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Abstract

The adsorption of a molecule at a surface is a fundamentalista wide vari-
ety of industrially relevant phenomena, including adhesemrrosion, and catal-
ysis. The work presented in this thesis is motivated by ttereldo contribute
to a better understanding of the factors affecting the adhdsetween an or-
ganic coating/adhesive and an aluminium alloy surface. yAf&etor is the nature
and strength of the interfacial bonds between the bindgmpeis of the organic
coating/adhesive and the substrate. The size of the podyaret complexity of
the polymer-substrate interactions preclude a detailEmmia-level description.
The strategy followed in this thesis is to study the adsorpbf small organic
molecules, representing fragments of the industriallguaht amine-cured epox-
ides, with various surfaces, of metal oxidesAl,03(0001) andx-Cr,O3(0001)),
bimetallic alloys (NiAI(110)), and graphite(0001).

This thesis consists of two parts, an introductory text acdliection of five
papers. In the included papers we present results from tgiiusictional the-
ory (DFT) calculations on the adsorption of methanol andhylaiine ona-
Al,05(0001) andr-Cr,03(0001), phenol om-Al,03(0001) and graphite(0001),
and methoxy or-Cr,O3(0001) and NiAl(110). We describe in detail the ad-
sorption sites and geometry, and the nature and strengtiedidnding at these
surfaces.

The majority of adsorption systems considered in this thexs well described
by traditional implementations of DFT. However, the adsiorp of phenol on
graphite is predominantly governed by van der Waals intena&. These inter-
actions requires approximations beyond traditional DRThis thesis a recently
presented functional (vdW-DF) is employed, and is founddgmbdecisive im-
portance for describing the phenol-graphite interactiois calculate the contri-
bution from vdW interactions to the adsorption of phenoheAl,03(0001), and
compare their contribution to the adsorption bond to otberds.
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Chapter 1

| ntroduction

1.1 Motivation

Aluminium alloy products are found everywhere: They areduse food packag-
ing, kitchen utensils, building decorations, bicycle fenlaptop casings, and car
components, to give just a few examples. In many applicattmmponents of alu-
minium alloys are adhesively bonded, painted, or lacqueFedchieve a durable
result aluminium alloys are usually given some form of stefare-treatment to
enhance adhesion [1, 2].

One commonly used pre-treatment is to make a chromate ®orezoating
[1]. This is a chemical process where an amorphous passree ¢d chromium
oxide is formed on the aluminium alloy surface by means oéattnent with an
agueous acidic solution containing chromium salts. Thepmsition of chromate
conversion coatings has been reported to be mainly amosptfmomium oxide,
but the detailed structure and composition depend on f&ach as the chem-
ical composition of the coating solution, preceding chehiceatment, and the
composition of the aluminium alloy, see [3, 4] and referentterein. The chro-
mate conversion coatings are very effective adhesion pienmiand give excellent
protection against corrosion. However, the coating sotuontain hexavalent
chromium (Cf*), which is known to have adverse health and environmental ef
fects, and this has resulted in increasingly strict reguiategarding its usage, see

3



4 Chapter 1. Introduction

Polymer

Alumlnlum
alloy

Polymer

'I.I'I.I'I_I"LI'I.I"I.I'LI"I.I'LI'U'U ALOg HO

Figure 1.1: Schematic view of the interface region of a polymer-aluminium sys-
tem with a chromate conversion coating (top) and anodised aluminium (bottom).

e.g. Ref. [5]. For this reason, a lot of effort has been devoted to finding alternative,
chromate-free surface pre-treatments [6].

Another commonly used pre-treatment is anodising. Anodising refers to an
electrochemical process in which the aluminium is an anode in an electrochemi-
cal cell containing an aqueous solution [1]. This process converts aluminium at
the surface to aluminium oxide, resulting in a thick, porous oxide film more con-
ducive to adhesive bonding than the naturally occurring aluminium oxide film.
The structure (thickness and porosity) of the anodic oxide depends on factors such
as the applied voltage, solution temperature, and alloy composition [6].

Figure 1.1 shows a schematic illustrations of the interface region between an
organic coating, a polymeric material such as epoxy, and an aluminium alloy sub-
strate with a chromate conversion coating (top panel) or anodised aluminium (bot-
tom panel). To understand and explain the factors that enhance adhesion, it is im-
portant to know which interactions occur between the polymer and the pre-treated
surface. Such knowledge is difficult to obtain for several reasons: As alluded to
above, the pre-treated surfaces are rather complex with varying compositions and
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structures depending on factors ranging from the compaosdf the chemical so-
lutions to the prehistory of the surface (prior chemicahtneents). Furthermore,
the size of the polymers of the organic coating is such thdelyidisparate time
and length scales come into play. For example, chemicalibgrisktween the
polymer and the surface occur at the femto-second time scaleon a length

scale of 1A, while bulk properties such as hardening of the coatingokapat a

time-scale of seconds or longer.

Molecular scale interactions between polymers and a satbsare governed
by quantum mechanics, and are best describedtbinitio calculations [7-12].
These are calculations without any experimental input,otflg input being the
atomic numbers. Suddb initio calculations are computationally demanding, typ-
ically limited to ~ 100 atoms, so in order to make them feasible one must ignore
some of the complications associated with the ‘industggstems. Simplifica-
tions can be achieved by using ‘model’ surfaces and smakoutés to mimic the
polymer [7-10].

In our work we model the chromate conversion coating bya®r,O3(0001)
surface (papers Il and Ill), and the anodised aluminiumesgrbya-Al,03(0001)
(papers | and 1V). Although these surfaces are very simglifiempared to the
amorphous chromate conversion coating and anodised alumsurface, we be-
lieve they provide a good starting point for understandimg physics and chem-
istry of the industrial surfaces. One further advantagkasdeana-Cr,03(0001)
anda-CryO3(0001) surfaces have been extensively studied and chesactédoth
experimentally and theoretically, making it possible tatcol the quality of our
calculations (see paper I-1V).

Amine-cured epoxy polymers are widely used in coatings atigesives for
applications involving aluminium. Amine-groups (N} hydroxyl-groups (OH)
and benzene (aromatic ring) are representative functigralps found in this
polymer. Rather than studying the interaction of a comppetlymer with the
chromium and aluminium oxide surfaces, we follow the sgwtef ‘cutting’ the
polymer into smaller molecules, each containing one (orenof the chemically
important functional groups of the polymer, see Figure @arzh illustration, and
study the interaction of these molecules with the surfatég detailed informa-
tion gained from suclab initio calculations can at a later stage be incorporated
into models suitable for describing the large-scale imtgva between the poly-
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Figure 1.2: lllustrating our strategy. We focus on the iat&ion of a small organic
molecule, in this case phenol, with an model oxide surface.

mer and the substrate [7]. However this is outside the scbpi@sowork. In this
thesis we solely focus on the molecule-oxide interactions.

Aluminium alloys generally contain various alloying elem&which may in-
fluence both the adsorption behaviour of molecular groupsedsas the oxide
composition. Common alloying elements for the aluminiurduistry includes
among other Mg and Si. In the present work we have chosen exetliff route,
namely investigating the adsorption behaviour at surfates ordered, bimetal-
lic aluminium containing alloy, NiAl (paper V). This alloyas weight and strength
characteristics which makes it a candidate for structysplieations [13]. In ad-
dition the NiAl alloy offers electronic and structural pexties which are of fun-
damental interest.

1.2 Thesisoutline

The introductory part of this thesis, part I, contains foajoters. Chapter 1 is this
introduction. Chapter 2 present the theoretical methodfiave used to obtain
the results presented in the papers. Chapter 3 containsrassimomary of the

included papers. Chapter 4 provides an overall conclusmrtbe work presented
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in this thesis, and an outlook.

The main scientific body of this thesis are the papers includeart Il

Paper | First-principles study of the adsorption of methanol atth&l ,O3(0001)
surface
@. Borck and E. Schroder
J. Phys.: Condens. Matt&8 (2006) 1.

Paper Il Adsorption of methanol and methoxy on theCr,O3(0001) surface
@. Borck and E. Schroder
Preprint 2006

Paper Il Adsorption of methylamine oa-Al;03(0001) andx-Cr,O3(0001)
@. Borck, P. Hyldgaard, and E. Schroder
Preprint 2006

Paper IV Phenol adsorption on graphite and aluminum oxide
S. D. Chakarova-Kack, @. Borck, E. Schroder, and B. |. lquist
Preprint 2006

Paper V Density functional theory investigation of methoxy on NiALO)
@. Borck, H. Dalaker, and K. Mo
Preprint 2006
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Chapter 2

Theoretical methods

In this chapter we present the theoretical methods usedt&inotie results pre-
sented in the accompanying papers. This chapter is divigkedthree sections.
Section 2.1 contains a presentation of the foundations mgitlefunctional the-
ory (DFT) leading up to the Kohn-Sham equations. A brief vi@v of how
these equations are solved is given in section 2.2, with thia emphasis on the
methods and approximations we have used in our work. In tlaé $ection 2.3
we discuss how information can be extracted from the deffsitgtional theory
calculations.

For a more detailed description of the topics of this chapterefer the reader
to the books [14-16] and reviews [17, 18].

2.1 Thefoundations of density functional theory

Shortly after Schrodinger introduced his quantum meatsnvave equation, L. F.
Thomas [19] and E. Fermi [20] independently introduced ama&qn with the
purpose of giving an approximative description of the etettensity and ground
state energy of an atom with a large number of electrons. dnrtiomas-Fermi
approach, the electron density(r), is the basic variable, rather than the wave
function ¥(ry0q,...,ryoyn). For a many-electron problem this represents an
enormous simplification: rather than facing the problenobfiag an equation for

9
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a function¥ which depend on the coordinatesaif the electrons in the system
and their spin variables, in the Thomas-Fermi approach ¢seet] functiom(r)
only depends on three variables. Furthermore, unlike thesvianctions, the
electron density is an observable quantity, which make®ssible to directly
compare the basic quantity of the theory with experiment$.[2

The Thomas-Fermi approximation has found use in a broadrspeof phys-
ical problems, including in solid-state theory, see Re2] far a review. However,
the main failure of the Thomas-Fermi model makes it ratheppmopriate for our
purposes: There can be no molecular binding within thisthgzs, 24].

2.1.1 The Hohenberg-Kohn theorems

The modern era of density functional theory started with pepdy Hohenberg
and Kohn [25] where they presented what now is known as theehlwdrg-Kohn
theorems. The theorems are easy to prove [14, 15, 25], bhbtsrihesis we will
only state them.

Consider a system a¥ interacting electrons moving under the influence of
some given external (time-independent) potentig(r), for example the poten-
tial of the nuclei in a crystal. The Hamiltonian for this ssist is

——EW%fZ}Ji—+V@) (2.1)
= om 2 Z?éj ‘ri — rj‘z ext ) .

We can, in principle, solve the Schodinger equation forvlage functions cor-
responding to this Hamiltonian, and compute the electrarsithen(r). Hence,
the external potential.y(r) determines the electron density. The first theorem
of Hohenberg and Kohn states that the opposite is also true:electron density
determines the external potential (to within an additivastant). From this fol-
lows thatall properties of the theory can be determined once the eledensity
is known, in particular the total ground state energy. Theotem legitimises the
use of the electron density as the basic variable in quarteory.

The second theorem provides a general method for calcglgtiound state
properties. Introducing the energy functional:

MM:/&%@%Mﬂ+ﬂm, 2.2)
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Hohenberg and Kohn showed thafn] is auniversalfunctional, in the sense that
it does not depend on the external potential, and that thengrstate energyyc,
can be found by minimising’[n]:

Eg = min E[n] . (2.3)
neN

where the density that minimiségn| is the exact ground state density:(r).

2.1.2 The Kohn-Sham equations

Although the second Hohenberg-Kohn theorem provides ati@mial method for
calculating ground state properties, no information isjated on how to construct
the universal functionak'[n]. There are schemes for approximatiffn|, see for
example [26], however most applications of density furr@iatheory today use
the approach proposed by Kohn and Sham [27], where the diagiettion of the
functional (2.2) is replaced by an intermediate wave funmcticture.

The central assumption of the Kohn-Sham approach is thagrihnd state
density of the interacting system is equivalent to the gdostate density of an
auxiliary system ofhon-interactingparticles moving in an effective local potential
veff(T).

In other words, there exists a potentigk(r) such that solving the simple
one-electron Schodinger equation for the (Kohn-Shamewarctionse; (r):

2
<_ﬁ_v2 + Ueff(r)) ¢i(r) = €igi(r) . (2.4)

2m

and then using these wave functions to calculate the groiael density for this
non-interacting syster, (r):

N
ng(r) = Z |6i(r)[? (2.5)

one has at the same time obtained the electron density ofrtes, ‘interacting
systemng(r) = no(r).
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The effective potential can be deduced from the Hohenbefgakheory [27,
15], and it is given by

n(r")

v — x|

Veft (T) = Vext (1) + /dr’ + vxe(n(r)) (2.6)

where the second term can be recognised as the Hartredtpbtdie last term

is the exchange-correlation potential,.(n(r)), and it contains all the many-
electron effects. It can be expressed as the functionalatee of an exchange-
correlation energy:

o7

vert (1) = 55([:)]

(2.7)

n(r)=n(r)

The main problem of density functional theory is finding apmations for the
exchange-correlation potential, or equivalently the excje-correlation energy,
and we will have more to say about this in the next section.

2.2 Solving the Kohn-Sham equations

In the previous section the foundation of density functigdhaory was presented
and until now the formalism has been exact. We now turn o@natin to the
problem of solving the Kohn-Sham equations. We will only coemt on the
salient points, and refer the reader to references [14, di8hfmore complete
discussion of these topics.

The effective potential of the Kohn-Sham equations, Eqg.i2&function of
the electron density, which implies that the equations2&64must be solved self-
consistently. Figure 2.1 shows a simplified flow chart fos gocedure.

The Kohn-Sham equations are a mapping of the many-electaiigm onto
a set of one-electron equations, and solving such equasassentially a trivial
task. However, for large systems it is important to find effecways of solving
them. For example, the use of pseudopotentials and cleyaritiims for ensuring
(speedy) convergence of the self-consistent loop [28] baem important factors
for the practical implementation of Kohn-Sham equations.



2.2. Solving the Kohn-Sham equations 13

Given the atomic numbers and positions:
Construct V5,

Y

Construct a trial n (r)

Y

Calculate VH and V xc [

¢

Solve the KS equations

Y

Calculate new n (r)

Selfconsistent?

Calculate Total Energy

Figure 2.1: Simplified flow chart illustrating the self-c@stency loop.

2.2.1 Approximations for the exchange-correlation energy

In the Kohn-Sham formulation of density functional theaajl, the many-body
effects are hidden in the exchange-correlation potentidk). Unfortunately, we
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do not have an explicit expression for this term. Before anyt®on of the Kohn-
Sham equations can be attempted, it is therefore necessemydduce some ap-
proximation for the exchange-correlation potential.

The simplest approximation is the local density approxiomafLDA), already
introduced in the paper of Hohenberg of Kohn [25]. In the LD &xchange-
correlation is written as

ELPA) = / dr n(r)eom (n(r)) | (2.8)

wheresho™ (n(r)) is the exchange-correlation energy per electron foomoge-
neouselectron gas. Although one would expect the LDA to yield goesults
only for slowly varying densities, it has been remarkablgcassful [18] also for
systems where the density is far from homogeneous, for eleaatpmina oxide
surfaces [29].

A natural extension of the LDA is to include gradients of thex&on density.
In the generalized gradient approximation (GGA) the exgearorrelation energy
is generally expressed as

ESSA ] = / dr f(n(r),|Va(r)]) (2.9)

There are many different forms for GGAs available today, wedefer the reader
to Refs. [30, 31] for a review and comparison of the perforoceaof some of the
more popular GGASs.

We have mainly employed the commonly used Perdew-Wang pedirisation
(PW91) [32] in our work. In paper V, which deals with the aggmmn of methoxy
on NiAl(110), we have in addition used the RPBE functionablitain adsorption
energies as this functional has been shown to improve thmisbeption ener-
gies of molecules at transition-metal surfaces [31]. Ratéeently a functional
has been proposed which incorporates the long-range vawalgls interactions
[33] into an implementation of density functional theory gaper 1V this func-
tional is used to estimate the contribution from the van deaM/interaction to
the adsorption energy for phenol arAl,O3(0001) and graphite.
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Figure 2.2: Schematic illustration of the supercell apphoa

2.2.2 Plane wave expansion of the wave function

An important consideration in numerical schemes for sgivihe Kohn-Sham
equations is which basis set the Kohn-Sham wave functiooslgtbe expanded
in. In solid-state physics, where one deals with periodiacstires, a natural
choice is to expand the wave functions in a plane wave basit)ey are of the
form required by Bloch’s theorem [34]

dnk(r) = Y cngexpi(k + G) (2.10)
G

wherec, ¢ are the expansion coefficients, and whé&reare the reciprocal lattice
vectors defined bya - T = 27m for an integerm and all lattice vector of the
crystalT. Even if the system igot periodic in all directions, such as for example
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Figure 2.3: Convergence of the total energy for bulk NiAlwrigspect to the plane
wave energy cutoff.

a surface or a defect, it is often possible to construct aaeilif commonly re-
ferred to as a supercell [18], whighperiodic, as illustrated in Fig. 2.2. We have
exclusively used the supercell approach and a plane wai®ibdhis thesis.

In principle, an infinite plane wave basis is needed to exghadvave func-
tions, however in practical implementations the basisyagst be truncated. Typ-
ically, the plane waves with small kinetic energigk + G)?/(2m) are more
important than those with large kinetic energies. A goodreximation to the
total energy can therefore be achieved by only includingi@laves that have
kinetic energies less than some cutoff energy. This impuies of the great ad-
vantages of using a plane wave basis: the accuracy of thalatidns can be
systematically increased by adjusting the cutoff energyllastrated in Fig. 2.3.
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Figure 2.4: Convergence of the total energy for bulk NiAllwrespect to the
k-point sampling.

2.2.3 k-point sampling

Many calculations in periodic systems require integratwer the Brillouin zone.
For example, an essential step in the self-consistency, leigp 2.1, is the eval-
uation of a new electron density once the Kohn-Sham waveifumehave been
obtained:

n(®) = 3 Il (2.11)
nk

Evaluation of this sum is computationally very demanding,itarequires the
knowledge of the value of the wave function at e&gboint of the Brillouin zone.
To circumvent this problem, several schemes have been gedd84—36] where
a set of ‘special’ points in the Brillouin zone is generateftth the property that
a good approximation can be achieved by only summing overéduced set of
k-points. In our work we have used the method proposed by Manskland Pack
[37].
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The error of using a finite number &fpoint can be reduced systematically by
increasing the number éfpoints. Fig. 2.4 illustrates the convergence of the total
energy for bulk NiAl as the grid size is increased frant 2 x 2t0 14 x 14 x 14
using a Monkhorst-Pack grid.

2.2.4 Pseudopotentials

Figure 2.5 illustrates schematically the behaviour ofsan@ve function near a
nucleus. The rapid oscillations in the core region ariseftbe requirement that
the wave function must be orthogonal to the strongly loedlisore electrons.
Such behaviour disqualifies the use of a plane wave basiddnladons because
it would require a prohibitive large basis set and compaitei time for our appli-

cations.

Figure 2.5: Schematic illustration of an all-electron (&) 3 wave function
and corresponding pseudo (full) potential drawn as sokglied) lines. The core
radiusr,. is indicated.
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One solution to this problem is provided by the pseudop@kapproxima-
tion. The basic assumption behind this approximation i$ the physical and
chemical properties of solids mostly depend on the valefesgtrens and not so
much the core electrons. A good approximation should thesdfe to replace the
core electrons and the strong Coulomb potential by a weaKettive pseudopo-
tential. This has the added advantages that fewer elecamenseated explicitly
in the calculations, and that relativistic effects, whick mainly due to the core
electrons, can be incorporated into the pseudopotentdiailly, the pseudopoten-
tial should be constructed so that outside some core ragdjube pseudo wave
functions and the all-electron wave should coincide, whikde this radius the
pseudo wave function is smooth and nodeless, thus redudwngdquired basis-set
size, see Fig. 2.5.

Although the all-electron and pseudo wave function diffeslhape inside the
core radius, the integrated charge within this radius shagtee. This is referred
to asnorm-conservatior{38]. The O 2 wave function represents a problem-
atic case for norm-conserving pseudo-potentials. It isstess and strongly lo-
calised, and it has been difficult to construct a pseudo wawmetion which is
much smoother than the all-electron wave functions. Vdritfsrultrasoft pseu-
dopotentials [39] overcome these difficulties by relaxihg horm-conservation
and introducing so-called augmentation charges to enbatdtie final charge is
still equivalent to the all-electron charge. The ultragasfeudopotentials make it
possible to describe the first row elements addransition metals with a reason-
ably small energy cutoff, and therefore computational .cé¢t have exclusively
used Vanderbilt’s ultrasoft pseudopotentials [39] in thissis.

2.3 Extracting information from DFT-calculations

In the included papers we have performed DFT-calculationsharracterise the
adsorption of selected organic molecules atdh&l,05(0001), a-Cr,O3(0001),
and NiAl(110) surfaces. In particular we have determineddbuilibrium atomic
structure of the clean surfaces and free molecules as wtikeageometry of the
adsorbate systems, and we have analysed (differencejosletgnsities in order
to discuss the nature of the bonds. This section we descoivettis information
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were obtained from DFT-calculations.

2.3.1 Atomic structure optimisation

We can use density functional theory to calculate the gratate energy for a
given atomic structure, however we have usually no knovddskforehand which
particular configuration of the atoms corresponds to thetmpsmal structure.
In the included papers we have used two different approatthdstermine the
equilibrium structures, one approach for the bulk strieguand another for the
surfaces, molecules and adsorbate systems.

Determination of the bulk atomic structures is relativeipge because of the
high level of symmetry. The simplest example in this thesibuilk NiAl (paper
V). NiAl crystallises in a CsCl structure, a crystal struetwhich can be described
by a single lattice parameter, see Fig. 2.6. In this case the equilibrium lattice
parametera, is determined by calculating the total energy at varioussibbes
lattice constants. The resulting data points can be fittedhoe equation of state,
for example the Murnaghan equation [40]. We have ratheovi@d the approach
suggested in Ref. [41] and fitted the data to a fourth ordeynuwhial (Fig. 2.6).
The results can be found in paper V.

The method of Ref. [41] is independent of the number of pataraeneeded
to describe the atomic structure, so the same approach wddasetermine the
bulk atomic structures afi-Al;O3 and a-Cry, O3 (paper | and II). These oxides
are isostructural and have a rnombohedral primitive uriit each cell containing
two formula units, see Fig. 2.7. The bulk structure can nowldmcribed by four
parameters: two lattice parameter@nd «, and two parameters describing the
positions of the oxygen and metal atoms within the unit c&b. determine the
bulk structures, the four parameters were varied indepelydand resulting data
points were fitted to a fourth order (hyper)surface. Thispdure also allows a
direct evaluation of elastic properties, such as the bulduhe. The results of
these structure determinations are presented in papedsil.an

For less symmetric structures, such as a surface, a dirpoagh as the one
described above is rather cumbersome, and a minimisatfwmse is preferable.
The surface, molecular and adsorbate structures reparteapiers I-V, have been
obtained with the aid of the Hellmann-Feynman theorem [&2, #he basic pro-
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Figure 2.6: The total energy per unit cell as a function ofléttce parametet
for bulk NiAl. The data points obtained from a DFT calculatiare indicated by
circles. The solid line is a fourth-order polynomial fit teetbata points. The NiAl
unit cell is shown with Ni (Al) represented by blue (grey) spés.

Total energy per unit cell [e’

cedure is as follows: Starting from some initial guess ferpibsition of the atoms,
a total energy calculation is performed using density fionet theory. Once the
self-consistent electron density is available, the foemg on the atoms are cal-
culated utilising the Hellmann-Feynman theorem. An alfoni is used to min-
imise the forces. We have mainly used the Broyden-FletG@dfarb-Shanno
(BFGS) algorithm [44] for this purpose.

2.3.2 Electron distribution and the chemical bond

From the DFT calculations the electron distribution can étdnined as well as
changes in the electron distribution upon, e.g., adsarptio
The electron density differentés defined as the difference between the (total)

This quantity is frequently referred to as the deformatiensity, especially in the crystallog-
raphy community, see for example [21].
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Figure 2.7: The rhombohedral unit cell afAl,O3 and a-Cr,O3. The lattice
parameters and « are indicated. The cation (anion) atoms are represented by
grey (red) spheres.

electron density and the electron density of some referstate:
An(r) = ngot(r) — npes(r) (2.12)

The electron density difference can give some insight inngical bonding. Fig-
ure 2.8 shows contour plots of selected cross sections @léutron density dif-
ference for bulkx-Al,O3, a-Cry O3, and NiAl respectively. In each case we have
subtracted the electron density of the free atoms from tta densities. In these
contour plots, red contours indicate a gain in electron ithgrvghile blue contours
indicate a loss of density. The plots farAl,O3 and «a-Cr. O3 are as expected
for a ionic materials: a loss of electron density at the mietaland a gain at the
oxygen ion. Bulk NiAl exhibits both ionic and covalent cdbtrtions to the bond-
ing [45]. There is a loss of electron density at the Al posisi@nd gain at the Ni
positions, expected for ionic bonding. But there are albesoof electron density
at Ni pointing towards Al, in support of a covalent contrilout
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Figure 2.8: Contour plots of the electron density difference for (a) a-ALO3 (b)
a-Alx03, and (c) NiAl. Red (blue) lines indicate gain (loss) of electron density,
and the contour spacing is 0.01 e/A3, with the first contour at 4 0.01.

Frequently one is interested in the nature of the bonding between fragments
of a molecular complex or between an adsorbate and a surface (see papers I-IV
for examples). One can then define a fragment electron density difference. For
example: to investigate the bonding between the CHs fragments of ethane CoHg
one subtracts the electron density of the isolated CHgz fragments from the electron
density of CoHg. The result of such a calculation is shown in Fig. 2.9. As expected
of a covalent interaction, there is a gain in electron density in the bonding region
between the carbon atoms.
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Figure 2.9: Contour plot of the electron density differeice CoHg. The cut
plane contains the two C atoms and two H atoms. Contours atedl¥. Gain
(loss) of electron density is indicated by a solid (dashewd). |



Chapter 3

Summary of theincluded papers

The purpose of this chapter is to give a brief overview of tiiduded papers.

Paper I:

First-principles study of the adsorption of methanol at the a-Al,0O3(0001)
surface

In this paper a study of the molecular adsorption of meth&@él;OH) at the
a-Al,03(0001) surface were performed. We find that methanol adsdebgs
oxygen atom to a surface layer aluminium atom, but also fidctations that the
hydrogen atom of the methanol hydroxyl group is involvedhia stabilisation of
methanol via an interaction with a surface layer O atom. tEdecdensity differ-
ence plots indicate that the nature of the bond between Altla@dnethanol O
atom is of a donor-acceptor type, where the methanol lonégmates’ electron
density to form a bond with the ‘acceptor’ Al. Adsorption okthanol results
in a significant relaxation of the surface structure. Wenaeste that 30% of the
adsorption energy can be attributed to relaxation effeEisrthermore, the sur-
face relaxations result in a repulsive adsorbate intemacso that the adsorption
energy decreases from 1.23 eMaat= 1/4 ML to 1.03 at® = 1 ML.

Paper |1:
Adsorption of methanol and methoxy on the a-Cr,03(0001) surface

25
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On «a-Cr,O3(0001) we find that methanol adsorbs with its oxygen atont situ
ated in a three-fold O hollow site, in contrast to our resatt iethanol om-
Al>,03(0001), where the methanol O atom adsorbs nearly on top offacsu
Al. The adsorption energy is somewhat smaller (0.82 e¥Wat 1 ML) than
what we found for methanol on-Al,0O3(0001). Also in contrast to adsorp-
tion on a-Al,03(0001), we find no indication of adsorbate interactions at th
Oé-CI'gOg(OOOl).

Methoxy adsorbs with its O atom situated on top of a surfacat@m, and
with the CO-axis tilted away from the surface normal 8%5°. Methoxy is
strongly bound to the-Cr,03(0001) with an adsorption energy of 3.3 eV.

Paper I11:

Adsorption of methylamine on «-Al,05(0001) and «-Cr,03(0001)

In this paper we studied the adsorption of methylamine {€Hs) at the a-
Al,05(0001) andv-Cr,03(0001) surfaces. At the-Al,0O3(0001) surface methy-
lamine adsorbs with its nitrogen atom slightly displace@(SGA) laterally from
the precise aluminium ontop site, while at #heCr,O3(0001) it adsorbs with the
nitrogen atom in a oxygen three-fold hollow site. These guigmn site pref-
erences are similar to what we found for methanolaeAl,03(0001) anda-
CI’QOg(OOOl)

At the a-Al,03(0001) we find significant adsorbate-induced surface relax-
ations, similar to what we reported in paper |, and a decrigsadsorption energy
from 1.65 eV a©® = 1/4to 1.16 atO = 1, i.e. an adsorbate-adsorbate repulsion.
Extra calculations at two ‘frozen’ surfaces showed thatatieorbate interaction
was caused by the surface relaxations.

Electron density difference plots and an analysis of thgepted density of
states suggest that methylamine binds to the surface vigegdair (donor-acceptor)
interaction.

Paper V.

Phenol adsorption on graphite and aluminum oxide In this paper we inves-
tigate the interaction of phenol with a graphite andca#l,03(0001) surface
using traditional DFT and a recently presented densitytfanal (vdW-DF) that
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in addition to the traditional version of DFT incorporatée tispersive van der
Waals interactions [33]. The vdW-DF is of decisive impodarffor describing the
interactions of phenol with graphite.

Phenol contains two functional groups (benzene and alyohai could con-
ceivably interact with thex-Al,03(0001) surface. We find a preferred orientation
with the aromatic ring tilted away from the surface, while tfhenol oxygen atom
bind to a surface aluminium atom. The adsorption energytated using tradi-
tional DFT,E,qs = 1.00 eV, is comparable to what we found for methanol adsorp-
tion, and the electron density difference plots are verylainndicating a similar
nature of the binding mechanism. When the contribution fr@n der Waals
interactions is accounted for, the adsorption energy asge to around 1.1-1.2
eV for the considered structures, and it is less clear wti¢he most favourable
structure.

Paper V:

Density functional theory investigation of methoxy on NiAl(110) In this pa-
per we report on density functional theory calculationsdtednine the preferred
adsorption site and geometry of methoxy at the NiAl(110faxg. We find that
methoxy adsorbs with its O situated in an Al bridge site (MIshort-bridge”),
and with the CO-axis oriented perpendicular to the surféaeep A charge trans-
fer from the substrate to the adsorbate fills the 2e orbithislware only partly in
the free methoxy molecule, leading to a predominantly idnaicd.
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Chapter 4

Conclusions and outlook

Density functional theory (DFT) is today, in combinationthviefficient algo-
rithms and high-performance computers, a significant aeguint player on the
field of materials science. The original aim of this thesisw@apply theoreti-
cal methods to the industrially interesting problem of pody adhesion to oxide
covered aluminium substrates. Facing the complexity o systems, the inves-
tigation has focused on the interaction of small organicetgles with various
surfaces, of metal oxides:{Al,O3(0001) andx-Cr,O3(0001)), a bimetallic alloy
(NiAl(110)), and graphite.

In the papers included in part Il of the thesis there are séw@nclusions
drawn on the systems under study. Although the substrad@dsorbates are
chosen because of their relevance to industrial applicsitithe study is general
enough to allow some general conclusions to be drawn.

Methanol, methylamine, and phenol are all closed-shellegwes with a
lone-pair character. On-Al,03(0001) anda-Cr,O3(0001) we find that these
molecules interact with the exposed surface cations. Tiseaebuild-up of elec-
tron density between the methanol/phenol O atom, methylarii atom, and a
surface cation, characteristic of a covalent bond forrmatiblowever, as only
the adsorbates contribute electron density to the bondagsity the adsorption
mechanism as a donor-acceptor interaction [47]. Thus, esults confirms the
expected adsorption mechanism for molecules with lonegyeracter to oxide
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surfaces [47]. The adsorption energies for these systesns #ne range 0.80 eV
to 1.65 eV (see Tab. 4.1), that is, not a very strong chentisorp

The open-shell methoxy molecule forms a strong chemismordtiond to the
a-Cry03(0001) and NiAl(110) surfaces, see Tab. 4.1. The valencigabiruc-
ture of gas-phase methoxy is characterised by a partialgdfiton-bondingr-
orbital on oxygen, referred to as the 2e-orbital [48]. Agdian involves a net
electron transfefrom the surfaceo methoxy of 0.41e| and 0.90¢| for methoxy
on a-Cry03(0001) and NiAI(110) respectively. The electron transgemito the
2e orbital of methoxy. The relatively large charge trarsfeuggests that ionic
bonding is an important component of the chemisorption Honthese systems.
A similar adsorption behaviour has been reported for metlosxother surfaces
[49, 50].

In addition to the electron density rearrangements and fmnaation, adsorp-
tion-induced surface relaxation effects play a significate in determining the
strength of the chemisorption. We find that adsorption iedua significant re-
structuring of thex-Al;03(0001) surface, where the Al atoms are displaced in the
direction normal to the surface. The surface deformatioasaverage dependent,
and result in an effective repulsive interaction betweerdtisorbates and thereby
coverage dependent adsorption energy. We estimate thaiasas 30% (at cov-
eragel/4 ML) of the adsorption energy can be attributed to relaxagéfects,
demonstrating the importance of taking these effects iotmant. In contrast,
on a-Cr,03(0001) the surface deforms less upon adsorption, and we dircdw
erage dependence of adsorption energies, nor the surfazatien. There have
been published several papers pointing out the importahsertace relaxations
for adsorption or-Al;,03(0001), see e.g. Refs. [51, 52, 53], but, to my knowl-
edge, non om-Cr,03(0001). It has been suggested that the large relaxations of
the a-Al,03(0001) surface is a result of the small size and large igniaftthe
Al atoms [52]. Our results on-Cr,O3 (paper 1) suggests that it is has a higher
degree of covalency thanAl,O3. A stronger directionality of the bonding could
be the reason why-Cr,O3(0001) is ‘stiffer’ thana-Al,03(0001).

The methods used in this thesis are mostly those of ‘traditidDFT, with
electron exchange and correlation treated in various flavotithe generalized
gradient approximation (GGA), and in standard pseudopialgrianewave im-
plementations (BCAPO [46]). However, some applications are treated in a re-
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cently presented extension of GGA that gives an account efetactron cor-
relations that give van der Waals (vdW) forces, vdW-DF [33].self-evident

such application is the adsorption of benzen-derived nutdsahere exemplified
by phenol) on graphite, which are predominantly governedd interactions.

However, the ubiquitous vdW forces are also studied for phen alumina, to

compare their contribution to the adsorption bond to otbesds.

It is noteworthy that although phenol in Paper IV is bound byawis con-
sidered a ‘strong’ bond to alumina, the nonlocal vdW-intéoms increase the
adsorption energy by approximately 20% compared to theevialund from GGA
alone.

A natural question that arises from that study — which chlogically was
the last of the five studies presented in this thesis — is thafing: Did we miss
any vdWk-interaction also in other covalently/ionic-boddadsorption systems?
Can we rely on our GGA values found for the adsorption ensrgfenethanol,
methoxy, methylamine on alumina, chromia and NiAl surfacesio we need to
also correct these for the vdWk-interaction?

As we did not do any explicit calculations of the vdW-intera in the other
systems yet the answer must be based on a qualified guessmeénts within
DFT of the vdW-interactions in strongly bonded systems ii§ istits infancy,
and the study of phenol on alumina is one of a few first veryneseudies (all
initiated within the past 6 months) of dispersive interacs in systems that are

Table 4.1: Summary of calculated adsorption energies. #tisn energies cal-
culated at coveraged = 1 ML and© = 1/4 ML are given as a range of values.
Unless specified, all adsorption energies are calculated tite PW91-GGA.
Adsorption energy [eV]
a-Al,03(0001) «a-Cr,0O3(0001) graphite(0001) NiAl(110)

Methanol 1.03-1.23 0.82-0.80

Methoxy 3.32-3.25 2.73
Methylamine 1.16-1.65 0.80

Phenol 1.00,12 0.56

¢Calculated using the vdW-DF.
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not clear-cut vdW-bonded systems.

Although we believe that within some error margin less th@%Zprobably
considerably smaller than 20%) our adsorption energy gataa be trusted. What
is special for the phenol system is the flat, benzene-likectire of the molecule,
positioning itself on alumina so as to expose a large parh@folecule to the
surface. This must be the optimal situation for the vdW-+sr¢o act between
the molecule and the surface. For the other small molecudasidered in this
thesis this is not so. Thus, we believe our GGA adsorptiomgees for the other
molecules than phenol are reasonably well determined.

We end this chapter with some suggestions for future thieatetork. In spite
of their industrial relevance relatively little researcistbeen done on adsorption
at oxide surfaces compared to metal surfaces. The possibifor further work
are therefore manifold. Of the many possible directiondidture work we focus
on two:

We have exclusively considered adsorption at clean anccafsée surfaces
in this thesis. However, it is well known that even under UHdAditions most
oxide surfaces contain defects [47], and the industriallgresting oxide surfaces
are almost always covered by water. The presence of watéoradefects may
influence the nature of binding at these surfaces. A natutahsion of the work
presented in this thesis would be to include such featurasrerhave been pub-
lished several theoretical studies of the hydroxylatedll ,O3(0001) [51, 54], but
to my knowledge no theoretical studies of adsorption of ks at these sur-
faces has been carried out.

In this thesis we have considered relatively small molechiaving at most
two functional groups. A proper treatment of the interattid a large molecule,
such as a polymer, with a surface calls for a multiscale ntiodehpproach due
to the wildly disparate length and time scales that comespfdy. One promis-
ing approach suggested by Delle Steal. [7] is to use use information such as
adsorption energies yielded by first-principles calcuoladi of adsorption of frag-
ments of a polymer as input in a ‘coarse-grained’ polymer eho&uch studies
have been conducted on metal surfaces [7] and should alseabible on oxide
surfaces.
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Abstract

We present density functional theory calculations of methanol molecular
adsorption at the (0001) surface of «-Al,O3, for methanol coverages of 1/4
to 1 monolayer (ML). Adsorption energies, adsorption-induced restructuring
of the surface, and induced changes to the electronic structure are calculated.
We find that methanol bonds with its O atom to Al atoms at the «-Al,O3(0001)
surface with an adsorption energy of 1.23 eV at coverage 1/4 ML, decreasing
with coverage to 1.03 eV at 1 ML coverage. From calculations of the relaxed
adsorption geometry and the angular dependence of the total energy, we predict
an orientation of the adsorbed methanol molecule that has the molecular
COH plane tilted away from the surface normal. The adsorption of methanol
significantly restructures «-Al,O3(0001), especially for the outermost Al layer.
Upon adsorption a small charge transfer from the molecule to the substrate takes
place.

1. Introduction

Understanding the surface properties of alumina (Al,O3) is of considerable importance for a
wide variety of technological and industrial processes, ranging from catalysis to corrosion and
adhesion [1, 2]. For this reason there have been a large number of experimental and theoretical
studies on alumina addressing the properties of the clean «-Al,O3(0001) surface [3, 4], and
the adsorption of various metal atoms [5] and molecules [6, 7], including water [§—10] and
methanol [11-15].

Interest in the adsorption of methanol at alumina surfaces stems mainly from its relevance
in heterogeneous catalysis [11-14]. Alumina in the y-phase is catalytically active for the
dehydration of alcohols [12, 16], and is used as a support for Cu- or Pd-based catalysts
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employed in the decomposition of methanol [17, 18]. Methanol is also used as a probe
molecule for investigating the surface chemistry of alumina and other metal oxides [19, 20].

In this paper we present density functional theory (DFT) calculations of the adsorption
of methanol (CH30H) at the a-Al,03(0001) surface. Our work is motivated by the wider
perspective of understanding how organic polymers interact with metal oxide surfaces. This
is essential for a fundamental understanding of the adhesion of organic materials, such as
adhesives and paints, to these surfaces. In this perspective, methanol is representative for the
hydroxyl functionality of the polymer.

On the basis of experiments it has been suggested that the molecular (non-dissociative)
adsorption dominates the adsorption mechanism [11, 13, 14] when methanol is adsorbed at the
Al, O3 surface under ultra-high vacuum (UHV) conditions. It has been proposed that methanol
chemisorbs through the interaction of the methanol oxygen lone pair with substrate aluminium
atoms (cations) [11, 13]. Our investigation focuses on the energetics of and the changes
to the atomic geometry and electronic structure that result from the adsorption of methanol
at the a-Al,O3(0001) surface. To determine the orientation of the methanol molecule on
the «-Al,O3(0001) surface we have, in addition to a geometry optimization, calculated the
dependence of the total energy on the methanol angle with the surface.

2. Computational details

Experiments [11, 13, 14] indicate that the adsorption of methanol on «-Al,03(0001) is
dominated by chemisorption. The distance from the most active part of the molecule to
the surface (in our preliminary study found to be approximately 2 A) is such that long-range
interactions, e.g., the dispersion interaction [21], are expected to not give any significant
contribution to the binding. Thus we can rely on a traditional semi-local implementation
of DFT, using the generalized gradient approximation (GGA) for the exchange—correlation
functional.

The calculations presented here are performed using the DACAPO DFT code [22],
employing the Vanderbilt ultrasoft pseudopotentials [23], and the GGA Perdew—Wang 91
(PW91) parametrization [24] of the exchange—correlation energy. For comparison a number
of energies have also been calculated in the two revised Perdew—Burke-Ernzerhof GGA
parametrizations revPBE by Zhang and Yang [26] and RPBE by Hammer, Hansen, and
Ngrskov [25]. The Kohn—Sham wavefunctions are expanded in a plane wave basis, with a
400 eV energy cut-off.

The clean «-Al,O3(0001) surface is modelled by a slab periodically repeated in all
directions, with four layers of oxygen, keeping the bottom layer of oxygen and aluminium
frozen in the bulk geometry. To reduce interactions between the periodically repeated images
of the slab in the [0001] direction the slabs are separated by 15 A of vacuum. In the (1 x 1)
surface unit cell we use a4 x 4 x 1 mesh of Monkhorst—Pack [27] special k-points to describe
the Brillouin zone. Tests with larger vacuum and slab thickness, higher cut-off energy and
denser k-point sampling showed negligible changes to the energies and structural parameters.
To investigate how the adsorption of methanol changes with coverage, (1 x 1), (2 x 1) and
(2 x 2) unit cells of «¢-Al;03(0001) are employed, with k-point sampling and convergence
criteria appropriately modified for the two larger surface unit cells.

In our calculations we place the molecules on one side of the slab only, and allow the
atoms of both the adsorbate and of the corresponding slab surface to relax. We do not include
symmetry constraints in the structural optimization. The artificial electric field created by the
asymmetry of the system (also for the clean but structurally relaxed surface slab) is compensated
by a self-consistently determined dipole correction applied in the vacuum region [28, 29].
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This dipole correction, in combination with the 15 A vacuum region, we find is sufficient to
cancel the surface dipole. The atomic positions of the surface structure and of the CH;OH
molecules are found by locally minimizing the Hellmann—Feynman forces until the remaining
total force on the unconstrained atoms is less than 0.05 eV A~!. For the relaxation of the atomic
positions a preconditioned quasi-Newton method based on the Broyden—Fletcher—Goldfarb—
Shanno algorithm [30] is used.

The adsorption energy per methanol molecule is calculated from

Eyzs = —(Esm — Es — Enm), (1)

where Egy is the total energy of the a-Al,O3 slab with adsorbed methanol, Eg the energy
of a clean slab of «-Al,O3, and E); the energy of an isolated methanol molecule. With this
definition, a positive adsorption energy indicates stabilization. All calculations are carried out
at zero temperature, and the zero-point vibration is not taken into account. Thus the adsorption
energy calculated from (1) does not include contributions from entropy.

3. Results and discussion

In this section we present our results for the adsorption of CH3OH at the «-Al,O3(0001)
surface, as well as the structure of the clean «-Al,03(0001) surface and the gas-phase
CH;OH. We assume that the adsorption of methanol does not change the surface termination of
a-Al,03 (0001). We calculate and discuss how both the relaxation of the surface atom positions
and the adsorbate relaxation contribute to the adsorption energy.

3.1. The clean a-Al,O3(0001) surface and gas phase CH3;0H

As afirst step in our study, we investigate the properties of the clean «-Al,03(0001) surface and
the free (gas phase) methanol molecule. The bulk structure of a-Al, O3 is rhombohedral with a
ng(Rﬁc) symmetry and two Al,Os formula units per primitive unit cell [31]. Following
the approach described in [32] and section 2 we determine the calculated (compared to
experimentally determined [33]) lattice parameters ag = 5.173 A (5.128 A) and o = 55.28°
(55.28°) with internal Wyckoff positions [31] of Al, respectively O, within the unit cell
w = 0.3523 (0.3520) and u = 0.5561 (0.555). These values are in good agreement with the
experiments by Lee and Lagerlof [33] and previous DFT calculations [4, 34]. The calculated
bulk modulus By = 228.4 GPa is smaller than the experimental value 254 GPa by 10%.

The stacking sequence of «-Al,O3 along the [0001] direction is R—Al-Al-O3-R, where
R represents the continuing sequence. The (0001) surfaces can be obtained by cleaving the
crystal between any of these layers, i.e., three chemically distinct (0001)-plane terminations
may be produced. Previous theoretical and experimental studies have shown that under UHV
conditions the Al-terminated surface obtained by cleaving between two Al sub-layers is the
most stable one [10, 34-37].

Figure 1 shows a schematic side and top view of the Al-terminated «-Al,03(0001) surface
with the (1 x 1) surface unit cell indicated. The calculated surface relaxations for the first four
layers are listed in table 1, and are in good agreement with previous calculations [4, 10, 37]. The
surface Al atoms undergo large relaxations, leaving them almost coplanar with the surface O
layer. The relaxations below the top layer are also significant, and show the necessity of using
a relatively thick slab for a good description of the o-Al,O3(0001) surface. The discrepancies
between the theoretical and the experimental values have been attributed to the presence of
hydrogen on the experimentally observed surfaces [37].
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Figure 1. Schematic side and top view of the «-Al,03(0001) surface terminated by half a layer
of aluminium. The large circles represent oxygen atoms. The (1 x 1) hexagonal surface unit cell
is shown.

Table 1. Relaxations of the outermost atomic layers of the «-Al,O3(0001) surface given
in percentage deviation from the bulk structure. The PWO91 parametrization of the exchange—
correlation energy is used. Distances Ad;; are defined in figure 1.

Theory
Expt
This work [4] [34] [38]
Adj2(%) —84.5 —85.5 —87.4 —51
Ad3 (%) +3.5 +3.2 +3.1 +16
Ad34(%) —45.8 —454 —41.7 -29
Adys (%) +19.4 +19.8 +18.9 +20

In table 2 we list the geometry of the gas-phase methanol molecule as found in our
calculations. We find the bond lengths and bond angles to be in excellent agreement with the
experimental values of [39].

3.2. Adsorption geometries and energetics

A number of quantities may be used for describing methanol adsorption on «-Al,O3(0001).
The most immediate ones are the adsorption energy and the positional changes to the adsorbate
and surface geometry upon adsorption. The adsorption energy is usually affected not only by
electronic interactions in and between the adsorbate and the surface, as described for methanol
ona-Al,O3(0001) in section 3.3, but also by the energetic cost of changing the atomic geometry
(deformation) of the surface and the adsorbate upon adsorption. These energy contributions
to the adsorption energy are discussed below.

The adsorption of methanol was studied by initially placing the molecule with its O atom
above a surface Al atom and performing a complete optimization of the adsorbate—surface
geometry. We used several different initial orientations of the methanol molecule, to avoid any
risk of the geometry getting stuck in a local energy minimum. The coverage dependence of
methanol adsorption was studied by considering adsorption at coverages ® = 1/4 monolayers
(ML), 1/2 ML, and 1 ML. Here the coverage ® is defined with reference to the surface
aluminium layer, so that ® = 1 ML corresponds to one adsorbed molecule per surface
aluminium atom. At® = 1/4 ML the closest distance between any two atoms of neighbouring
methanol molecules is 7.4 A, sufficiently far apart for the molecules to be considered ‘isolated’
if any indirect interaction through the surface is neglected.

We tested whether our 15 A vacuum region and the dipole correction applied are sufficient
to overcome the effect of the surface dipole at the bottom of the slab (the bulk-truncated frozen
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Table 2. Adsorption energies and selected structural data for methanol adsorbed at the
a-Al,03(0001) surface at three different coverages. Some of the structural parameters are depicted
in figure 2. The parameter ra1—o,, is the bond length between the methanol O and the nearest
surface Al, £ is the height of Al bounded to a methanol molecule above the average position of the
layer of top O atoms, and rq—o, is the shortest distance between the H of the molecule OH group
and an O atom at the surface. ¢co is the tilt angle of the C—O axis away from the surface normal,
and ¢con is the tilt angle of the COH plane with respect to the surface plane. All calculations were
carried out in the PW91 parametrization of the exchange—correlation functional unless explicitly

noted.
Theory

Expt [39]

® (ML) Free Free 1/4 1/2 1
Internal geometry of the methanol molecule

re—o (A) 1.429 143 145 145 144
ro—mu (A) 0.975 098 1.00 1.00 1.02
re—n (A) 1.098 1.10  1.10  1.09 1.10
LCOH (deg) 107.6 109 110 110 111
LOCH (deg) — 112 110 109 110

— 112 109 109 109

— 107 107 107 108

Geometry of the adsorption bonds
h(A) — 0.13 043 042 032
FAl-Oads (A) — — 193 195 200
rH-0s (A) — — 203 191 177
¢co (deg) — — 57 57 57
¢con (deg) — — 34 36 39
Adsorption energy contributions

Eqqs (eV) — — 123 116 1.03
Methanol deform. (eV) — — 0.04 0.03 0.03
Surface deform. (eV) — — 029 029 0.15
E,qs surf. undeform. (eV) — — 0.85 0.86 0.87
E.4s (RPBE) (eV) — — 097 0.88 0.71
Eqgs (revPBE) (eV) — — 0.97 0.88 0.70

surface). We found that with methanol adsorbed on the top of the slab, the adsorption energy
only changes by 0.009 eV when instead using a slab with the bottom of the slab in the relaxed
geometry. Having both sides of the slab in the relaxed structure requires a thicker slab for
convergence in number of atomic layers. We thus for all further calculations keep the bottom
of the slab in the bulk-truncated structure.

Figure 2 shows a schematic top and side view of the optimum adsorption geometry found
in our calculations, and in table 2 the calculated adsorption energies and selected bond lengths
and angles are listed.

We find that methanol adsorbs with its O atom (denoted O,q45) approximately on top of
a surface Al atom, with the methyl group pointing away from the surface and the OH group
pointing toward one of the three equivalent surface O atoms (denoted Os) around the Al
adsorption site. The methanol C-O axis is tilted away from the surface normal by ¢co = 57°
at the coverages considered here. Experiments indicate that the C—O axis is indeed tilted away
from the surface normal on Al,O3 [11, 14]; however, to the best of our knowledge, no detailed
experimental structural data are yet available for this system.

The methanol molecule is laterally displaced from the precise Al atop site by ~0.6 A
towards the surface Oy atom; see figure 2. The OH group is oriented towards O, and the
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Figure 2. Schematic top (left panel) and side view (right panel) of the stable configuration of
the CH3OH molecule on the o-Al,03(0001) surface. In the left panel, the full and dashed lines
indicate the positions of the planes used for the cross sections of the electron density difference
displayed in figure 4. In the right panel some of the structural parameters of table 2 are defined.

0.4s—H bond length is elongated by 0.02—-0.04 A compared to the gas phase value (table 2).
This suggests that the H-Oy interaction is significant. Further evidence of this interaction is
that the H-O, distances, 1.77-2.03 A, are significantly shorter than the sum of the respective
van der Waals radii (2.72 A, [40]).

Apart from the above-mentioned elongation of the molecular O,4s—H bond, the geometry
of the molecule is only moderately affected by the adsorption. The COH angle opens up
compared to the gas phase value by 1°-2°, and the C-O,4, bond lengths are increased, but by
no more than 0.02 A. There are no changes to the C—H bond lengths, but the HCH angles open
up by ~2°.

As the coverage is increased from ® = 1/4 ML to 1 ML we find a slight change in the
geometry of the adsorbed methanol atom. The tilt angle ¢coy between the molecular dipole
plane (the COH plane) and the surface plane changes from 34° to 39°, and the Al-O,q; distance
is elongated from 1.93 t0 2.00 A. These bond lengths are comparable to the two Al-O bonds in
the «-Al, O3 bulk crystal, in our calculations 1.87 and 1.99 A, and to Al-O,q; distances reported
in DFT studies of adsorption of water molecules onto the «-Al,O3(0001) surface [8, 10].

Whereas the geometrical changes to the methanol molecule are small, adsorption of
methanol results in significant surface relaxations in «¢-Al,O3(0001). The most prominent
change is the displacement of the Al atoms along the surface normal. The Al atoms directly
beneath CH3OH relax outwards by 0.19-0.30 A AtO <1 ML, the surface Al atoms without
methanol bounded to them descend into the outermost O layer, so that at ® = 1/4 ML they
are coplanar with the O layer (less than 0.05 A above the O layer) and at ® = 1/2 ML they are
positioned slightly below the O layer (—0.14 A). Similar relaxation effects have been reported
in theoretical studies of the adsorption of water [10, 8] and HCI [7] at the «-Al,03(0001)
surface.

To study the sensitivity of the adsorption geometry to positional perturbations (e.g., at
finite temperatures) additional static calculations were carried out, changing the orientation
of the molecule with the O,q4s position kept fixed. In the left panel of figure 3 we plot the
variation of the adsorption energy as a function of the C-O axis tilt angle, ¢co. A tilt angle of
0° corresponds to the C-O axis being parallel to the surface normal. The plot has a minimum
at ¢pco ~ 60°, confirming the result of our geometry optimization.
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Figure 3. The variation of the total energy for CH3OH on -Al,03(0001) as a function of the tilt
angle of the C-O axis (left panel) and the COH plane (right panel). In the left panel a tilt angle
of 0° corresponds to the C—O axis parallel to the surface normal. In the right panel a tilt angle of
90° corresponds to upright CH3OH with the O end down. The calculations were carried out at
® =1ML.

We found that changing the direction of the C—O axis even slightly causes a huge energetic
cost. Exploring the variation of the adsorption energy as the COH-plane tilt angle (¢con) is
changed, we therefore kept ¢co = 60° fixed. In this case ¢pcon = 0° corresponds to the COH
plane parallel to the surface, while at ¢cog = 90° the COH plane is in the plane of the surface
normal. The results, displayed in the right panel of figure 3, show an energy minimum at
about ¢cog ~ 40°, consistent with our optimized adsorption geometry. However, the energy
variation with ¢cop is much smaller than the dependence on ¢co. This agrees with our finding
(in table 2) that ¢con does change, although only by a few degrees, as the methanol coverage
is increased. We note that at ¢pcon = 90° the energy is at its maximum, reflecting the fact that
upright methanol molecules are not only energetically unfavourable, compared to the 40° tilt,
but also unstable.

The energetic gain of adsorbing one methanol molecule, relative to the clean «-
Al,03(0001) and the gas-phase methanol molecule, is approximately 1 eV per molecule
(table 2). Methanol is thus rather strongly bound to the surface. As noted above, methanol
adsorption induces significant surface deformations (whereas the deformation of the methanol
molecule is small). The net adsorption energy is thus composed of both an energetic cost of
deforming the surface (and a small cost of deforming the molecule), as well as a gain from the
interaction in the electronic charge density, resulting in a net energy gain.

We calculated the energetic cost of the surface and molecule deformation (table 2) and
found the cost of surface deformations to be 0.29 eV per molecule at ® < 1. This is about
one-quarter of the net adsorption energy, thus the surface deformation is a very important part
of the adsorption energetics. For denser coverage (® = 1) the surface deformation is less,
and the energetic cost at 0.15 eV per molecule is not quite as important, although still not
negligible. The deformation of methanol has a smaller energy cost of only 0.03—0.04 eV per
molecule and is at ® < 1 negligible compared to the surface deformation cost.

A different way of estimating the importance of surface relaxations is to calculate the
adsorption energy of methanol adsorbed at a frozen surface, i.e., with all surface atoms frozen
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in the clean-slab positions. At ® = 1/4 ML we calculated a (frozen surface) adsorption energy
of 0.85 eV /molecule, which is areduction of 0.38 eV /molecule compared to the situation when
surface relaxations are included. On the frozen surface the adsorption energies at ® = 1 ML
and 1/4 ML are almost equivalent, differing by only 0.02 eV /molecule.

The adsorption energy (on the deformed surface) decreases with coverage from
1.23 eV/molecule at ® = 1/4 ML to 1.03 eV /molecule at ® = 1 ML, indicating repulsive
adsorbate—adsorbate interactions on the surface. Since methanol adsorption induces significant
surface deformations the repulsion may be caused by indirect adsorbate interactions mediated
by the local deformation of the surface [41]. This is strongly supported by the fact that the
frozen-surface adsorption energies do not change with coverage.

The molecules adsorbed on the surface may interact with neighbouring adsorbed molecules
indirectly, through the deformation of the surface as discussed above, but also more directly,
e.g., by mutually imposed static changes to the electron structure or by dispersive interactions.
Below we discuss contributions from these short- and long-range direct interactions.

In the 2 x 2 structure the adsorbates are too far apart (>7 A) for the direct interactions to
have any significant influence on the adsorbate repulsion, compared to the size of the indirect
interactions (0.29 eV cost per adsorbed molecule, table 2). This includes the long-range,
dispersive interactions. In the 2 x 2 structure direct interactions can thus be ignored.

In the denser 1 x 1 and 1 x 2 structures the shortest distance between atoms in two
neighbouring molecules is 2.7 A. Thus direct interaction could possibly influence the adsorbate
repulsion. The short-ranged part of the direct interaction between these molecules (as
calculated within the GGA approximation) shows an attraction of 0.03 eV per pair interaction.
Inthe 1 x 1 structure with six nearest neighbours per adsorbate the short-range part of the direct
interaction thus provides a gain in adsorption energy of approximately 0.09 eV per adsorbate,
compared to that of the 2 x 2 structure or even less dense structures. In the 1 x 2 structure, with
only two nearest neighbours per adsorbate, this gain is merely 0.03 eV per adsorbate. Although
in general the long-range interactions may also become importantat the 2.7 A distance, already
the surface relaxations contribute an energy repulsion much larger than any realistic value of
the (direct) long-range interaction between the methanol molecules. We therefore neglect any
dispersive direct interaction between the molecules also in the 1 x 1 and 1 x 2 structures.

The deformation of the surface at adsorption carries a significant energy cost, at any
coverage. For adsorption to still be favourable over no adsorption the energy gain due to
changes in the electron structure must more than overcome this deformation cost. From the
net adsorption energy E,qs and the costs of deforming the surface and the methanol molecule
(table 2) the gross interface electron-density-related energy gain Egro 1S calculated to be 1.56,
1.48, and 1.21 eV per molecule for coverages 1/4, 1/2, and 1 ML. Although the dense 1 x 1
structure is the structure most favoured both by the direct adsorbate—adsorbate interaction
(largest gain in adsorption energy), and by the indirect interaction through the deformation of
the surface (smallest cost of deformation), this is not sufficient to overcome the E g5 advantage
of the 2 x 2 structure.

All adsorption energy and geometry calculations mentioned above were found by using the
PWO1 approximation for the exchange—correlation energy. To test our results we also carried
out some of the calculations in the revPBE and RPBE approximation (table 2). Although all
values of E,qs are found to be smaller using revPBE and RPBE the changes in magnitude with
coverage are very close to those of the PW91 calculations. Thus the calculations using the
revPBE or RPBE approximation support our finding that on o-Al,O3(0001) methanol adsorbs
in a 2 x 2 structure rather than in the denser 1 x 2 or 1 x 1 structures. A similar decrease in
adsorption energy going from the PW91 to the revPBE and RPBE approximations is also seen
for O, CO, and NO adsorption on late transition metal surfaces [25].
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®=1 ML 0 =1/4 ML

(d)

Figure 4. Contour plots of the electron density difference An(r). Panels (a) and (b) show a
cut through a plane containing one surface Al and O atom, and the methanol O and C atoms.
Panels (c) and (d) show a cut through the plane containing one surface Al and the Og atom, and
the methanol O and H atoms, where the H atom is the one belonging to the methanol OH-group.
Solid (dashed) lines indicate gain (loss) of electron density. The contours are drawn at densities
An = 20005 x 2 e A fork =0,1,2,3,4,5.

3.3. Adsorbate-induced changes to the electronic structure

Insight into the nature of the bonding of methanol at the «-Al, O3 is gained from the change
in the electron density distribution as a result of the adsorbate bonding. To this end, we have
calculated the electron density difference, An(r), defined by

An(r) = nM@) — n3(r) — nM(r). )

Here, n3M is the electron density of the adsorption system, and n°> and n™ the electron density
of the clean slab and a free methanol layer, respectively. The atomic geometry of the relaxed
adsorption system is kept in the calculation of n5 and n™. The quantity An gives a measure
of the charge rearrangements induced by the adsorption, with a positive (negative) value in
regions with a gain (loss) in electron density.

In figure 4 we display contour plots of cross sections of An. We chose two different
planes for these cross sections. Left panels show An at ® = 1 ML, right panels ® = 1/4 ML.
Figures 4(a) and (b) show a cut through the plane containing the O,gs and C atoms of the
molecule, the Al bound to O,4s, and one of the surface O atoms. In figures 4(c) and (d) the
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Figure 5. Profiles of the total electron density, nip, (at ® = 1 ML, thin solid line) and electron
density difference, Anjp, across the slab. The thick dotted, dashed and solid lines represent Anp
at coverage ® = 1/4, 1/2, and 1 ML, respectively. The zero-point of the z-axis is arbitrarily set
to the bottom of the slab used. The positions of the Al and O layers of the slab and the Oygs and C
atoms of the methanol molecule are indicated.

cut is through the plane defined by the methanol O,4s and H atoms, the Al bound to O,q4s, and
one of the surface O atoms. We first of all note the similarity in the shape of the difference
densities for coverages ® = 1 ML and 1/4 ML. This suggests that the nature of the bonding
is similar.

Adsorption of methanol mainly perturbs the part of the electron density related to the
topmost layer of the slab. This can most easily be seen from the electron density difference
profile, Anip(z), displayed in figure 5 for ® = 1 ML. The figure shows that there is a net
gain in electron density in the surface and interface region, and a loss of electron density in
the region associated with the molecule. Thus, a small charge transfer from the molecule to
the surface takes place at the adsorption (for ® = 1 ML the transfer is ~0.04|e| as estimated
by integrating Anp(z) in figure 5 up to its minimum above the top Al atom). The plots of
Anip(z) for ® = 1/4,1/2, and 1 ML are similar in shape. Each curve represents the electron
density change on one methanol molecule. We see that at low coverage (® = 1/4 ML) the
redistribution of charge over the molecule is more pronounced than at higher coverages. This
is consistent with the findings in figure 4.

Returning to the cross section plots of An in figures 4(a)—(d) we see that the electron
density gain in the interface region, seen in figure 5, is the result of a pronounced accumulation
of electron density in the region between the O,gs and Al atoms. The accumulated electron
density mainly comes from the region close to the O,4s atom of the methanol molecule. This
redistribution of electrons is suggestive of the formation of a donor—acceptor bond, where the
methanol O lone pair donates electron density to the acceptor Al [1].

In the surface region, the most prominent change in the electron density is a redistribution
of electron density around the surface O atoms. This is clearly a repolarization in response to
the adsorption. There is a depletion of electron density in the region between the surface O
atoms and the O,4s atom, indicating an O—O,ys repulsive interaction. The decreased electron
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density at the H atom, as seen in figures 4(c) and (d), is consistent with the elongation of the
O.4s—H bond, and gives further evidence that the H-Og bond contributes to the bonding of
methanol at the a-Al,03(0001) surface.

The redistribution of the electron density may be quantified by assigning charge to the
individual atoms according to the Bader space-partitioning scheme [42]. The analysis shows
that upon adsorption the surface O atom closest to the hydroxyl H atom loses 0.04—0.06
electrons compared to the same atom in the clean «-Al,O3(0001), with the largest loss at
occurring at ® = 1 ML. The analysis also shows that there is no such loss when simply
deforming the surface to its adsorption geometry without adding the molecule; the actual
adsorption of methanol is essential for the change in assigned charge to this surface O atom.
In contrast, the change in charge is insignificant at the Al atom directly beneath the molecule,
both after obtaining the adsorption geometry and after adsorbing the methanol molecule.

As mentioned in the previous section, the gross interface electron-density-related energy
gain Egpog is higher for ©® = 1/4 ML than for ® = 1 ML. This is consistent with the somewhat
larger magnitude of the induced density for ® = 1/4 ML compared to ® = 1 ML, seen in
figure 4.

4. Summary and conclusions

We have applied first-principles density-functional theory calculations to study the adsorption
of methanol on «-Al,03(0001) at coverages ® = 1/4 ML, ® = 1/2 ML and 1 ML.

We find that methanol bonds to the surface Al atoms via the methanol O atom. Plots of
the electron density difference, figure 4, indicate that the adsorption mechanism is a donor—
acceptor interaction, where the methanol lone pair orbital donates electron density to the surface
Al cations. This is the expected adsorption mechanism for alcohols at wide bandgap insulator
surfaces, such as «-Al,O3(0001) [1].

In addition to this mechanism, we find evidence that the interaction of the hydroxyl
hydrogen with a surface oxygen atom also contributes to the bonding. The methanol molecule
is preferentially oriented with the C-O axis tilted away from the surface normal, and the OH
group oriented toward one of the surface O atoms. The elongated O,4s—H bonds, the short H-Oq
nearest-nearest-neighbour distance, table 2, and the depletion of electron density around the H
atom, figure 4, is evidence of a significant H-Og interaction. A similar adsorption mechanism
has been proposed for adsorption of methanol on NiO,/Ni{110} [43].

The adsorption of methanol results in a significant relaxation of the surface structure. In
particular, the surface Al atoms are displaced along the surface normal so that the Al bounded
to methanol molecules increase their distance to the oxygen layer, and the Al not bounded to
methanol descend into the topmost O layer. Our calculations show the importance of taking
surface relaxation into account: At ® = 1/4 ML about 30% of the adsorption energy can
be attributed to the relaxation effects. The surface deformation results in repulsive adsorbate
interactions at the coverages considered here, so that the adsorption energy decreases from
E.s = 1.23 eV/molecule at ® = 1/4 ML to E,gs = 1.03 eV /molecule at ® = 1 ML.
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We present density functional theory calculations of the molecular adsorption of methanol and
methoxy at the Cr-terminated a-CraO3(0001) surface. We report on the equilibrium geometries of
methanol and methoxy upon adsorption, and discuss the bonding of these molecules to the surface.
We find that methanol adsorbs with its O atom situated above a three-fold coordinated hollow site
in the surface O layer at a distance of 2.12 A from the nearest-neighbour Cr atom, and with a
calculated adsorption energy of 0.82 eV. For the methoxy molecule we find the optimum adsorption
geometry to be with the methoxy O on top of a Cr atom and with the C-O axis tilted away from the
surface normal by ~ 55°. Methoxy is strongly bound at the surface with an estimated adsorption

energy of 3.3 eV.

PACS numbers:

I. INTRODUCTION

The chromium oxides find a wide variety of uses
in technological applications, as catalysts (polymeriza-
tion of ethylene,"? hydrogenation, NO, reduction, etc.),
gas sensors, protective layer (corrosion/resistance pro-
motion, wear resistance, coating/anti-wear protection,
stainless/steel passivation layer), adhesion promoter, and
magnetic recording media. Aluminium in construction
materials are aluminum alloys, whose surfaces are of-
ten treated by a chromate conversion coating (CCC)
process.? The CCC improves the corrosive resistance and
adhesive properties of the metal surface.>* The coat-
ing can be applied by spraying, or by dipping the alu-
minium product in an aqueous acidic solution containing
chromium salts.®> The precise composition of the coat-
ing that results from this treatment depends on several
factors, including the preceding surface preparation, the
composition of the bath, and the presence of intermetal-
lic particles in the substrate, though it is known that
Cry0g is a major constituent of the outermost part of the
coating. Unfortunately, the hexavalent chromium found
in the solution presents severe health and environmen-
tal concerns. In either case, the interaction with organic
molecules is of interest.

Searching for alternatives to CCC a detailed knowl-
edge of how CCC improves adhesion would be helpful.
At a basic fundamental level, adhesion results from the
interaction of organic polymers, e.g. epoxy resins, of the
paint or adhesive with the substrate surface. The com-
plexity of polymer-surface interactions is such that the
full polymer interaction cannot be fully described on an
atomic length scale. One strategy is thus to focus on how
fragments of the polymer — single functional groups —
interact with the surface, focusing on those fragments
known or expected to have the largest influence on the
adhesion of the full polymer. In this study methanol and
methoxy are chosen as representative molecules.

Theoretical studies of such molecules on ionic crys-
tals are largely lacking in the literature. ~We have

previously®® studied adsorption of methanol on a-
Al,03(0001), a surface which is isostructural to a-
Cry035(0001), and found that the adsorption bond there
is relatively strong with a pronounced ionic character
in the sense that one of the atoms (methanol O) con-
tributes electron charge to create the binding of metha-
nol O in the stable site on top of a surface Al ion. In
the present work we report on density functional theory
(DFT) calculations of molecular adsorption of methanol
(CH30H) at the a-Cra03(0001) surface. Methanol is the
smallest member of the alcohols and adsorption of meth-
anol on a-Cre03(0001) represents a prototype for un-
derstanding the interaction of hydroxyl (OH) groups in
alcohols and some biological molecules with flexible oxide
surfaces. Targets for our study are adsorption site and
strength, nature of adsorption bond, and other charac-
teristica of the adsorbate. It is not uncommon for the
hydroxyl group to loose its hydrogen atom in a reac-
tion with the surface, we therefore also report on the
adsorption of methoxy (CH30) on this surface. Further-
more, it is of interest to contrast the interaction of the
closed-shell methanol molecule and open-shell methoxy
molecule with the a-Cra03(0001) surface.

The paper is organized as follows: A brief account
of our computational method is given in Section II. In
Section IIT we present results for bulk a-CroO3 and the
clean (0001) surface. Section IV contains our results for
the adsorption geometries and energies for methanol and
methoxy at 1 ML and 1/4 ML and we discuss the nature
of bonding between the adsorbates and the substrate.
The paper is concluded with a short discussion and con-
cluding remarks in Section V.

II. COMPUTATIONAL METHOD

The density functional theory calculations presented
here are conducted using the plane-wave pseudopotential
code DACAPO.” We employed ultrasoft pseudopotentials®
and the generalized gradient approximation in the PW91-



parametrization.® In all calculations, spin-polarization is
allowed for. The energy cut-off for the plane-wave ex-
pansion is 400 eV, and the irreducible Brillouin zone is
sampled using the Monkhorst-Pack scheme.'°

The a-Cra03(0001) surface is represented by a slab pe-
riodically repeated in all directions, consisting of a finite
number of layers of Cr-O3-Cr that are separated by a
vacuum gap. For most of the calculations on the meth-
anol and methoxy adsorption, a slab of four layers sep-
arated by a vacuum gap of width 15 A is used, with a
(1 x 1) superstructure containing one molecule per sur-
face unit cell. Defining coverage with respect to the sur-
face Cr layer we will refer to this coverage as © = 1 ML.
Molecules are placed on one side of the slab only, and the
artificial electric field created by the asymmetry of the
system is compensated by a self-consistently determined
dipole correction applied in the vacuum region.!!:12

The equilibrium structures are found by locally mini-
mizing the Hellmann-Feynman forces until the remaining
total force on the unconstrained atoms is less than 0.05
eV/ A. A preconditioned quasi-Newton method based
on the Broyden-Fletcher-Goldfarb-Shanno algorithm? is
used for the structure optimization. During structure
optimizations, the atoms of the bottom Cr-Os-Cr layer
of the slab are kept fixed in the bulk geometry. All
other atoms are allowed to relax freely, no symmetry con-
straints are applied. For the (1 x 1) surface unit cell we
employ a 4 X 4 x 1 k-point mesh. The geometries of iso-
lated (gas-phase) methanol and methoxy are optimized
in fee-cells of side length 14 A where only the I-point of
the Brillouin zone is sampled.

To investigate the coverage dependence of the metha-
nol and methoxy adsorption additional calculations are
carried out using a (2 x 2) surface unit cell correspond-
ing to ©® = 1/4 ML. Tests with larger vacuum and slab
thickness, higher cutoff energy and denser k-point sam-
pling show negligible changes in the energies and struc-
tural parameters, as described and discussed in Section
Iv.

The heat of formation per formula unit for the a-CrsOg
bulk, AH?, is calculated using

AHY = — (EQWS, — 2EQY — 3/2E0,) (1)
where Eg‘;ilay EPuk and Eg, are the total energies of
bulk @-Cry0s3, of bulk Cr, and of the gas phase oxygen
molecule. The adsorption energy per molecule is calcu-
lated from

Eaas = —(Esm — Es — En) (2)

where Egn is the total energy of the a-CraOg slab with
adsorbed methanol (or methoxy), Es is the energy of a
clean slab of a-Cry03, and E); is the energy of an isolated
methanol (or methoxy) molecule. With this definition, a
positive energy indicates that the adsorption is exother-
mic (stable).

To calculate local properties like atomic charge (ion-
icity) and the magnetic moment of the individual atoms

PDOS [states/(eV unit cell)]
W
T

4
Energy [eV]

FIG. 1: Projected density of states (PDOS) for bulk Cr2Os.
The density of states has been projected onto the 3d state
of Cr and 2p state of O. The Fermi energy as calculated by
DACAPO is used as the reference energy.

and to quantify charge transfer we use Bader’s ‘Atoms-
in-Molecules’ (AIM) method.'* Here the electron density
is divided into atomic regions €2, or basins, enclosed by
surfaces defined by:

Vn(r)-1=0, (3)

where 1 is the unit vector normal to the surface. Atomic
properties are obtained by integrating over the individual
basins, e.g. the charge of an atom A enclosed within basin
Q4 is obtained by integrating the electron density over
Qa and subtracting the obtained value from the charge
of the isolated atom:

QA:ZA*/Q drn(r) (4)

Similarily, the magnetic moment is calculated by inte-
grating the difference between the spin-up and spin-down
electron density over the atomic basin,

ma= [ v fon(6) =y (o) (5)
Qa

We use the algorithm described in Ref. 15 to decompose
the electron density into Bader’s atomic basins. In this
scheme the accuracy of the results can be systematically
improved by decreasing the grid-point separation of the
FFT-grid used to represent the electron density. We used
a gridpoint-separation of 0.08 A. Test calculations indi-
cate that this choice will result in errors in the order of
0.01 |e.

III. BULK a-CR;03 AND CLEAN a-CR,03(0001)

Bulk a-Crs03, like a-Al;Og3, crystallizes in a rhombo-
hedral structure with the space group D§,(R3c), and the
primitive unit cell contains two formula units.'® The crys-
tal structure can alternatively be described as a hexago-
nal close-packed array of oxygens, where the Cr atoms oc-
cupy 2/3 of the interstitial octahedral sites. The Cr layer



Side view
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FIG. 2: Schematic side and top view of the a-Crz03(0001) surface terminated by chromium. O (Cr) atoms are shown as dark

(light) circles. The sites indicated are discussed in the text.

is slightly rumpled, resulting in two distinct interatomic
Cr-O distances. Below the Néel temperature T ~ 310
K,'” a-Cr,03 is an antiferromagnetic insulator with the
spin sequence + — +— along the threefold axis.

Table I lists calculated and experimental bulk struc-
tural properties for a-Cry03. The optimized geometry
and bulk modulus have been obtained following the pro-
cedure proposed in Ref. 21. The calculated bulk proper-
ties listed in table I compare well with the experimental
values, and with other GGA calculations.??23 The slight
overestimation of the structural parameters and underes-
timation of the bulk modulus is a well known feature of
GGA. We find that the antiferromagnetic spin-ordering
yields a ground-state energy that is lower than the ferro-
magnetic and paramagnetic phase equilibrium energies
by 0.2 eV and 1.6 eV per formula unit, respectively.
In the antiferromagnetic spin-ordering we calculate the
magnetic moment per Cr atom mc, = 2.66 up, a result
that should be compared to the experimental values 2.76
up (Ref. 17) and 2.48 up (Ref. 24). We find no net mag-
netic moment on the O atoms.

The atomic charge can be calculated by integrating the
charge density over the Bader atomic basins. Doing this
we find charges Qcr = +1.73 |e| and Qo = —1.15|e] re-
spectively. The deviation from the formal ionicity (43
and —2) may be interpreted as due to a covalent con-
tribution to the bonding in a-CrsO3. In comparison, in
a-Al; O3 the charges Qa1 = +2.50 |e] and Qo = —1.67 |e]
are closer to the formal ionicity, the bonds in a-AlyOg3
having more of an ionic character than in a-CrsQO3.

Figure 1 shows the density of states projected (PDOS)
onto the Cr-3d and O-2p states. The O and Cr s-states
and Cr 3p states have no significant weight in the energy
range shown. The valence band structure compares well
to spectroscopic data.2® The upper part of the valence
band consist mainly of Cr-3d derived states separated
from a broad band of mainly O-2p character. Note how-
ever that there is a significant hybridization of Cr-3d and
0O-2p states over the whole valence band region. The cal-
culated band gap is E, = 1.7 eV which is 47% smaller
than the experimental value E; = 3.2 eV determined
from combined PE/BIS spectra.?

Along the trigonal [0001]-axis of a-CrgOs, layers of

oxygen alternate with two metal layers in the stacking
sequence - - -Cr-Cr-O3-Cr-Cr-Og - - -. The (0001) surface
can be obtained by cleaving the crystal in between any
of these layers, hence there are three different chemical
terminations. LEED?% and STM?7 experiments indicate
that under UHV conditions the a-Cry03(0001) surface
is terminated by a single layer of Cr. Theoretical work
has shown that depending on temperature and oxygen
partial pressure, the surface may be oxygen or chromyl
(Cr=0) terminated.?>® In the present work we consider
the chromium terminated surface, which corresponds to
the surface observed under UHV conditions (Figure 2).

Similar to other corundum type oxides (a-Al;O3 and
a-Fez03), a-Cr203(0001) shows a significant relaxation
of the surface layers compared to the ideal bulk termina-
tion. Table II gives an overview of our relaxation data
compared to previous theoretical works and a LEED ex-
periment by Rohr et al., Ref. 26. The theoretical results
are in qualitative agreement with each other and are —
with the exception of the the second atomic layer where
we predict an expansion rather than a contraction — in
good agreement the experimental data, showing a strong
relaxation of the surface compared to the bulk-truncated
surface.

TABLE I: Bulk properties of a-Cr203: The lattice constants
a and c of the hexagonal unit cell, the short and long Cr-O
distances dcro1 and dcroz2, the bulk modulus By, and the heat
of formation AH ?.

a c dcro1 dcro2 By AH?

[A] [A] [A] [A] [GPa] [eV/Cr203]
Calc. 4.96 13.81 1.98 2.02 209 10.41
Expt. 4.951% 13.566% 1.962“ 2.009¢ 238¢, 231° 11.76¢

%Reference 18

bReference 19
“Reference 20



TABLE II: Relaxations of the outermost atomic layers of the a-Cr203(0001) surface given in percentage of bulk interlayer

separations.
This work Previous theoretical works Experiment
GGA HF*" MD simul.” FP-LAPW* GGA“ GGA+U* LEED"®
Cr1-O1 —60.9 —49.8 —58 —59 —62 —60 —60
01-Cr2 +4.4 +3.3 0 +1 +10 +12 -3
Crz-Crs —36.5 - —36 —38 —41 —44 —21
Cr3-O2 +5.6 - +17 +10 +6.5 +9.2 +6

“Reference 29; only the two topmost -CrOsCr- layers were allowed
to relax.

bReference 26
¢Reference 30

dReference 23

IV. ADSORPTION OF METHANOL AND
METHOXY

The key properties of the adsorption are the preferred
adsorption site, the orientation of the adsorbed molecule
with respect to the surface, the adsorption energy, and
the change in electronic structure upon adsorption.

FIG. 3: Schematic side view, (a), and top view, (b), of the
optimum adsorption geometry for methanol on CraO3(0001)
found in our calculation. Panels (c) and (d) show contour
plots of the valence electron density difference, An(r). Panel
(c) displays a cross section containing one surface Cr and O
atom, and the methanol O and H atoms, where the H atom
is the one belonging to the methanol OH-group. In panel (d),
the cross section passes through the C and O atoms of meth-
anol and the surface layer Cr atom. Solid (dashed) lines indi-
cate gain (loss) of electron density. The contours are drawn
at densities An = £0.005 x 2F ¢/A® for k =0,1,2,3,4, 5.

A. Adsorption geometry and energetics

To determine the optimum adsorption structure for
methanol and methoxy on a-Cr03(0001) we perform a
series of structure optimizations with the adsorbate ini-
tially placed with its O-atom on top of one of the five
different high-symmetry sites on exposed atoms of the
surface. We also consider various starting orientations
of the molecules with respect to the surface. During
the optimizations, no motional constraints are placed on
the atoms of the adsorbates or the slab, with the excep-
tion of the bottom Cr—O3—Cr layer which is kept fixed in
the bulk-truncated geometry. The molecules are there-
fore allowed to move freely on the surface and to change
their orientation to locate the minimum energy struc-
ture. From this set of calculations, we find that all can-
didate structures optimize to only one adsorption struc-
ture for methanol (site “O-hollow” in Figure 2) and one
for methoxy (site “Cr-ontop” in Figure 2), independent of
the starting site and initial orientation. These adsorption
optimum structures are shown schematically in figures 3
and 4, and table III summarizes the adsorption energies
and geometric data.

Convergence tests. We explore the influence of the
number of slab layers on the results by using slabs of
three, four and five Cr-O3-Cr layers, where in each case
the bottom layer is kept fixed in the bulk-truncated ge-
ometry. The results for the three- and four-layer slab,
summarized in table III, show only small differences in
the adsorption geometry from a three to a four-layer slab,
and the difference in adsorption energy is 0.02-0.04 eV.
The adsorption energy using a five-layer slab differs by
less than 0.01 eV compared to the four-layer slab, and the
changes in adsorption geometry are negligible. The four-
layer slab is therefore sufficient to describe the adsorption
of methanol and methoxy, and even the three-layer slab
gives adequate results.

To investigate the influence of coverage we do addi-
tional calculations with one adsorbate per (2 x 2) sur-
face unit cell, i.e., at coverage © = 1/4 ML. For these
calculations we used a three-layer slab and a 2 x 2 x 1
Monkhorst-Pack mesh. As can be seen from table III,



there are only small or no changes in the adsorption en-
ergies and geometries at coverage © = 1/4 ML compared
to coverage © = 1 ML.

To test whether the use of a fixed bottom layer in-
fluences the adsorption energies and geometries we also
carry out a test where all atoms of the slab and adsor-
bate are allowed to relax. We find no significant changes
to the adsorption geometry, and a change in adsorption
energy of less than 0.01 eV, thus validating our use of a
slab with fixed bottom layer.

We investigate the influence of k-point sampling and
plane-wave cut-off energy, and find the 4 x 4 x 1
Monkhorst-Pack mesh and plane-wave cut-off of 400 eV
sufficient: Using a 6 x 6 x 1 Monkhorst-Pack mesh or 450
eV cut-off yields essentially the same adsorption energies
(differing by less than 0.01 V) and geometries.

Finally, a test of the vacuum gap size gives converged
adsorption energies for a gap equivalent to three slab lay-
ers, or 6.9 A; however, for the structure optimizations a
more cautious size of ~15 A is used.

Here below we give a more detailed description of the
calculated optimum adsorption structures for methanol
and methoxy.

Methanol. We find that methanol adsorbs with the O
atom situated in the site termed “O-hollow” in figure 2,
independently of our initial positioning of the molecule
before structural relaxations. This adsorption site is in
contrast to our previous results® for methanol adsorp-
tion on a-Als03(0001), where the methanol O atom ad-
sorbed nearly on top of an Al-atom. In fact, we find that
a methanol molecule placed on top of a Cr atom in chro-
mia is strongly repelled by the surface. Comparing also
the adsorption energies E,q45 (Table III) we find that the
0.80-0.82 eV adsorption energy on a-Crs03(0001), al-
most unchanged with coverage, is smaller by 0.2-0.4 eV
than what we find for adsorption on alumina, on which
there is a stronger coverage-dependence.

The methanol molecule on chromia is oriented with the
methyl (CHj3) group pointing out from the surface, while
the hydroxyl group (OH) points towards a surface layer O
(Fig. 3). The C-O axis is tilted away (by the angle ¢co)
from the surface normal, slightly less than on alumina,
and the molecular dipole plane (the COH plane) is tilted
by ¢cou = 54° with respect to the surface plane. In con-
trast to adsorption on alumina with larger changes to the
surface upon adsorption, the only significant change to
the substrate geometry for chromia is that the surface Cr
atom is pulled outward by 0.2 A. In alumina this change
in position is coverage-dependent, from 0.2 A at 1 ML to
0.3 A at 1/4 ML. As argued in Ref. 6 the coverage depen-
dence in alumina originates mostly from deformations in
the surface and less on the direct methanol-methanol in-
teraction, and since the surface deforms less in chromia
it is to be expected that having relatively close methanol
molecules, as in coverage 1 ML, does not change the ad-
sorption energetics or structure in chromia relative to a
more sparse coverage (1/4 ML).

JFrom an atomic structure point of view the meth-

FIG. 4: (a) Schematic side view of the optimum adsorption
structure for methoxy on Crz03(0001). (b) Contour plot of
the electron density difference in a cross section containing one
Cr and the methoxy O and C atoms. Solid (dashed) lines in-
dicate gain (loss) of electron density. The contours are drawn
at densities An = 40.005 x 2% /A3 for k = 0,1,2,3,4,5.

anol adsorbs passively on a-CroQOgz: Like on alumina,
the geometry of the molecule is almost unchanged from
the gas phase molecule, with the exception of an elon-
gation of the O-H bond length ro_g by 0.05-0.07 A.
The nearest-neighbor distance of Cr to methanol-O is
TCr—0,4. = 2.12 A, significantly larger than the longest
Cr-to-O distance in bulk a-CryOs3 of dcroe = 2.02 A
(Table I). Methoxy. While methanol is repelled from the
position with methanol-O on top of Cr, the same site is
energetically preferred for methoxy (Fig. 2). Methoxy
has its CO-axis tilted away from the surface normal by
¢co = 55°. jFrom a separate calculation where the CO-
axis is constrained to be parallel with the surface normal,
we estimate the gain in adsorption energy for the tilted
compared to the non-tilted geometry to be 0.31 eV. The
azimuthal direction of the tilt, on the other hand, is less
important energetically: The energy difference in tilting
the CO-axis towards the surface O atom compared to a
tilt towards an O-bridge site is only 0.02 eV, an indica-
tion that there is no clear azimuthal preference.

The adsorption energies are considerably larger than
what we find for methanol adsorption and gives evidence
of a rather strong substrate-adsorbate interaction. The
calculated Cr-O,qs bond length is rcy—o,,, = 1.77 A,
considerably shorter than the bulk Cr-O bond lengths,
and also slightly less than the nearest-neighbour distance
of 1.79 A between surface layer Cr and O at the clean
surface. The C-O bond of methoxy is elongated from the
calculated gas-phase value rc_o = 1.36 A to 1.42-1.43
A, indicating a weakening of the internal C-O bond due
to an electron redistribution to strengthen the surface-
molecule bond.

B. Electronic structure and bonding

To gain insight into the electronic nature of the bond-
ing of methanol and methoxy to the a-Cry05(0001) sur-



TABLE III: Calculated adsorption energy and selected geometrical data for adsorption of methanol and methoxy on a-

Cr2035(0001). The distance rcr—o

ads

is the distance between the O of the adsorbate and the nearest Cr atom (nearest Al

atom), ru—o, is the shortest distance between H of the molecule hydroxyl group and an O atom at the surface, and h is the
vertical spacing between the Cr top layer and the underlying O plane.

O [ML] Layers Faas[eV] h[A] rcr—o,,. [A] ru-o. [A] ro-u[A] rc_o [A] ZCOH [deg] ¢co [deg]
CH30H Free 0.40 0.98 1.43 109
1/4 3 0.80 0.60 2.12 1.59 1.03 1.44 108 53
1 3 0.80 0.59 2.12 1.52 1.05 1.43 109 52
1 4 0.82 0.61 2.12 1.54 1.05 1.44 109 52
CH30 Free 0.40 1.36
1/4 3 3.25 0.62 1.77 1.42 55
1 3 3.28 0.64 1.77 1.43 55
1 4 3.32 0.66 1.77 1.43 55
CH30H on Free 0.13 0.98 1.43 109
a-Al2O3, 1/4 4 1.23 0.43 1.93 2.03 1.00 1.45 110 57
Ref. 6 1 4 1.03 0.32 2.00 1.77 1.02 1.44 111 57
(a) ] 015 atoms, and for methanol also between the hydroxyl group
H atom and the nearest surface O atom. To estimate the
1 charge transfer between the adsorbates and the surface
0 we summed over the Bader-charges corresponding to the
_ _15__ \/\ 1 = atoms of the molecule. For methanol this calculation
<t Ho015% yields a loss of electron density, corresponding to an in-
L, 30| . . L = crease of positive charge of 0.02 |e| compared to the gas
N L\'/Q phase molecule, for methozy a similar calculation shows
C9 30 I/'\/\/\/\ ' (b) I P gair} f)f electron density corresponding to a reduction of
15D | d positive charge of 0.41 |e|.
- \&Qh In Figure 5 we have plotted the difference charge den-
or ~A 0 sity An(r) integrated in the plane parallel to the [0001]
15 [\/ ] direction, which we denote the z-direction,
" —-03
B30 . L L

4 0 4

o

Distance z[A]

FIG. 5: Profile of the total electron density, nip(z), (thin
curve) and electron density difference, Anip(z), (thick curve)
at © = 1 ML for (a) adsorbed methanol and (b) adsorbed
methoxy. The zero-point of the z-axis is set to the position of
the topmost Cr layer. The positions of the molecule O atoms
are indicated by thin vertical lines.

face, we perform separate calculations of the clean surface
and isolated molecule in their adsorption geometries, and
from these results calculate the valence electron density
difference An(r) defined as

An(r) = ngm(r) — ng(r) — nm(r) (6)

with the densities of the total system (SM), and the
clean surface (S) and isolated molecule (M), the latter
two constrained to stay in the atomic geometry of the
adsorbed system. The density difference shows how the
electrons rearrange upon the adsorption. The results are
presented in figures 3 and 4. The full lines indicate an in-
crease in electron density, and the dashed line a decrease
in electron density. The plots show a small build-up of
electrons in the region between the Cr and molecule O

Anip(z) = /do An(r). (7)

This plot reveals that in both cases only the top layer of
the oxide is affected by the adsorption, whereas the lower
lying layers are unaffected. For methanol the top panel
of Figure 5 shows that there is gain of electrons in the
slab region, whereas for methozy the bottom panel shows
a loss of electrons.

V. DISCUSSION AND CONCLUSIONS

We finally note that our DFT results for the structure
of the methanol adsorption, Fig. 3, is consistent with
expectations of a a simple, electrostatic model analysis.
There one expects the electron-rich O atom to sit close
to an exposed surface cation while the hydrogen atom of
the OH-group points towards a surface anion. This is also
expected from simple chemical (lone pair) bonding argu-
ments. Whereas methanol adsorption on the clean, free-
of-H-atom a-Al;03(0001) is not dissociative our results
for methanol adsorption on a-Cra0O3(0001) indicates that
dissociation may take place in order to instead obtain the
energetically preferred methoxy adsorption.

The adsorption energy and structure on «-
Cry035(0001) does not change with coverage, in contrast



to our previous results for adsorption on a-Al;O3(0001).
Further, the adsorption sites for methanol on the two
surfaces differ. Thus, although both materials are sim-
ilar in atomic structure, the electronic (and magnetic)
structure of the materials differs sufficiently to lead to
different adsorption situations.

In conclusion, we have by first-principles calculations
characterized the a-Cr203(0001) surface and its adsorp-
tion of methanol and methoxy molecules at different cov-
erages. We find strong (3.3 eV) binding of methoxy to the
surface, while the methanol binding is weaker (0.8 eV).
We describe the geometrical structure of the molecules
and surface upon adsorption, and analyse the changes on
the electron density due to adsorption.
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Adsorption of methylamine on a-Al,03(0001) and a-Cr;0O3(0001)
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?Department of Applied Physics, Chalmers University of Technology and Géteborg University, SE—41296 Géteborg, Sweden
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Molecular adsorption of methylamine (CHsNH3) at the a-Al2O3 and a-Cr2Os (0001) surface is
investigated and compared by means of first-principles density functional theory calculations. We
report ab initio results for both the adsorption structure and bonding as documented by analysis of
the adsorption induced changes in the electron density and in the projected density of states. We
find that methylamine bond to exposed surface cations via the N lone-pair.

PACS numbers:
I. INTRODUCTION

Organic compounds containing amino groups have im-
portant applications in adhesives, surface coatings, cor-
rosion inhibitors, and catalysis.! Understanding the ad-
sorption of these organic compounds on oxide surfaces
represents an important problem for such technological
applications.

Aluminium alloy surfaces are often subject to a sur-
face pre-treatment prior to structural bonding or paint-
ing, with the aim of improving the adhesive properties
and corrosion resistance of the substrate.? Common pre-
treatments are anodizing and chromium chromate con-
version coating (CCC). Essentially, anodizing is an elec-
trochemical process which produces a thick aluminium
oxide film with greatly improved adhesive properties and
corrosion protection compared to the naturally occurring
thin aluminium oxide film. Anodizing is extensively used
by the aerospace industry to prepare the aluminium sur-
face for painting and structural bonding.? The result of
the CCC is the capping of the aluminium oxide by a
chromium oxide surface layer (film). These coatings pro-
vide excellent corrosion protection and adhesive proper-
ties, however the presence of hexavalent chromium in the
coating solution is a major health and environmental con-
cern, and has led to an active search for chromium-free
alternatives.

A key property that a surface pre-treatment should
provide is good adhesion to organic coatings and adhe-
sives. However, the nature of the interfacial bonds in-
volved in such systems are not well known. Amine cured
epoxy polymers are widely used as adhesives and coat-
ings. The complexity of these systems are such that a de-
tailed, molecular level understanding of the interactions
taking place between the polymer and the substrate is
difficult to obtain. One strategy is to focus directly on
the functional groups of the polymer, and use small ana-
logue molecules containing one of these chemically inter-
esting groups to directly investigate the interaction of the
functional group with the surface.

Methylamine (CH3NH;) represents a prototype of or-
ganics containing an amino group, and is a natural test
case for the study of amino adsorption on metal oxide

surfaces.

Here we compare the adsorption of methylamine on a-
Al,03 (0001) and a-CraO3 (0001) as investigated using
density functional theory (DFT) calculations. We deter-
mine the structural relaxation and resulting geometries
and report the adsorption energies as well as adsorption-
induced differences in the electron density for the alumina
and chromium surfaces. By further calculating and com-
paring the projected density of states we characterize the
differences in the nature of the methylamine bonding on
the two surfaces.

II. COMPUTATIONAL DETAILS

The calculations presented here are performed within
the DFT approach using ultrasoft pseudopotentials” and
a plane-wave basis set.® The exchange and correla-
tion contributions to the total energy are approximated
within the generalised gradient approximation (GGA),
using the PW91 parametrisation.?

For the isolated methylamine we use a fcc unit cell with
lattice constant of 12 A, sampling the Brillouin zone only
at the I'-point.

To investigate the methylamine adsorption we use slab
models with periodic boundary conditions to describe
the (0001) surfaces of a-Al;03 and a-Cra03 corundum
structures. FEach slab consists of four M-O9-M layers
(M=AI,Cr), the periodic repetition of slabs are separated
by ~ 15 A of vacuum. We investigate the adsorption by
placing molecules on one side of the slab only and we
apply a dipole layer the unit cell to exclude electrostatic
effects. In both corundum studies we use the Hellmann-
Feynman forces to follow the atomic relaxation from a
large number of initial molecular arrangement and thus
determine the optimal adsorption configuration.

Our investigations of the adsorption on the a-Cry0O3
(a-Al2O3) surface are performed using spin-polarized
(spin-balanced) calculations. In both cases, the Brillouin
zone is sampled using a 4 x 4 x 1 Monkhorst-Pack mesh,
and we use a 400 eV energy cut-off for the plane-wave ex-
pansion. We have in a pair of previous investigations*°
documented that these choice produce an accurate de-
scription of the both the bulk structure and pronounced



FIG. 1: Schematic side and top view of methylamine adsorbed
at the (a) a-Ala03(0001) surface and (b) a-Cr203(0001) sur-
face. The surface metal (O) atoms are represented by medium
(dark) grey balls.

atomic relaxations on the clean a-Al203(0001) and a-
Cr203(0001) surfaces.*® We also stress that the descrip-
tion accurately reproduces the antiferromagnetic distri-
bution of atomic moments in bulk a-Cry03.> We argue
that the description therefore allows a detailed investiga-
tion and comparison of the nature of molecular bonding
on the two corundum surfaces.

Adsorption of methylamine on a-Al;Og is considered
both at coverage © = 1/4 monolayer (ML) and at cover-
age ©® = 1 ML in geometrical arrangements indicated in
Fig. 1(a). In this definition of coverage, © = 1 ML corre-
sponds to one adsorbed molecule per surface layer metal
atom (that is, ~ 5 A separation between the adsorbed
methylamine molecules). Adsorption of methylamine on
a-Cr03 is considered at coverage © = 1 ML. The spin-
polarized nature make investigations of the ©® = 1/4 ML
a-Cro0O3 adsorption intractable.

III. RESULTS AND DISCUSSION
A. The methylamine molecule

Table I summarizes our DFT result for the isolated
methylamine molecule. This equilibrium structure agrees
well with the experimental data. The DFT results accu-
rately reproduces the internal bond lengths and charac-
teristic angles.

Figure 2 reports our corresponding DFT result for
the highest-occupied molecular orbital (HOMO) of the
methylamine molecule. The plot illustrates the molecu-
lar structure, identifying the relaxed positions of the H
atoms by the set of small balls, and those of N/C atoms
by the topmost/lowest of the large balls. The plot also
reports an isosurface plot of the HOMO wavefunction
that identifies the likely adsorption mechanism and pos-
sible adsorption geometries. We find that the HOMO

TABLE I: Comparison of the calculated and experimental ge-
ometry for the isolated methylamine molecule. Methylamine
has a Cs point group symmetry, possessing a mirror plane
along the C-N bond that bisects the H-N-H plane. In the
equilibrium, staggered, conformation one methyl group hy-
drogen atom lie in the mirror plane at a distance dcnip from
the C atom, while the other two hydrogen atoms are out-of-
plane at a distance of dcup from the C. All distances are in
A and angles in degrees.

This work Expt.¢
dNu 1.02 1.031
doN 1.46 1.472
dcHip 1.11 1.112
dcHop 1.10 1.112
/(CNH) 112 111.5
/(HNH) 107 106.0
£ (HCH) 107 108.4

2Reference 13

FIG. 2: The highest occupied molecular orbital of methy-
lamine. The orbital is nonbonding with a predominant 2p
character located at the N atom.

of the methylamine molecule is a nonbonding lone-pair
orbital dominated by the 2p character of the nitrogen
atom. The common view in chemical bonding theory is
that the bonding at oxide surfaces results from a dona-
tion of methylamine lone-pair electron density to a par-
tially empty cation orbital. This observation is used to
limit our search for possible adsorption geometries below:
we focus our search to cases where the initial molecular
arrangement has the nitrogen atom and its potentially
reactive lone-pair orbital closest to the pair of corundum
surfaces.

B. Adsorption geometries and energetics

Table IT and Fig. 1 summarize the main structural and
energetic results of the present study. We comment on
each of the adsorbate systems separately.



TABLE II: Calculated adsorption energy and selected geometrical data for adsorption of methylamine on the (0001) surfaces of
a-Al2O3 and a-CraO3 surface. The distance dyn is the nearest-neighbour separation between the N of CH3NH2 and a surface
metal atom, duo is the shortest distance between a H atom of the amine group and a surface layer O atom. hmo is the layer
spacing between the metal atom to which the methylamine is bonded and the underlying O plane, with numbers in parenthesis
giving the differences compared to the clean surface. ® is the tilt angle of the C-O bond with respect to the surface normal.

O [ML] E.das [eV]  hwmo [A]

dun [A] den[A] duolA] dmi[A] dame[A] 2 CNH1 [°] 2 CNH2 [°] @ []

a-Al;03(0001)

1/4 1.65  0.43(+0.32) 1.98 148
1 1.16  0.32(+0.21) 2.05  1.46

Oé-CI"QOg(OOOl)
1 0.80 0.56(4+0.17)  2.17 1.46

2.99 1.03 1.03 111 111 60
2.11 1.02 1.05 113 112 49
1.79 1.03 1.05 112 112 52

1. Methylamine adsorption on a-AlzO3(0001)

Fig. 1(a) shows the geometrical structure in the cal-
culated optimal configuration for methylamine adsorp-
tion on a-Al;03(0001) at 1 ML coverage. The medium
(dark) grey balls identify final, relaxed positions of Al
(O) atoms. This optimal adsorption structure is deter-
mined by following the atomic relaxation from a num-
ber of possible initial configurations of the molecule ap-
proaching the surface. In addition to using a variety of
initial molecular configurations, we consider adsorption
at different high-symmetry sites at the a-Al,03(0001)
surface. During the structure optimization we place no
constraints on the motion of the molecule, so it is free to
move laterally on (as well as perpendicularly to) the sur-
face, and to reorient itself to locate the minimum energy
adsorption structure.

Table II summarizes the optimal adsorption geometries
that we calculate for both 1ML and 1/4 ML coverage. We
find that methylamine adsorbs with its N atom slightly
displaced laterally from the Al on-top site by 0.36 A in
the case of 1 ML coverage and 0.15 A in the case of 1/4
ML. The Al atom coordinated to methylamine experi-
ences a very strong outwards relaxation, as it is originally
located below the outermost oxide layer.

We also determine the barrier for azimuthal rotation
as less than 0.05 eV in the case of 1 ML coverage of
methylamine adsorption on a-Al;Os. The smallness of
this barrier is in contrast to the large adsorption energies
that we find for the adsorption produced by the formation
of a direct N-Al bond.

We note the adsorption of methylamine (Table II)
shows no qualitative dependence on the coverage. Elas-
tic deformations'%1® and deformation energies play a sig-
nificant but indirect role in determining the adsorption
energy. However, it is clear that the coverage has almost
no impact on the intra-molecular arrangement. Instead
the differences in the adsorption energies result from the
elastic coupling mediated through the oxide surface, low-
ering of the adsorption energy with coverage (from 1.65
to 1.16 eV). The mechanism is similar to what we have
previously discussed in a study of methanol adsorption.*

To test the observation directly, we also calculate the
dependence of the adsorption energies with coverage on

a pair of frozen surfaces. This study allows us, in part, to
separate out the effects of electronic coupling which we
find has a much smaller coverage dependence. Specif-
ically, we find for the frozen-surface calculations that
the adsorption energies only reduce from 1.11 eV at 1/4
ML to 0.94 eV at 1 ML coverage. The observation that
the nature of bonding exhibits no dependence on cover-
age is confirmed by the analysis, below, in terms of the
adsorption-induced changes to the electron density.

2. Methylamine adsorption on a-Crz O3 (0001)

Fig. 1(b) shows the final relaxed adsorption structure
for the chromia surface. Again, the medium (dark) grey
balls represent the metal (oxygen) atoms. We find that
the methylamine on a-Crz03(0001) binds to a chromium
atom but now with a different preferred lateral positions
for the N atom. Rather than adsorbing on top of Cr,
the molecule adsorbs with the N atom in a three-fold
hollow oxygen site (Fig.(b)). A corresponding adsorption
geometry on chromia has been documented for CO,'6
H50,'" and methanol.4

Table IT summarizes this optimal adsorption structure
for methylamine on a-CryO3 and allows a comparison
with the above-presented results for a-AlyO3. Similar to
what we found for the a-Al;03(0001) surface, the ad-
sorption induces an outward relaxation of the Cr atom
bound to the methylamine N. However, the relaxation is
smaller as the Cr atom here originates from a position
outside the oxygen atoms. We find that the adsorption
energy is weaker than in the aluminium oxide case, and
is of the same size as the adsorption energy found in an
earlier investigation® for methanol adsorbed at this sur-
face.

C. General discussion and nature of the
methylamine bonding

To gain insight into the nature of the surface-molecular
bond we compare the adsorption mechanisms at the a-
Al,03(0001) and a-Cre03(0001) surfaces. In this study
we exploit the power of DFT to not only characterize



the spatial variation of the bonding orbitals (Fig. 2) but
also calculate the adsorption-induced differences in the
electron density and in the orbital-projected density of
states.

1. Methylamine adsorption on a-Alz O3 (0001)

Fig. 3 reports our DFT results for the adsorption-
induced differences in the electron density in the case
of methylamine bonding on the a-Alo03(0001) surface.
We simply subtract the electron densities for the isolated
molecule and surface from the electron density that we
calculate for the adsorbed system. The left panel reports
the isosurface variation in the electron-density difference
with areas of light (dark) shading indicating an electron
gain (loss). The prominent feature of this figure is the
increased density in the bonding region between N and
Al. The loss of electron density appears to be largely
from the N atom.

The middle and right panels of Fig. 3 show contour
plots of the electron density difference in a plane con-
taining the methylamine C and N atoms and a surface
Al at coverages 1 ML and 1/4 ML respectively. The
shape of the electron density difference is very similar for
these two coverages, suggesting that the bonding nature
is similar. By comparing the contour plots in the mid-
dle and leftmost panels we conclude that the adsorption
mechanism is only weakly dependent on the methylamine
coverage. Some minor quantitative differences appears in
the C-O bond region, however, it is evident in our com-
parison that the nature of bonding remains unchanged.

Important insight into the chemical bond formation
can be extracted from such maps of the adsorption-
induced differences in the electron density.'® An electron
build-up between two atoms, as seen between the N and
Al atom (Fig. 3), is a strong indication of a bond forma-
tion with a covalent character.

As mentioned above, the HOMO of methylamine is
a nonbonding (lone-pair) orbital of predominantly N 2p
character (Fig. 2). The expectations from simple chem-
ical bonding arguments is that bonding of the methy-
lamine to an oxide surface is of a donor-acceptor charac-
ter where the methylamine N lone-pair electron density
‘donates’ electron density to a (partially) empty cation
orbital.1%29 This leads to a stabilization where, within a
simplified one-electron picture, the (filled) lone-pair or-
bital moves down in energy, while the empty cation or-
bital acquires some anti-bonding character and is raised
in energy.?? A donor-acceptor interaction does not nec-
essarily involve a charge transfer.

A comparison of Fig. 2 and Fig. 3 suggests that
the lone-pair orbital of methylamine is involved in the
methylamine-surface bonding. The density of states
shown in Fig. 4, confirms this expectation. The upper
panel displays the density of states projected onto the
N 2p state. A comparison of the peaks corresponding
to the free (dashed line) and adsorbed molecule shows

a general downshift in energy of the N 2p states due to
the adsorption. There is an additional downshift (stabi-
lization) of the N 2p state corresponding to the HOMO
relative to the lower energy orbitals by ~ 2 eV, and also
some broadening, indicating that mainly the the lone-
pair orbital is involved in the bonding of methylamine to
the a-Al;05(0001) surface.

The middle and bottom panels of Fig. 4 display the
DOS projected onto the 3p, and 3pyy, of the Al atom
bound to the methylamine N. The z-axis is chosen to
be parallel with the surface normal. As is evident from
these plots, the Al 3pyy state is affected very little by the
adsorption, however the Al 3p, state shows some small
but important changes: The empty Al 3p, band move up
in energy, and a peak appears in the valence band at the
same energy as the HOMO N 2p state. As mentioned
above, the up-shift in energy of the empty cation states
is expected from a donor-acceptor interaction. Further-
more, the changes to the valence band indicates some
mixing of N 2p and Al 3p, states.

Summarizing, our DFT calculations confirm the ex-
pectations from chemical bonding theory of a a donor-
acceptor interaction between the methylamine N lone-
pair and an exposed surface (Al) cation.

2. Methylamine adsorption on a-Crz O3 (0001)

Fig. 5 shows our DFT results for the adsorption-
induced changes in the electron density for the chromia
surface. The most striking difference compared to ad-
sorption on alumina is the more pronounced involvement
of the cation (d-)states in the methylamine-chromia in-
teractions.

The middle panel of Fig. 5 displays a contour plot of
a cut in the electron density difference passing through
the methylamine N and C atoms, and a surface Cr atom.
The contour reveals an accumulation of electron density
between the N and Cr atom as would also be expected
for a covalent bonding of methylamine to the nearest-
neighbour Cr atom via the N lone-pair. In the rightmost
panel, the methylamine N and one of the amine-group H
atoms, and surface Cr and O atoms are intersected by the
cut. A prominent feature in this contour plot is the loss
of electron density around the H atom, and an increased
electron density between the H atom and a surface O
atom, indicating some H-O interaction in addition to the
N-Cr interaction.

Fig. 6 displays the DOS projected onto the N 2p (upper
panel), and Cr 3d states (middle and lower panel), where
we in the middle panel show DOS projected onto the ‘eg’
orbitals (we have summed over the dyy,dx,, and dy,) and
in the lower panel the ‘ta,’ orbitals (sum over d,» and
dy2_y2) where the z-axis is chosen to be parallel with the
surface normal. The adsorption-induced changes to the
N 2p state is somewhat similar to that of the alumina
case. Specifically, a similar stabilization of the HOMO
level arises with the adsorption but here, in the chromia



FIG. 3: Isosurface and contour variation in the adsorption-induced electron-density change for methylamine bonding on a-
Al;03(0001). Leftmost panel shows the isosurface variation with light (dark) regions identifying a gain (loss) of electron
density. The middle and rightmost panels shows contour plots of the electron density difference at 1 ML and 1/4 ML coverage,
respectively. The contour plots are obtained in a plane through the C and N atom of methylamine and a surface layer Al atom.
Solid (dashed) lines indicate gain (loss) of electron density. The contours are drawn at densities An = 0.005 x 2% e/A® for

k=0,1,2,3,4,5.
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FIG. 4: Density of states projected onto the p orbitals of
N and surface layer Al for separated (noninteracting, ~ 4 A
above the surface) methylamine and a-AlyO3(0001) compared
to the adsorbate

case, the effect is somewhat more pronounced (~2.4 eV
as opposed to 2 eV on alumina). The broadening is also
larger here, reflecting the larger ability (Fig. 5) to hy-
bridize with the states in the chromia surface layer. The
‘tog -like states (Fig. 6, bottom panel) only show a small
perturbation as result of the adsorption. The ‘e ’-like or-
bitals, however, show some shift towards higher energy,
that can be interpreted as due to a donor-acceptor inter-
action with the methylamine N ‘lone-pair.’

Comparing the adsorption-induced changes in electron
density for the chromia and alumina adsorption systems

we identify some differences which directly reflect the
more pronounced covalent character of the bonding on
chromia. Unlike in the alumina case, the charge build
up at the N-metal bond is compensated with finite intra-
surface charge transfers also in the chromia surface layer.
This difference emphasize that the methylamine adsorp-
tion on chromia cannot be viewed strictly within a simple
electrostatic bonding model involving a coupling of the
N atom to an exposed cation.

IV. CONCLUSIONS

We find that the methylamine adsorbs strongly to both
the a-Aly03(0001) and the a-Cra03(0001) by the amino
group and onto an exposed surface layer cation atom.
We also find that adsorption induce strong relaxation of
the surface structure and is associated by large elastic
deformations and deformations energies. We have anal-
ysed and compared the nature of bonding by studying
the adsorption-induced changes in both the electron den-
sity and in the projected density of states. Our analysis
confirms expectations from chemical bonding theory of
a donor-acceptor interaction involving a lone-pair on the
methylamine N atom and an exposed surface cation.
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FIG. 5: Isosurface and contour variation in the adsorption-induced electron-density change for methylamine adsorption on
a-Crz203(0001). The leftmost panel shows the isosurface variation while the middle (rightmost) panel shows contour plots in
the plane containing the bonding chromium atom and the molecule C and N (molecule N and the amine-group H) atoms.
Solid (dashed) lines indicate gain (loss) of electron density. The contours are drawn at densities An = 0.005 x 2% e/A® for
k=0,1,2,3,4,5.
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First-principles calculations of phenol adsorbed on two different surfaces, alumina, a-Al2O3(0001),
and graphite(0001), modeled by a single graphene sheet, are performed with traditional density
functional theory (DFT) and with a recently presented density functional (vdW-DF) that in addition
to the traditional version of DFT incorporates the dispersive van der Waals (vdW) interactions [Phys.
Rev. Lett. 92, 246401 (2004)]. The vdW-DF is of decisive importance for describing the vdW bond
of the phenol-graphite system and gives a secondary but not negligible vdW contribution on the
alumina surface. We find a predominantly covalent bond at the alumina surface where adsorption
within traditional DFT results in a binding separation (distance between surface Al and the O of
the inclining phenol molecule) of 1.95 A and a binding energy of 1.00 eV, evaluated within the
generalized gradient approximation (GGA) of DFT, i.e. from covalency, with the energy increasing
to around 1.2 eV when the contribution from vdW interactions is also accounted for. On graphite,
with its pure vdW bond, the adsorption distance (separation between parallel surface and phenol
molecule) is found to be 3.47 A and the adsorption strength 0.56 eV. Comparison of the results for
alumina and graphite mutually and with published results for nickel reveals significant differences

in the adsorption of this model biomolecule.

I. INTRODUCTION

Phenol (CgHsOH), a small but important organic
molecule, consists of a benzene ring, where one hydro-
gen atom is substituted by an OH group. In the amino
acid tyrosine phenol is a side group, which makes it rel-
evant for protein folding and protein adsorption [1]. It
also appears as end or side groups in a number of poly-
mers and therefore likewise plays an active role in the
polymer adhesion processes, for instance, for paint adhe-
sion on surfaces. Further, phenol is a frequent and toxic
by-product in industrial processes and thus interesting
from an environmental perspective.

Atomic-scale studies of phenol adsorption are rare, in
particular modern first-principles theory studies on dif-
ferent kinds of substrates. Earlier studies include mainly
phenol adsorption on nickel in connection with polymer
adhesion studies [2]. We here present first-principles den-
sity functional theory (DFT) calculations of phenol ad-
sorption on alumina (a-AlyO3(0001)) and graphite, rep-
resentatives of both important classes of materials, ionic
and dielectric, and surfaces, hydrophilic and hydropho-
bic, respectively. They are anticipated to have differ-
ent adsorption mechanisms with significantly different
strengths, as confirmed by our calculated results, adsorp-
tion energies found being roughly 1.2 and 0.56 eV on
alumina and graphite, respectively, as compared to the
value 0.9 eV found in the recent study of phenol on the
metallic Ni(111) surface [2]. Behind these three numbers,
there are three quite different adsorption mechanisms,
whose natures are revealed below by in-depth studies of
the adsorbate-induced electronic structures.

For calculations of electronic structure, bonding, struc-
ture, and elasticity, DFT has proved to be a powerful
tool. However, the traditional implementations lack the
ability to describe dispersive interactions, which are im-

portant for, e.g., vdW complexes and phenol-graphite
binding. Hence, the standard DFT in the generalized
gradient approximation (GGA) is here supplemented by
a new density functional (vdW-DF) that incorporates the
dispersive vdW interactions into DFT [3].

Phenol adsorption on graphite has earlier been studied
by Monte Carlo computer simulations [4]. Interactions
between adsorbate and adsorbent and mutually between
adsorbates are there described by parameter-dependent
effective potentials, aimed at accounting for dispersive
and electrostatic forces [4]. Thus a configuration with
the molecule lying flat a distance 3.44 A from the surface
and with a binding energy of around 0.5 €V is found.
The three phenol orientations considered in Ref. 4 differ
in adsorption-energy values by less than the error caused
by the use of empirical atomic effective parameters, as
estimated by us. In our study we find values for the ad-
sorption energy and the binding distance similar to those
in Ref. 4, however, by using a first-principles method,
with only the atomic numbers as input.

The application of the vdW-DF method to the phenol
system is very much encouraged by the recently found
excellent agreement between theory and experiment for
benzene on graphite (calculated adsorption energy be-
ing 0.5 eV) [5]. The mere substitution of an H atom
in the benzene molecule by an OH group gives phenol
an electronic structure similar to that of benzene. Suc-
cessful applications of vdW-DF to interaction energies of
monosubstituted dimers, including phenol [6], are also
encouraging in this respect.

The rest of the paper is organized as follows: First
we describe the details of the density functional calcu-
lations for the alumina and graphite adsorption studies.
The description of how we include the vdW interaction is
deferred to a later section. Then comes a short descrip-
tion of the phenol molecule in the gas phase, a section on



adsorption on alumina, and then on graphite, the later
including a short description of the the actual implemen-
tation of the vdW-DF'. Finally, a discussion of our results
is provided.

II. METHOD

All calculations presented here are based on the plane-
wave-based implementation DACAPO [7] of DFT. To ac-
count for exchange and correlation, three different func-
tionals are used: (i) the standard GGA in the PW91 fla-
vor [7, 8], (ii) the GGA in the revPBE flavor [7, 9], and
(iii) the vdW-DF [3]. GGA has well proved its abilities
to describe short-range interactions in strongly bonded
systems, where vdW forces usually can be ignored (such
as the isolated gas-phase phenol molecule, the alumina
surface, and the graphene sheet) it is used for the deter-
mination of the atomic structure and energy of each of
these objects isolated, the differences between PW91 and
revPBE here being negligible. For adsorption on graphite
the GGA’s have, indeed, to be extended by explicit calcu-
lation of the vdW interactions, here done in vdW-DF [3].
The ubiquitous vdW forces should contribute also to the
adsorption of phenol on alumina, and we perform also a
vdW-DF calculations on this system to assess its magni-
tude, in particular in relation to other contributions.

The structure, lattice parameters, and energetics for
the clean alumina and graphite surfaces have previously
been determined with the same code and choice of pseu-
dopotentials, with results consistent with other modern
theoretical and experimental results [10-12].

Alumina is here represented by the Al-terminated a-
Al;03(0001) surface. a-alumina is the stable phase, and
a-Al;03(0001) the most stable surface, so most other
alumina surfaces are more reactive. The bulk unit cell is
rhombohedral with lattice parameters ag = 5.173 A and
a = 55.28° and with internal Wyckoff positions [13] of
Al respectively O within the unit cell w = 0.3523 and
u = 0.5561. For the surface we use a periodic unit cell
consisting of (2 x 2) hexagonal surface unit cells, with
one phenol molecule adsorbed per (2 x 2) surface unit
cell, thus corresponding to a coverage of a quarter of a
monolayer.

This leads to a nearest-neighbor separation of 9.60 A
for the adsorbed molecule with its periodic images. The
slab modeling the surface consists of 4 layers of Al-Ogs-
Al, with the atomic positions of the bottom O3 and Al
layer kept fixed in the bulk structure and the remaining
layers relaxed using the PW91 [8] GGA and the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm [14]. We
use 15 A of vacuum perpendicular to the slab surface
between the periodically repeated images of the slab. To
describe the Brillouin zone in the (2 x 2) surface cell
used in the adsorption studies we use a 2 x 2 X 1 mesh of
Monkhorst-Pack [15] special k-points and the planewave
cutoff energy 450 eV. Other computational details are
similar to our previous methanol-on-alumina study and

are described in Ref. 11.

The graphite surface is modeled by one sheet of
graphene. When calculating the interaction of phenol
with graphite, we should add also the interaction energy
of the second and lower graphene sheets, below the top
layer. However, already the change in the interaction
when including the second layer is found small (=~ 4%),
so these extra contributions will be ignored here. In or-
der to accommodate the long-range vdW interactions in
a post-processing of the nonlocal-correlation energy [3],
we use a rather long (in the direction perpendicular to
the sheet) unit cell of size 26 A. The unit cell used for
the calculations for phenol on graphene is hexagonal with
a b x b surface cell, corresponding to a cell side length
of 12.32 A, which equals the nearest-neighbor separation
for the adsorbed molecule with its periodic images. For
the graphite calculation we also use a 2 x 2 x 1 mesh of
Monkhorst-Pack [15] special k-points, and the planewave
cutoff energy 450 eV.

III. GAS PHASE PHENOL

According to our calculations, the isolated phenol
molecule (in the “gas phase”) is flat, with values for the
intramolecular bond lengths given in Table I. This is con-
sistent with earlier experimental and theoretical reports,
although some experiments [17] report a small deviation
(2-3°) of the OH-bond direction from the plane of the
carbon ring.

The two GGA versions revPBE and PW91 give rather
similar geometrical structures, as shown in Table I.
All C-C bond lengths in phenol are slightly smaller
than those of graphene (1.4226 A, when calculated in
revPBE), and similar to those of benzene.

IV. PHENOL ON ALUMINA

In this section we report on the adsorption of phenol
on alumina within the GGA formalism. In Section VI we
discuss how this adsorption is affected by the presence
also of vdW interactions between the phenol molecule
and the surface.

The Al-terminated a-Al;03(0001) surface has the lay-
ered structure Al-O3—-Al-Al-O3—Al-... and the unit cell
exposes one layer of O-atoms and three layers of Al-
atoms, of which one is the Al-termination, as shown in
the top panel of Fig. 1.

Adsorption of phenol raises several geometric issues.
For a molecule oriented with its plane flat on the surface,
symmetry considerations lead to approximately 30 dif-
ferent possible positions and directions of phenol on the
surface, counting structures with the phenol ring on top
of a surface ring (like structure (iv) in Fig. 1) and struc-
tures with the phenol ring on top of one of the exposed
surface atoms (like structures (i) and (iii)). However,



TABLE I: Geometric structure of phenol (C¢HsOH), expressed in bond lengths and C-O-H angle. The bond length dgaes®
(dE%,) is the average values of the two (four) C-C bonds nearest to (away from) the OH-group, and dcc averages all six C-
C-bonds. For comparison, we also include the gas phase benzene bond lengths, calculated using the same settings as in the
present (revPBE) phenol gas phase study. The bond lengths for phenol adsorbed on alumina are listed below, while for phenol
on graphite we assume the gas-phase bond lengths are retained upon adsorption.

e [A] dé¢ [A] dec [A] dew [A] deo [A] dow [A] ZCOH [°]

Gas phase phenol

This study, revPBE 1.399 1.395 1.396 1.091 1.374  0.980 109.3
This study, PW91 1.397 1.393 1.394 1.091 1.372 0.980 109.3
Gaussian, AM1 Ref. 4 1.404 1.394 1.397 1.099 1.377 0.968 107.9
B3LYP/6-311+G(3df,2p) Ref. 16 1.3926 1.3898 1.3907 1.0822 1.3664 0.9618 109.895
CCD/6-31G* Ref. 16 1.3959 1.3949 1.3952 1.0886 1.3746 0.9705 108.760
Exp. Ref. 17 1.3912 1.3944 1.3933 1.0828 1.3745 0.9574 108.7
Phenol on Al2Os3

This study, “tilted” (i) PW91 1.387 1.393 1.392 1.091 1.405 0.988 112.9
This study, (i) PW91 1.386 1.398 1.392 1.090 1.424 0.986 109.4
This study, (iii) PW91 1.387 1.390 1.391 1.090 1.409 0.987 110.0
This study, (iv) PW91 1.386 1.390 1.392 1.090 1.416 0.989 110.9
Gas phase benzene

This study, revPBE - - 1.396 1.091 - - -

TABLE II: Adsorption energies and separations for phenol on
graphite (a single graphene sheet) and a-Al203(0001). Re-
sults of different methods are shown. The naming of the
structures is given in the caption of Fig. 1.

dads [A] ads. angle [°] Eags [eV]

Phenol on graphite

AB2 (vi) (vdW-DF) 3.47 0 0.56
AB1 (v) (vdW-DF) 3.47 0 0.55
ABI1 (v) (revPBE) 4.77 - 0.01
AB1 (v) (PW91) 4.19 ; 0.06
Phenol on a-Al;03(0001)

(i) (PWO1) 2.00 10.3 0.88
(i) (PW91) 1.95 447 1.00
(i) (PW91) 1.97 21.3 0.91
(iv) (PW91) 1.98 21.5 0.91

our previous study of methanol adsorption on the Al-
terminated a-AlyO3(0001) surface [10, 11] tells us that
it is reasonable to assume that the O atom of phenol is
not positioned on top of the lower-lying Al-atoms or the
alumina O-atom, but rather adsorbs close to the top Al-
atom. Further, if the direction of the OH-group H-atom
is ignored, three relevant possible adsorption structures
parallel to the surface, shown as (i), (iii), and (iv) in
Fig. 1. For non-parallel (tilted) orientations, only one
adsorption structure, (ii) in Fig. 1, is relevant, given that
the barriers for rotation around the phenol-O-surface-Al
bond are low and possible to overcome in the structural
BFGS-relaxations.

For each of these four initial structures ((i) — (iv) in

Fig. 1) the local energy minimum regarding the atomic
positions is found by optimizing the atomic positions ac-
cording to the Hellmann-Feynman forces from the elec-
tronic charge density. Upon adsorption each of the ini-
tially parallel structures [(i), (iii), and (iv)] are found to
to tilt its aromatic ring slightly, when all atoms are al-
lowed to relax. The final adsorption energies for these
are found to be very similar and around 0.9 eV. Also the
phenol-O to alumina-Al adsorption distances d.qs found
(1.97-2.00 A), and the geometrical structures upon ad-
sorption, listed in Table I, are very similar for the three
“parallel” structures. As expected, the largest change
from the gas phase molecule is associated with the OH
group (which binds to the surface), although the changes
are small.

A larger PW91 binding energy is found for the initially
tilted structure (ii). Upon relaxation, the optimum tilt
angle found is 44.5°. In this case the angle ZCOH of the
adsorbed phenol opens up slightly compared to the gas
phase molecule, but otherwise the (small) changes are
similar to those in the parallel structures. The PW91
adsorption energies and separations of the structures (i)—
(iv) are given in Table II. The optimal adsorption struc-
ture is the “tilted” structure (ii) with adsorption energy
1.00 eV, occurring for dags = 1.95 A, followed in energy
by the “parallel” structures. This may be compared with
the adsorption energy 1.23 eV for methanol on the same
surface [11]. An analysis of the bonding reveals that,
similarly to methanol on alumina [11], the electron den-
sity increases in the region of space between the phenol
O atom and the alumina Al atom compared to the situ-
ation without a bond. However, only the phenol O atom
contributes electrons to the bond, see Fig. 3. Methanol
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FIG. 1: Top and middle panels: Phenol on the Al-terminated
a-Al;03(0001) surface, showing only exposed surface atoms.
Bottom panels: Phenol on a graphene sheet, in AB stacking.
The carbon atoms of graphite are colored black to distinguish
them from the phenol carbon atoms (light gray). The two
structures in the bottom panels differ in the orientation of
the OH group relative to the carbon atoms of the underlying
graphene sheet. The molecule is assumed to remain flat after
adsorption.
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and phenol have lone pair electrons with highest weight
on the O atom (cf. H2O) that interact with the Al atom
in the top layer, thus forming a bond of covalent char-
acter. The result can be seen in the density plots as an
increased electron density between the phenol O atom
and the nearest Al atom (Fig. 3).

Although phenol is thus bound to the alumina surface
by covalent forces, we have also estimated the contribu-
tion to the binding from the vdW interaction. Our vdW-
DF calculation of phenol on alumina, similar to the one
described below for phenol on graphite, indicates a small
but not negligible increase in the adsorption energies of
the structures studied This is discussed in more detail in
section VI.
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FIG. 2: Adsorption energies of phenol on various surfaces:
Alumina (this study), graphite (this study), and Ni(111) (Ref.
18). For alumina and graphite the numbers reflect the dif-
ferent adsorption sites and orientations, as named in Fig. 1.
For Ni only the energy for the most favorable adsorption site
(BridgeA2, with the naming used in Ref. 18) is shown. Solid
circles are PWO1 calculations (except for Ni where the func-
tional used is the Perdew-Burke-Ernzerhof GGA functional
[19]) and open circles are calculations using vdW-DF.

V. PHENOL ON GRAPHITE

Phenol adsorption on graphite is calculated as that of
an inert phenol molecule on a single graphene layer. The
molecule is placed parallel to the surface, so that the
center of its aromatic ring lies above a carbon atom in
the graphite sheet (resembling the AB stacking found in
graphite). This choice is analogous to what applies to
benzene dimers and the related polycyclic aromatic hy-
drocarbon (PAH) dimers, where the slipped-parallel, i.e.
AB, stacking is energetically favored [20]. The assump-
tion that the molecules experience negligible changes in
the intramolecular structure upon adsorption, relative
to the gas phase structure, is based on the weakness of
the dispersive adsorbate-substrate interaction compared
to the intramolecular bonds, and was shown to be true
for benzene in Ref. 21. The potential-energy or binding
curve is found by varying the separation d,qs between
the graphene sheet and the phenol molecule with phenol
kept as a rigid molecule. The phenol bond to a graphene
layer positioned as the second layer of graphite is also
calculated and found small (adding 4% to the binding
energy), and that to further graphite layers is estimated
to be negligible. In this way the adsorption energy for
phenol on graphite can be obtained.

As shown in Fig. 1, there are two different AB posi-
tions for phenol: ABI (Fig.1 (v)), when the OH group
is oriented toward a carbon atom in the graphene sheet;
and AB2 (Fig. 1 (vi)), when it is oriented toward the
center of a ring in the sheet. We find almost identical
results for the two structures (Table II).

As shown in Table II, the GGA’s produce very little
binding for phenol on graphite. From earlier studies [5]
we know that this is the case also for benzene on graphite,
where the small binding predicted by PW91 is in large



FIG. 3: Change in electron charge density after adsorption of
phenol on a-Al;O3(0001). The left (right) panel shows the
isosurface for loss (gain) of 0.05 e/A®. Atom color coding as
in Fig. 1.

contrast to the experimental data. Similar problems with
standard GGA implementations arise whenever the vdW
dispersive forces dominate the actual bond, as inherent
to graphitic systems. These problems have long been
known [22, 23]. Any apparent attraction in GGA at
these separations is a result of inadequate representation
of exchange [21] and correlation in the tails of the electron
distribution. In order to provide a proper description
of the system, we here benefit from the virtues of the
vdW-DF density functional [3] with vdW interactions in
addition to the traditional GGA-DFT. In the vdW-DF,
the nonlocal correlation part of the energy is included by
calculating the total energy in the following manner:

Evaw.pr = Fcaa — Facac+ Frpac + EY, (1)

where the correlation Egga,c is substituted by a local
one, Erpa,, and a nonlocal correlation part Ef:‘l. The
latter contains the correlation effects with a nonlocal de-
pendence on the density and is approximated in the fash-
ion described in Ref. 3, i.e., via the general-geometry
density functional. For reasons described in more detail
elsewhere [3, 24], we use the exchange of the revPBE
flavor, and not that of PW91, as revPBE is the GGA
exchange closest to exact exchange calculations at these
separations.

The nonlocal correlation E* used in Eq. (1) takes the
form of a six-dimensional integral over the density and
is calculated for the phenol molecule interacting with a
large piece of the graphene sheet extending over a range
of radius 14 A (see Ref. 5 for details). Thus, the binding
energy calculated here for phenol on graphite is calcu-
lated in the same fashion as done for benzene and naph-
thalene on graphite in Ref. 5. There a direct comparison
to experimental data is made — thermal desorption mea-
surements give an adsorption-energy value for benzene on
graphite of 500 meV [25], which is very well reproduced
by the vdW-DF result (495 meV). The general geometry
vdW-DF [3] has also been used to treat phenol dimers
successfully [6].

With vdW-DF we find the binding-energy, F.q4s, and
equilibrium-separation, d,qs, values shown in Table II.

These are the energies for adsorption on a graphene sheet;
by evaluating also the binding from the second layer of
graphene in a graphite surface, namely the interaction
at daqs plus the layer separation in graphite, we find the
energy of adsorption on a graphite surface to be approx-
imately 4% larger than the F.qs given in Table II.

The earlier study of phenol on graphene by means of
Monte Carlo simulations and empirical potentials using
atomic effective interaction parameters [4] gave an op-
timum configuration with a molecule lying flat a dis-
tance 3.44 A from the surface and with binding energy of
around 6000K (0.5 eV). The configurations treated there
are of three types: (a) when the center of phenol lies
above a center of a graphene aromatic ring, (b) when
the center of phenol lies above a saddle point between
two graphene carbon atoms, and (¢) when the center of
phenol lies above a graphene carbon atom. While the
third case corresponds to our two structures, Ref. 4 finds
the second one to be energetically most favorable. How-
ever, the difference between the adsorption energies of
the worst and the best configuration in Ref. 4 is negligi-
ble (less than 4 meV).

VI. DISCUSSION AND CONCLUSIONS

While the adsorption of phenol on graphite is clearly
of vdW nature, this is not the case for the adsorption on
alumina. However, it is of interest to establish the size of
the energetic contribution when including the vdW inter-
actions also in the latter case. Here the vdW evaluation is
more difficult for a number of reasons, besides increased
system size. Firstly, we have large electron-density over-
lap between adsorbate and surface. Secondly, the relax-
ation of the surface makes it more difficult to increase the
unit cell size for the vdW calculation by supplementing
with the charge density of a clean surface, as is done here
for phenol on graphite, and for benzene and naphthalene
on graphite in Ref. [5]. Our calculation of the adsorp-
tion energy on alumina including the vdW interactions is
therefore not quite as rigorous as for phenol on graphite
although we used almost the same method. The vdW
contribution on alumina is evaluated for the original unit
cell (contrary to the case for graphite where the cell is
enlarged), and is performed in two steps. In the first
step we use vdW-DF to evaluate the energy difference
between the adsorption structure and the corresponding
“far-apart” system where the atoms have been fixed in
their adsorption positions, but where the phenol molecule
is translated a large distance (5.8 A) away from the sur-
face. In the next step we evaluate within standard PW91
the energy gained by relaxing the atom positions in the
“far-apart” system to phenol in its gas phase geometry
plus a clean surface.

The sum of the total energy changes after the two steps
result in adsorption energies of around 1.1-1.2 eV for all
the structures (i) to (iv), making it less clear which is the
most favorable structure. While the tendency of struc-



ture (i) being the least favorable and (iv) being the next-
to-least favorable is preserved, we find that including the
vdW contribution makes structure (iii) slightly more fa-
vorable than (ii). For the latter structure we find as ex-
pected the smallest vdW contribution, as this structure
has the largest adsorption angle of the four, see Table
II. Comparing structures (iii) and (iv), which have very
similar adsorption angles and distances, we find a larger
vdW contribution for (iii). This may be explained by the
placement of the aromatic ring in phenol, which for (iii)
resembles the more favorable AB stacking. The use of
the “far-apart” system described above was argued for
in Ref. 26 to avoid small spurious energy contributions.
In the present system substituting the “far-apart” system
directly with systems of isolated phenol and alumina in
their respective adsorption geometries yields similar re-
sults.

Together with the Ni(111) results of Refs. 2 and 18
three types of substrates have been studied, with differ-
ent bonds to the phenol molecule. On graphite, phe-
nol adsorbs in a clean vdW bond. On a-Al;03(0001),
the bond is primarily covalent in nature, that is, simi-
lar to the one between methanol and alumina [10, 11].
On Ni(111), the bond seems to be metallic, maybe of
a donation-backdonation type [27]. No estimate of the
vdW interaction between phenol and Ni(111) has been
made yet. The adsorption-energy values for the three
surfaces end up in a narrow range, 0.6-1.2 eV (Fig.
2), yet the bonds are characteristically different. As a
matter of fact, the covalent bond on alumina and the
covalent-metallic bond on Ni are each weak for their
classes, whereas on graphite the physisorption bond is
a strong one. The differences between these hydropho-
bic and hydrophilic surfaces are thus illustrated by their
different phenol adsorption-energy values and adsorption
distances. Phenol molecules interacting with surfaces
constitute interesting prototype systems for such varied
phenomena as proteins, polymers (e.g., relation of chain-
termination to multiscale behavior near surfaces), paint,
catalysis, toxicity, and widespread occurrence as a by-
product. This calls for an understanding of the interac-
tion and the possibility of bridging the atomic and macro-
scopic scales starts to open up. However, understanding
of the adsorption step has to be established first by care-
ful comparisons between experiment and theory.

Part of the information from the calculations is ge-
ometric. Even if energy differences between different
sites and orientations sometimes are small, the calcu-

lations give results for atomic positions that should
challenge the experimentalists. The scanning-tunneling
microscope (STM) here offers outstanding possibilities.
STM provides results for adsorbates on several types of
substrates, see e.g. Ref. 28. In fact, STM work is
presently performed even on several systems that are
probably physisorbed or for which at least vdW inter-
actions must be important (e.g., organic molecules with
benzene rings). On the latter systems, traditional DFT
fails to describe the experimental structure that is seen
in the STM. Hopefully the phenol-on-graphene results
above (and similar ones coming successively) will stimu-
late measurements on such systems.

Another part of the information obtained is the ener-
getics. The adsorption energy of phenol (Fig. 2) is about
0.9-1.2 eV on alumina and the dense Ni-metal surface
and about 0.6 eV on graphite. These rather similar val-
ues should be looked upon as weak covalent and metal-
lic chemisorption bonds on alumina and Ni(111), respec-
tively, and strong physisorption bond on graphite. The
numbers must be compared to other relevant energy val-
ues in order to describe the more complex phenomena.
To confirm the theoretical adsorption picture, the energy
values could be compared with thermal-desorption data,
as has been done for, e.g., the PAH’s on graphite [25].

Further, there is information on the nature of the ad-
sorption. While phenol is physisorbed on graphite, its
adsorption is covalent on alumina and metallic (largely
covalent) on Ni(111). Also here STM offers great pos-
sibilities, as the tunneling-current characteristics should
be quite different for the three types of adsorption.

In summary, the results for phenol adsorption on the
three types of surfaces, with three types of bonds, are
thus very instructive for the understanding of the inter-
action of organic molecules with surfaces and interfaces
relevant in biology.
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Abstract
The adsorption of methoxy (CH30) on NiAl(110) has been studied using density functional
theory within the generalized gradient approximation, and applying a slab geometry. We have
performed structure optimizations for a large number of initial orientations of methoxy at the
high-symmetry sites of NiAl(110) in an effort to determine the energetically preferred adsorption
site and local adsorption geometry. We found that methoxy adsorbs with the oxygen atom situated
in the Al bridge site, with a nearest-neighbour Al-O distance is of 1.94 A, and is oriented with the

CO-axis perpendicular to the surface plane. We discuss the binding mechanism.
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I. INTRODUCTION

The surface methoxy species (CH30) is formed as a stable species on a wide range of
metal surfaces by a scission of the methanol O-H bond, making it an ideal model system
for surface science studies of polyatomic adsorbates. Furthermore, methoxy is postulated to
be a key intermediate in catalytic processes involving methanol as a product or a reactant.
Much effort has therefore been devoted to studying the surface chemistry of methoxy, see
e.g. Refs. [1-3] and references therein.

The NiAl(110) surface has been studied extensively, its physical properties are well known,
and it represents a prototypical bimetallic alloy surface [4]. The clean (110) surface exhibits
no major reconstructions, but maintains the bulk stoichiometry with 50% Al and 50% Ni.
The two components show very different chemical properties [5]. NiAl(110) therefore pro-
vides an ideal substrate to test whether the interaction of adsorbates with the surface are
determined by the properties of the individual components, or the global properties of the
system.

Svenum et al. have investigated the adsorption and decomposition of methanol on
NiAl(110) [6] using photoelectron spectroscopy (PES). They found that both methanol and
methoxy are formed on NiAl(110) upon methanol adsorption at 120 K. Upon heating to 200
K, methanol decomposed into methoxy and other decompositional products. The PES re-
sults showed a contribution due to methoxy bonded to Al in the Al 2p spectra. No chemical
shift was found in the Ni 2p spectra, indicating that methoxy only binds to Al. Low energy
electron diffraction (LEED) showed no ordered methanol induced structures [6], thus an ex-
perimental determination of the adsorption site through, e.g., qualitative LEED is difficult
to obtain.

To determine the adsorption site of methoxy for this system we have performed density
functional theory (DFT) calculations where adsorption at the seven high-symmetry sites of
NiAl(110) was considered. The results for different adsorption sites suggests that methoxy
binds most strongly in the Al bridge site (indicated in Fig. 1), with the CO-axis perpendicular
to the surface. Upon adsorption there is a charge transfer from the substrate into the
incomplete 2e orbital of methoxy of 0.90 |e|, revealing a significant ionic contribution to the
surface-adsorbate bond.

No such prior calculations on NiAl(110) have been reported, however the literature on



theoretical calculations on methoxy adsorption at metal surfaces is quite extensive, see Refs.

[1, 3] and references therein.

II. COMPUTATIONAL DETAILS

The calculations presented here were performed within density functional theory (DFT),
using the DACAPO [7] plane-wave psudopotential code. Vanderbilt’s ultrasoft pseudopo-
tentials [8] were used to describe the ionic cores, and the Kohn-Sham wavefunctions were
expanded in a plane-wave basis with an energy cutoff of 350 eV. The exchange-correlation
contribution to the total energy was approximated within the generalized gradient approx-
imation (GGA). We employed the Perdew-Wang parametrization [9] (PW91) of the GGA
exchange-correlation functional for the structural optimizations, but also report on adsorp-
tion energies calculated using the RPBE parametrization [10], as this parametrization has
been reported to give improved chemisorption energies for molecular adsorption on tran-
sition metal surfaces. Although we found a small difference in the optimized lattice con-
stant for bulk NiAl using RPBE (aq = 2.90 A) compared to PW91 (ao = 2.89 A), all the
reported RPBE energies have been calculated using geometries optimized employing the
PW91-functional.

The NiAl(110) surface was modeled by a slab consisting of five layers separated by a
vacuum region equivalent to seven bulk layers (= 14 A). We used a ¢(2 x 2) surface unit cell
(Fig. 1) for all the calculations, each containing one molecule (corresponding to a coverage
of ©® = 0.5 ML). This choice was a compromise between low computational effort and
minimizing the interaction between the methoxy radical and its periodic images. With this
surface unit cell the distance between the adsorbed molecules is ~ 5 A.

We placed the molecules at one side of the slab only, and allowed the atoms of the
adsorbate and the two topmost layers of the slab surface to relax unconstrained until the
residual forces were less than 0.05 eV/ A. We did not include symmetry constraints in the
structural optimisation. The artificial electric field created by the asymmetry of the system
was compensated by a self-consistently determined dipole correction applied in the vacuum
region [11, 12].

The irreducible Brillouin zone was sampled by 18 k-points using the Monkhorst-Pack

scheme [13]. To reduce the needed number of k-points we employed a Fermi-Dirac smearing



FIG. 1: Top view of the NiAl(110) surface with the ¢(2 x 2) surface unit cells indicated. The sites
considered for methoxy adsorption are indicated by numbers and is referred to in the text and
table T as (1) Al ontop, (2) Al bridge, (3) Ni bridge, (4) Ni ontop, (5) NigAl hollow, (6) AlaNi
hollow, and (7) AINi bridge.

of 0.2 eV. The influence of different k-point sampling and plane-wave energy cutoff was
explored in a series of test calculations, and we found that our choices (18 k-points and 350
eV) resulted in converged results with errors in the order of 0.01 eV.

The geometry of the isolated methoxy radical was optimized in a large fcc supercell
with a lattice constant of 12 A, and only the I-point of the Brillouin zone was sampled.
Because of the open-shell nature of methoxy this calculation was spin-polarized. All other
parameters were equivalent to those used in the slab calculation. We did additional spin-
polarized calculations for the adsorbed methoxy, but found no influence of including spin on

the adsorption geometry, nor the adsorption energy.



III. RESULTS AND DISCUSSION
A. The clean NiAl(110) surface

As a first step in our investigation we determined the atomic structure of bulk NiAl and
the clean (110) surface. We will briefly comment on the results of these calculations.

NiAl crystallizes in a cubic B2 (CsCl) structure. The calculated bulk lattice constant
ap = 2.89 A, bulk modulus B = 161 GPa, and heat of formation [14] H} = —0.67 eV /atom
are in excellent agreement with the reported experimental values ay = 2.8870 A [15], B = 166
GPa [16], and H? = —61.8 kJ/mol (-0.64 eV /atom) [17], and other theoretical calculations
[18].

The ideal NiAl(110) surface is composed of an equal number of Al and Ni atoms. No
reconstruction occurs, however the surface is well known for its surface ripple, where the
surface layer Al atoms are shifted outwards while the Ni atoms are contracted inwards
creating a height difference perpendicular to the surface between the Al and Ni atoms of
~0.22 A [19]. The surface ripple was well reproduced in our calculation. We found an
outward displacement of the Al atoms by 0.09 A compared to the unrelaxed surface, while
the Ni atoms contract inwards by 0.10 A, creating a surface ripple of 0.20 A. Other reported
theoretical values for the magnitude of the rippling vary between 0.10-0.23 A [20, 21].

B. Adsorption of methoxy

The adsorption site and the orientation of methoxy with respect to the surface are funda-
mental aspects of the molecular adsorption. In order to determine the energetically favoured
adsorption site and molecular orientation of methoxy on NiAl(110), we performed geometry
optimizations from a set of initial structures where methoxy was placed with its O atom in
the high-symmetry sites of the surface (Fig. 1). Although initially placed in a high-symmetry
site, no symmetry constraints were placed on the molecule during the optimization, thus the
methoxy molecule was free to change its orientation and move away from the starting site in
the search for the lowest energy structure. These initial configurations included structures
where the CO-axis were parallel as well as tilted with respect to the surface normal.

Table I summarizes the main results of the present study. We have included adsorption

energies calculated using both the PW91-functional, as well as the RPBE-functional (both

5



calculated self-consistently). The adsorption energies have been calculated from
Fags = —(Esm — Bs — Ey) (1)

where FEg) is the total energy of the NiAl(110) slab with adsorbed methoxy, Es is the energy
of a clean slab of NiAl(110), and E); is the energy of an isolated methoxy species. With this
definition, a positive adsorption energy indicates stability with respect to the free methoxy
species. As can be seen from table I, the most stable adsorption site is found to be the Al
bridge site.

Although, as expected [10], PW91 yields a somewhat higher adsorption energies than
RPBE, they both predict the Al bridge site to be the energetically preferred adsorption site,
and methoxy to bind least strongly to the Ni ontop site. However, the ranking of the NiyAl
and Al ontop site is reversed, with RPBE placing the Al ontop site second after the Al
bridge site. The general observation is a preference for the O atom to have Al rather than
Ni as its nearest neighbour, demonstrating that NiAl(110) acts chemically very locally [5]. A
similar observation has been made in a study of oxygen adsorption on NiAl(110) [22]. They
found, however, the Al,Ni hollow site to be the preferred adsorption site for O, followed
by the Al bridge site. The Al;Ni hollow site is not a stable site for methoxy adsorption,
however. During structure optimization, methoxy initially placed in the Al;Ni hollow site
moves laterally into the Al bridge site.

Fig. 2 illustrates the optimum adsorption geometry found in the present study. Methoxy
adsorbs with the O atom in the Al bridge site with the CO-axis essentially perpendicular
to the surface plane. The main geometrical changes to methoxy is an elongation of the
C-O bond by 0.07 A, indicating a weakening of the intramolecular C-O bond. The nearest-
neighbour O—Al distance of daj0 = 1.94 Ais larger than the value reported for methoxy on
the Al(111) surface [23] (1.79 A), and for O on the NiAl(110) surface [22] (1.81 A).

The adsorption-induced changes to the surface with methoxy in the Al bridge site is
mainly a horizontal, outward relaxation of the surface layer Al atoms, while the outermost
Ni atoms are pushed further into the surface, increasing the surface ripple to 0.33 A. Thus,
methoxy adsorption has the opposite effect of hydrogen adsorption, which has been predicted
theoretically [21] and shown experimentally [24] to remove the rippling on clean NiAl(110).
The in-plane changes to the geometry we found to be negligible.

Having determined the adsorption site and geometry, we turned our attention to the
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FIG. 2: Schematic illustration of optimized geometries for isolated methoxy and methoxy adsorbed

at the NiAl(110) surface.

TABLE I: Adsorption energies for metoxy adsorption on NiAl(110) calculated using the PW91
(EPWOL) and RPBE (ERPBE) exchange-correlation functional, and selected structural parameters.
d are nearest-neighbour distances, z center-of mass interlayer spacings, and fgo the tilt angle of

the CO-axis away from the surface normal.

Site EPYOU (V] ERPBE [oV] dao [A] dnio [A] za0 [A] 2nio [A] deo [A] Oco [°]
Al bridge 2.73 2.31 1.94 2.68 1.31 1.64 1.43 0.8
NigAl 2.49 2.09 1.80 2.25 1.34 1.48 1.42 1.4
Al ontop 2.42 2.15 1.70 - 1.89 2.27 1.39 0.1
Ni ontop 1.05 0.73 - 1.87 1.92 1.99 1.38 0.1

AINi bridge — Al bridge
Ni bridge — AINis hollow
ALNi hollow — Al bridge
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FIG. 3: Projected density of states (PDOS) of the oxygen atom of methoxy when adsorbed in the

Al bridge site at the NiAl(110) surface. The dotted vertical line indicate the Fermi level.

nature of bonding to the surface. The isolated methoxy radical belongs to the Cj5, point

group, and the outer valence electron configuration can be expressed as [25]
(Le)*(5a1)*(2¢) (2)

The 2e orbital is a partly filled, anti-bonding C 2p,,p,, O 2p,,p, orbital of 7-symmetry. The
5a; is a o-bonding orbital, and le a doubly degenerate (C 2p,,p,, O 2p,,p,) m-orbital.

Fig. 3 shows the projected density of states (PDOS) for methoxy adsorbed in the Al
bridge site. Upon adsorption, the 2e orbital is filled and shifts down in energy below the
Fermi level. The order of the ba; and the le orbitals are reversed compared to gas-phase,
indicating a strong interaction of the 5a; orbital with the substrate states. Furthermore,
the le orbitals are no longer degenerate. A closer inspection of the PDOS reveals that
the le peak of lowest energy (furthest form the Fermi level) correspond to an O 2p orbital
interacting with the Al 3sp substrate states.

To gain further insight into the bonding, we calculated the electron density difference.
The electron density difference was obtained by subtracting from the total electron density
of the adsorbate system, the sum of the electron densities of the isolated adsorbate and

substrate, where the geometry of the isolated methoxy and NiAl(110) were those of the

adsorbate system.



FIG. 4: Contour plots of the electron density difference for methoxy adsorbed on NiAl(110). Panel
(a) and (b) displays cuts with horizontal axes along the [001] and [110] directions respectively and
vertical axes along the surface normal. Solid (dashed) lines indicate gain (loss) of electron density.

The contours are drawn at densities +0.005 x 2* e/A3 for k=0,1...,6.

Fig. 4 shows contour plots of the electron density difference for cuts perpendicular to the
surface and with horizontal axes along the [001] and [110] directions. There is a gain in elec-
tron density into the 2e orbital, in accordance with the PDOS-analysis. Furthermore, there
is a loss in electron density from the o-bonding 5a,-orbital, consistent with the elongation
of the CO-bond noted above. To quantify the charge transfer between the substrate and the
adsorbate we used the space-partitioning scheme of Bader [26]. Based on this analysis, we
estimate that a net charge of 0.90 |e| is transfered from the substrate to the adsorbate, thus
making the adsorbate more negatively charged. This relatively large charge transfer indi-
cates that the bonding has a significant ionic component. There is also some hybridization
of the methoxy orbitals with the Al 3sp states (Fig. 3), and a build-up of electron density
between the methoxy O atom and substrate Al atoms (panel (a) of Fig. 4), suggesting some
covalent contribution to the bonding. A similar bonding mechanism has been found for

methoxy on other metal surfaces [1, 3.

IV. CONCLUSIONS

The adsorption of methoxy on NiAl(110) have been studied using density functional

theory within the generalized gradient approximation, and using a slab geometry. We find a



clear preference for the methoxy O atom to have Al as its nearest neighbour rather than Ni.
The energetically preferred adsorption site is the Al bridge site, with an O—Al distance of 1.95
A, and with the methoxy CO-axis perpendicular to the surface. The adsorbate-substrate

chemical bond is largely ionic with a covalent contribution.
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