combination, to construct the total electronic wavefunc-
tions and/or electron density for a given nuclear framework. These are the functions

that are used to construct the ¢(n) in equation 2.2 by linear combination:

o(r) = cib (2.14)

Typically, the coefficients ¢; of this expansion are optimized in the SCF procedure
until sufficiently converged. The size of a basis set expansion is one of the primary
limits of accuracy within a given model chemistry, thanks to the variational treat-
ment. For example, if they are not sufficiently large (numerous) there is not enough
flexibility in coefficient optimization to accurately model the chemical system. In
principle, larger basis sets tend to be more accurate, however a practical number
of basis sets that can be reasonably handled today is on the order of 1000 func-
tions. There are two popular classes of basis functions (b;); atomic-orbital inspired

and planewave basis sets. These are typically used to model isolated and periodic
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systems respectively.

Atomic orbital basis sets

A chemically intuitive approach to constructing basis sets is to use atomic based
orbitals. This is in the spirit of the LCAO-MO procedure, which constructs molecular
orbitals from the linear combination of atomic orbitals. For example, a carbon atom
may be constructed from a 1s, 2s, and 3 separate 2p orbital functions. To ease the
computational effort of dealing with the cusp at » = 0 for many atomic orbitals a
series of Gaussian functions are used to fit, as close as possible the radial features
of the true orbital. Using Gaussian functions to mimic the atomic orbitals is a far
more efficient approach because mathematical operations on Gaussian functions are
relatively easy. However, multiple Gaussian functions are needed to describe both
the cusp behavior and exponential tail of the function. This results in a larger set
of functions which comprise the basis set, but the computational efficiency is still
largely improved. Basis sets are further enlarged by doubling or more the number
of Gaussian constructed atomic orbitals included, adding higher angular momentum
orbitals (polarized functions) and/or including deliberately diffuse functions in the

basis set expansion.

Plane-wave basis sets

Another popular choice of basis functions particularly convenient for periodic systems
is planewaves of various frequencies. A Fourier series can be constructed by adding
enough planewaves, which vary in wavevector k to completely model the system. The
expansion will require high frequency functions near the nucleus where the wavefunc-
tion is more energetic and therefor more curved. Lower frequency planewaves are

needed far from the nucleus, where the energy (and curvature) of the wavefunction
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Figure 2.1: Difference between pseudopotential (blue) and actual wavefunction
(green). Beyond cutoff radius (purple) they are identical.

is much less.

In principle, a planewave basis set forms a complete basis set, however approxi-
mations are often made to minimize the number of planewaves used to construct the
basis. For instance, an energy cutoff is usually employed above which no planewaves
are included in the Fourier series. This is reasonable because the high energy (and
high frequency) functions are usually associated with the core electrons which do not
play a large role in chemistry. The completeness of the planewave basis set means

that results can be systematically improved by increasing the cutoff energy.

Pseudopotentials

Core electrons are qualitatively different from valence electrons in that they differ in
energy by an order of magnitude or more, are spatially located in different areas of
the atom and are rarely involved in chemical bonds. Additionally, the core electrons
are often the most challenging computationally, because the core wavefunctions os-
cillates wildly near the nucleus, which require many high frequency planewaves to

accurately model. Hence it seems reasonable to replace these core functions with
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approximate ones, which are easy to deal with mathematically yet produce the same
effective potential on valence electrons. Additionally, these approximate functions
can be built to include effects not typically addressed by electronic structure cal-
culations such as the orbital contraction that results from relativistic effects in late
period transition metals. Under the atomic orbital formulization these functions
are called effective core potentials (ECP) and when used with planewaves they are
called pseudopotentials (PsP). This concept is illustrated in Figure 2.1. Currently
the most popular pseudopotentials are of the “projector augmented wave” (PAW)
type [7, 8]. Development of these PsP’s is done by finding the appropriate linear
transformation matrix (T) between the true wavefunction ¥ and the pseudo one U
such that U = TW. Due to the high accuracy and efficiency of these PsP’s they have
been used throughout the periodic DFT work contained in this Thesis.

2.2 Application of quantum mechanical tools

2.2.1 Periodic Boundary Conditions

The quantum mechanics of periodically repeating systems can be elegantly cast in
terms of reciprocal space and planewaves. Surfaces, being 2D periodic entities are
most effectively modeled under periodic boundary conditions (PBC). This frame-

work, which differs significantly from that of isolated systems, is addressed now.

An idealized crystal is a periodic entity with a unique “unitcell” defined by lattice
constants a, b and c. The unitcell is repeated infinitely in space by a translational
operation: T = nja + nsb + nsc, where ny,ny and ng can be any integers. Bloch
recognized that since the nuclei of a crystal are periodic arranged, the resulting
electronic wavefunction will also be periodic, and so will all properties derived from

that wavefunction. For example, if the electron density of copper metal is equal
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to p(r) at point r in the unitcell, than p(r + T) = p(r). Bloch’s theorem is a
condition that solutions for the Schrg“dinger equation must satisfy and it provides
the connection between the original unit cell and all others extending infinitely out

in space. This theorem is;
Up(r)=Vg(r+T)=e*TUg(r) (2.15)

This subtle result requires wavefunctions to obey Eq. 2.15, in that under any transla-
tion operation (¥ g(r+T)) only differs from Wg(r) by the multiplicative phase factor
e®T_ This arises from the translational symmetry of a crystal but in essence maps
the infinitely extended space in r to a discrete reciprocal space in k. The wave vector
k has units of inverse length and corresponds to points within the reciprocal space
of the lattice in the same way that r is used to denote points in Cartesian space.
The ground electronic state of a crystal is determined by evaluating the energy as a
function of k, touring the reciprocal unitcell (called the first or irreducible Brillouin
Zone (IBZ)) and tracing out the ”Band Structure® of the crystal. Since the number
of k vectors in the IBZ is equal to the number of unitcells in the structure, any
macroscopic crystal will have essentially an infinite number that must be evaluated.
In practice, only a subset of possible k vectors in the IBZ, selected by k-points, are

considered.

K-points

To evaluate properties of the wavefunction, integration must be done over all k, which
in principle could be infinite. K-points are a grid of points extended in reciprocal
space which defines the k vectors that are sampled. The idea of a k-point grid is
justified in the fact many k vectors are degenerate; only a representative sampling

of important k-points is needed.

There is an inverse dependence on the number of kpoint required and the size

36



Chapter 2. Methods

of the supercell; the smaller the unit cell, the higher the number of k-points are
required for accurate calculation. However, when a very large unit cell is used, only
a single kpoint, called the gamma point, is required. If a gas phase molecule is
being studied the periodic nature of the model needs to be suppressed. Using a
gamma point calculation can achieve this without using massive unitcells. This is
key in calculating the binding energy of a molecule to a surface. For this common
calculation we need to model both a periodic system, the clean surface and the

molecule in the gas phase.

Throughout the following studies of surfaces, the k-point grid is generated au-
tomatically by the method of Monkhorst and Pack [9], which simply extends a ho-
mogeneous grid of k-points of user specified density throughout the IBZ. To choose
the k-point grid, a number of calculations are performed for the same system but
with increasing grid density. Properties of interest must be converged with respect to
k-points. Fortunately, we are not typically interested in absolute energy values, but
instead the difference between two or more structures. As long as these comparisons
are made between identical unit cells, and with the same k-point grid, errors from
slightly unconverged k-points are canceled systematically. In Figure 2.2 the binding
energy of carbon monoxide on Cu(111) is plotted against the number of k-points

used.

Construction of Slab and Supercell Selection

The use of PBC-DFT to study surfaces requires that the model constructed must
be a unitcell that repeats infinitely in all three directions. Surfaces are built first
from an optimized bulk structure which is cleaved to the desired plane, and then
expanded and oriented to construct the “supercell”, or the unitcell that defines the
entire model. There are a number of important considerations while constructing

such models and they will be discussed here.
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Figure 2.2: The binding energy of CO on Cu(111) is calculated for various kpoint
grids. C and O atoms are allowed to relax at each kpoint. Kpoint grids are generated
to insure that they are always I'-centered and reasonable convergence is acheived at
6x6x1.

A surface is the termination of a bulk material, and so to construct one it is
reasonable to begin with the bulk material itself. The bulk calculation for simple
materials consists of determining the lattice constants of the primitive unitcell, and
for fcc metals like Pd and Cu there is only one defining parameter a. The PW91
GGA functional used in these studies tends to over-correct the overbinding problem
of the LDA functionals, and so tends to overestimate the lattice constant slightly.
For Cu, for example, a = 3.67A with PW91 is 0.05A larger than the experimentally
determined value. DFT optimized values are used to reduce any artificial compres-
sion, which has the effect of lowering the dband center and changing the reactivity

of the surface.

The optimized bulk structure is cleaved with the Miller indices defining the sur-
face of interest. Often, low index surfaces such as the (111) are more densely packed
and more thermodynamically favored. Defects such as steps and kinks can be mod-

eled with higher index surfaces, which expose increasingly under-coordinated surface
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Figure 2.3: The periodic nature of these models is illustrated. The original supercell
is highlighted and periodic images in all three directions shown.

atoms. The cleaved surface slab is then reoriented in the supercell as slice of the top
layers of the surface. A vacuum layer is added above the surface to separate one slab
from its periodic image in the z direction. A final surface supercell is displayed in

Figure 2.3.

We see that this model is not really that of a surface as we usually think about
it, but rather an infinitely stack of slabs of atoms separated by a finite vacuum
spacing. A true surface is achieved only the limit of an infinitely thick vacuum and
slab. Vacuum slabs are usually on the order of 15A for small molecule and atomic
adsorbates. The thickness of the slab and whether or not it is allowed to relax
are important accuracy vs. speed considerations. For simple metals, models with
3-5 atomic layers in which the top layer is allowed to relax from it bulk-truncated

position are usually sufficient. The surface area of the supercell can be adjusted
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Figure 2.4: A graphic of the surface of Cu(111) surface with unique adsorption sites
illustrated and labeled.

in order to mimic various surface concentrations of adsorbates. A full monolayer
coverage is achieved with a small supercell containing only a single occupied binding
site. Increasing the supercell size but not the number of adsorbates decreases the

surface coverage accordingly.

The (111) surface of an face center cubic (fcc) metal, such as Cu an Pd has four
possible high symmetry binding sites. “Top”, which is on top of an atom, “bridge”
which is between two atoms, and two hollow sites which are between three atoms.
The hollow sites are labeled fcc and hep depending on whether there is a atom directly
below. These sites are illustrated in Figure 2.4. Adsorbates on a surface may have
strong preference for particular binding sites over others and preference can change
depending on the concentration of adsorbates. This can have a profound impact on
the details of reactivity. Engel and Ertl [10, 11] showed that the complex interplay
between adsorbed CO and dissociating O, at various binding sites and under various

pressures resulted in kinetics not described by simple rate laws.
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Butane PES as function of dihedral angle
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Figure 2.5: The potential energy diagram of butane as it is rotated along the center
carbon-carbon axis. Many topographical features of various stationary points are
illustrated.

2.2.2 Topographical definition of stationary points

Under the BO approximation, we seek to identify stationary points (dR/dE = 0)
along the 3N dimensional PES in order to characterize a chemical reaction. Differ-
ences in the energy of minima relate to thermodynamic quantities and equilibrium
constants, and the maxima, or transition state between two minima, determines the
rate of a reaction. The unique topographical features of these points allow the de-
termination and classification of stationary points, and these will be discussed here
using the butane molecule as an example. Figure 2.5 shows one 2D slice of the 42D
PES of butane as energy vs. the C-C-C-C dihedral angle is scanned from 0 to 360°.
Eclipsed, gauche and staggered geometries are highlighted.

Minima in a potential energy surface (both local and global) correspond to bound

species, or those which will have some measurable lifetime due to their stability.
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Topographically, minima are molecular geometries that experience a restoring force
against any small displacement of nuclear coordinates. A calculation of vibrational
modes at a minima will find 3N — 6 real vibrational frequencies for a non-linear
molecule with N atoms. Minima can be further categorized as the global, the lowest
possible energy configuration or local, which are less stable than the global minimum.
The global minimum for butane is, as shown in Figure 2.5, the “Anti” conformation
at 180°, where steric hindrance is most reduced. Two degenerate local minima exist

as “Gauche” conformations at 60° and 300°.

Transition states are maxima for the minimum energy path between the two
minima that define reactants and products. They are actually saddle points in the
topography of the PES in that they are a point of both positive and negative curva-
tures. In other words, for any arbitrary perturbation of the transition state geometry
the energy will rise, save for one particular mode which displacement along will re-
sult in a lower energy. This particular mode, also called the imaginary frequency
mode, corresponds to the reaction coordinate through that point. As discussed in
Chapter 1, the transition state can be viewed as the point at which the product and
reactant minima curves cross. In Figure 2.5 a transition state exists between every

pair of minima.

As a result of these unique topographical features of stationary points, vibrational
mode analysis is a useful tool for characterizing structures. A method commonly
employed, the finite differences method, involves displacing each atom in z, —z, y,
—y, z and —z by a small amount (~0.01 A) from its equilibrium position. Usually
under the harmonic oscillator approximation, the vibrational frequencies are calcu-
lated. Minima will have 3N — 6 modes and transition states will have (3N —6) — 1
real modes and one imaginary one. Harmonic vibrational frequencies are defined as
w = \/W, where £y is the force constant of the vibrational mode in question and

1 is the reduced mass. For minima, the force constant will always be positive, but
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at a maxima ks is negative. Hence it is proper to use the term imaginary due to
the square root, but most computational codes report it as a negative frequency.
Occasionally, a search for a transition state will result in more than one imaginary

mode, indicating that it is not a 1st order saddle point.

Additionally, the calculation of vibrational modes allows a zero-point vibrational
energy correction to be added to the energy. Approximating the vibrational wells of
the molecule with harmonic oscillators leads to the following definition of the ZPE
correction:

hw,-
Ezpr = Z 5 (2.16)

i
where w; is the harmonic vibrational frequency for the ith mode. ZPE correction for

transition states includes all but the imaginary frequency in the above summation.

At a transition state, the imaginary frequency describes the curvature of the
potential through the saddle along the reaction pathway. This has important conse-
quences for another quantum effect: tunneling. A transition state can be viewed as
a barrier from one state to another and quantum mechanics tells us there is a finite
probability of a system to tunnel through barriers. The probability is a function of
the mass of the particle, the height and width of the barrier. The magnitude of the
imaginary frequency provides insight into the width of the barrier, and if the reaction
involves light atoms like hydrogen, a narrow barrier (large imaginary mode) might
indicate that tunneling could be playing a role in the reaction dynamics. However,
to quantify this requires studying the dynamics of the reaction, which is precluded

in these approaches by use of the time independent Schrodinger equation.

These discussions have all concerned themselves with the ground electronic state
of a molecule or surface. In many cases this is sufficient but there are cases when
excited potential surfaces must be understood in addition to the ground state. Pho-

tochemistry, in which the deliberate excitation of the system is used to make/break
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bonds, is best understood in terms of a vertical transition to the excited potential
energy surface. If the excited state does not share the same minimum energy geom-
etry as the ground state the system will move along the gradient of that potential
and change its geometry appropriately. In cases where there are states very close
in energy to the ground state, as is often the case with transition metals, another
phenomena can occur. The ground state electronic configuration may change with
the geometry of the molecule. If a molecule is going from one geometry to another,
ie moving along a PES, and it encounters another PES (same geometry and energy)
there is a possibility that the molecule will undergo an electronic rearrangement and
cross to the other surface. This has a profound impact on chemistry involving tran-
sition metals, and speaks to the reasons behind their ability to catalyze reactions.

These concepts are explored in greater deal in Chapter 7.

Geometry Optimizations

Locating various stationary points on the PES, ie optimizing the molecular geometry
until it is either a minimum or a transition state, often depends on derivative based
methods. The direction of 1st derivative of energy with respect to nuclear coordinates
(OE/OR;) indicates where the minimum lies and its magnitude provides information
on the steepness of the potential energy surface at that geometry. “Steepest de-
scent” and “conjugate gradient” are two popular optimization algorithms which use
the derivative to locate minima moving the atoms in the direction parallel to the
net force. “Conjugate gradient” tends to converge on the minimum faster as each
new step in the minimization is both orthogonal to the gradient and to the previous
search vector. The Hessian, or the matrix of second partial derivatives of energy
with respect to geometric coordinates, can also be utilized in optimization meth-
ods. The “Newton-Raphson” method, for instance, calculates a new geometry from

the difference of the current geometry and the gradient times the inverse Hessian.
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While very powerful, calculation and inversion of the Hessian can be computationally
formidable. Fortunately, analytical expressions for the derivatives are available for

many methods like atomic orbital based DFT, and minimization is efficient.

A particularly useful method for locating transition states and mapping minimum
energy paths from reactants to products is the Nudged Elastic Band method (NEB)
and in particular the Climbing-Image variant of NEB [12, 13]. In this method, the
geometry of reactant is linearly extrapolated to the product in a series of images
of intermediary geometries. In simple NEB, these points are then simultaneously
optimized but are given an artificial force constant which connects each state to its
nearest neighbors forming an elastic chain of structures from reactant to product.
The “band” of geometries will minimize along the minimum energy pathway (MEP),
passing through the saddle point. There is no guarantee that one of the points will
fall at exactly the transition state and a large number of images must be used to
accurately describe the barrier height. Climbing Image-NEB addresses this problem
by performing an additional step after the NEB has converged. The image highest
in energy (and therefore closest to the TS) is freed from the neighboring images and
optimized uphill along the reaction coordinate until the forces acting on the atoms
vanish. This final image should be located at the transition state of interest, however
in practice a vibrational mode analysis is performed to check the existence of the
single imaginary frequency, and verify that a saddle point has been located. CINEB
has been utilized in all periodic DFT work to locate transition states and trace the

minimum energy path MEP between reactants and products.
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This chapter is based on collaborative work found in the following publication:

Reproduced from S. Lin, R. S. Johnson, G. K. Smith, D. Xie, and H. Guo,
Pathways for methanol steam reforming involving adsorbed formaldehyde and hy-
drozyl intermediates on Cu(111): density functional theory studies., Phys. Chem.
Chem. Phys., vol. 13, no. 20, pp. 9622 — 9631, May 2011, with permission from the
PCCP Owner Societies.

3.1 Introduction

Methanol steam reforming (MSR);
CH,0H + H,0 — 3H, + CO, AH® = 49.6 kJ/mol

has emerged as a leading candidate for generating hydrogen fuel for on-board appli-
cations such as proton exchange membrane (PEM) fuel cells [1-4]. In this approach,
methanol serves as a liquid hydrogen carrier, thus avoiding the challenging prob-
lem of hydrogen storage and transportation. Methanol has several advantages as a
hydrogen carrier. First, it is commercially produced in large scale with established
techniques. Second, existing infrastructure for other liquid fuels, such as gasoline,
can be leveraged with some modifications in transportation, storage, and dispense.
Third, methanol is a relatively clean fuel because of its high H/C ratio and low sulfur
content [3, 5|. Finally, MSR generally takes place at relatively manageable temper-
atures (150 — 3000C) as no C—C bonds need to be cleaved, and good catalysts are

known.

The traditional catalyst for MSR has been Cu supported by ZnO, which is highly
selective towards CO, [1, 3, 4]. This selectivity is very important as the by-product
CO, in addition to being a pollutant, readily poisons anode sites in PEM fuel cells

[1, 3]. Unfortunately, copper catalysts suffer sintering at temperatures above 300°C,
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with the associated loss in surface area and reactivity. Furthermore, copper catalysts
are pyrophoric when exposed to oxidative conditions, a significant concern when used
in automotive applications. More recently, a PdZn alloy formed on ZnO has shown
some promise as an alternative MSR, catalyst with better thermal stability [6]. It is
believed that MSR proceeds on the PdZn/ZnO catalysis in a similar way to that on
Cu/ZnO [7-9]. As a result, elucidation of MSR on Cu may help us to understand

the process on other catalysts as well.

In order to improve existing catalysts and design new ones for MSR, it is impor-
tant to understand the catalytic mechanism. Although efforts in this direction have
been made through kinetic modeling [10, 11] there is much uncertainty in such en-
deavors because not all kinetic intermediates are experimentally identifiable. Thanks
to advances in plane-wave density functional theory (DFT) [12] there is an increasing
interest in addressing mechanistic questions in heterogeneous catalysis from the bot-
tom up [13-15]. Indeed, much work has been reported on the decomposition of both
methanol and water on Cu surfaces using DFT [16-24]. For example, the complete
reaction path from CH;OH to CO + H, has been mapped out in pioneering DFT
studies by Greeley and Mavrikakis on Cu(111) [16], and by Mei, Xu, and Henkelman
on Cu(110) [23]. Although these studies have shed much light onto MSR cataly-
sis, none has yet provided information concerning how the various species produced
by these decomposition processes interact with each other and how the CO, + H,

products are formed.

It has been proposed that MSR on Cu based catalysts is initiated by OH bond
cleavage of both CH;OH and H,O. The resulting methoxyl (CH;0) and hydroxyl
(OH) species adsorb strongly on the metal surface. These species may further de-
hydrogenate to produce formaldehyde (CH,O) and O, respectively, but typically
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