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The calculation of the chemisorption behavior of atomic H, C, N, O, and F on a graphite
basal (0001) surface is examined with the CNDO (complete neglect of differential overlap) mo-
lecular-orbital scheme. This approach is a semiempirical approximation to the Hartree-Fock
self-consistent field procedure, in which the Hamiltonian explicitly depends upon both atomic
and orbital charge distribution. The location of binding sites and changes in relative binding
energies and net charges with the identity of the adsorbed species are explored with an extended
carbon (0001) surface, simulated by an 18-carbon lattice with appropriate boundary connections.
The strength of binding to the simulated graphite substrate increases in the order H, F, O, N,
and C.. The atoms C and N are most stable when positioned above the center of a hexagonal six~
carbon ring, whereas H, F, and O are most stable above the center of a bond connecting near-
est-neighbor carbons. Calculated charge distributions are used to predict a work-function de-
crease with the adsorption of atomic H or N on graphite, but an increase with the adsorption of
C, O, or F. The commonly used electronegativity reasoning is shown to be inadequate for the
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prediction of adsorbate-charge transfer.

1. INTRODUCTION

In a previous paper (I),! we began an investiga-
tion of the application of a simple molecular-or-
bital (MO) theory to the understanding of chemi-
sorption phenomena.? The object of these studies
is to achieve a semiquantitative self-consistent
quantum description of both the bulk and surface
properties of the substrate using the simplest ad-
equate MO description.® Semiempirical MO meth-
ods invariably fail to predict the correct absolute
magnitude of molecular binding energies, but do
yield good relative binding energies which are of
great interest in the interpretation of chemisorption
experiments.

An extended Hiuickel theory (EHT)  was applied
tothe graphite-adsorbate system in I. The substrate
was represented by a finite number of atoms which
described the effect of surface-lattice geometry.
The EHT is a semiempirical MO scheme in which
diagonal elements of the Hamiltonian matrix in a
Slater-orbital basis are set equal to ionization po-
tentials. Off-diagonal elements are set propor-
tional to the product of the average of the two rele-
vant atomic ionization potentials and the overlap
integral of the relevant atomic orbitals. The bind-
ing energy is calculated as the difference between
the sum of the molecular one-electron energies and
the sum of one-electron energies of the separated
constituent atoms. No explicit account is taken of
either electron-electron or core-core interactions
between atoms. Consequently, the Hamiltonian
matrix elements in the original formulation are not
parametrically dependent upon charge distribution
in the molecule. Later modifications include some
such self-consistent effects.
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In I only those matrix elements associated with
the adsorbate were iteratively adjusted. The cal-
culations yielded a semiquantitative description of
the bare graphite substrate (bandwidths and cohe-
sive energy) and the binding behavior of adsorbed
hydrogen. In particular, the dependence of binding
energy on adsorbate position and the concomitant
charge transfer (0.2 electrons) from the hydrogen
to the substrate were obtained.

Similar EHT calculations for the electrophilic
adsorbates C, O, and N were less encouraging.
Self-consistent adjustment of adsorbate energy
levels was inadequate to obtain convergence. Large
physically unreasonable charge transfers of two
electrons frequently occurred. Subsequent attempts
to improve the results by self-consistent adjust-
ment of all matrix elements failed: The EHT cal-
culation of the adsorption energy still yielded un-
physical binding curves in which binding catastroph-
ically increases with separation, and no stable
adsorbate position exists.

Rather than further modify the EHT in an ad hoc
manner, we explore the application of a more so-
phisticated MO procedure, the complete -neglect-of-
differential-overlap scheme (CNDO) developed by
Pople and his collaborators. ®~*? The Hamiltonian
matrix elements and calculation of binding energy
within this scheme explicitly include the electron-
electron and core-core interaction between atoms.
These effects tend to control the charge transfer
and yield physically reasonable binding curves.
Even with the neglect of these additional interac-
tions, the CNDO parametrization is different and
thus not comparable to the EHT parametrization.
Correlation of the experimental value of the co-
hesive energy of the graphite lattice with that pre-
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dicted by the two methods is useful for scaling the
calculated energies because the absolute values of
binding energies obtained with these methods are
known to be consistently too large.

In I we found that a two-dimensional 16-carbon
representation of the graphite substrate was rea-
sonably adequate for obtaining relative binding
energies. The use of a finite representation re-
places integrals over & space with finite sums:

For reasonably smooth energy bands, little error
is made by this replacement.

The atoms on the perimeter of the representation
had, however, incompletely occupied orbitals. As
a result, two classes of electron states were ob-
tained; band states which extend throughout the
representation and localized states confined to the
perimeter. The representation thus approximated
a plateau region on a substrate formed, for exam-
ple, by adsorbate reactions which remove surface
atoms. Interactions with a perfect surface were
approximated by placing adsorbates near the center
of the representation and experimentally interesting
interactions with edges were approximated by
placing adsorbates near the perimeter.

Periodic boundary conditions are necessary in
simulating perfect surfaces. Therefore, in the
present work the surface is simulated by a con-
nected array of finite representations. The edge
states thus are eliminated. A single adsorbate
atom above the representation is then equivalent
to a periodic planar array of adsorbate atoms anal-
ogous to those observed in low-energy-electron-
diffraction (LEED) experiments with adsorbed lay-
ers. If only one adsorbate atom is placed on the
representation, the spacing between members of
this periodic array of atoms is large. The periodic
connectivity conditions then serve only to eliminate
the undesired edge states which can often affect the
adsorbate interaction.

The CNDO approximation is discussed in Sec. ITA
together with a description of the convergence cri-
teria used (Sec. IIB) and a description of the peri-
odic connectivity conditions (Sec. IIC). In Sec. III
are results for the binding energies and charge dis-
tributions associated with atomic H, C, N, O, and
F chemisorbed on graphite. The examination of
various overlap populations permits a discussion
of adatom binding to the surface in terms of the
more conventional visualizations of chemical bind-
ing used for small molecules.

II. METHOD OF CALCULATION

A. CNDO Approximation

The CNDO method has been developed in a series
of papers by Pople and his collaborators.® 2 Their
aim was to provide a useful approximation to the
Hartree-Fock equations for the treatment of all
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valence electrons by explicit inclusion of electron
and core interactions. A recent text fully describes
this approach. 2 Here we briefly review its basic
approximations and the formulas used in the calcu-

lations.
The wave functions are antisymmetrized products
of one-electron spin orbitals ¢’ which are taken as

W,- ("',3):Zxcyix Xx(V)'Uy(S) s (2.1)

where the X, are real Slater orbitals centered on the
atoms of the system, and v,(s) = a(s) and vg(s)
=B(s). The real coefficients c’, and eigenvalues

E, are then determined® by solution of

I1F}y —E"Syll =0,
where S is the overlap matrix associated with the
{x}, and

FMT:FA‘(); +F§o' (2-3)

The separation of the Hartree-Fock Hamiltonian F
into one-electron and two-electron terms proves
convenient:

(2.2)

F;O':H;O-"G;U 3 (2.4)
with
H%o: (7\! -%VZ_ZA ZA/(V“RA)l(T) s (2.5)

Gl=22 Pl (| pv)y - 22 Pl (uolrv) . (2.6)
Ly v

The density matrices are given by

P:v :Z C;yu. gv ’ (2-7)
i
where 7 is an occupied state with
Puv:sz"’”Pﬁv’ (2'8)
and the charge on an atom 4 is given by
(2.9)

A
P,=2."P,, .
1’3

The quantities Z, and R, are the core charge and
nuclear position of atom A, respectively.

The approximations consist of (a) ignoring dif-
ferential overlap between nonorthogonal atomic or-
bitals (the CNDO approximation), i.e., the S;; in
Eq. (2.2) and the Coulomb integrals (Ao| uv) other
than those of the form (AX|upu); (b) demanding ro-
tational invariance by replacing certain integrals
with values characteristic of s orbitals on the atomic
species A and B and of the interatomic separation:

<AAAAI IJ'BIJ'B> :YAB
and
<“A‘ Zg/(r —=Rp)| pty=Vp, H
(c) setting
M =592 -2,/r =R)|N) = -3+ A) = Z4 =3 7Yaa

where I, and A, are the valence-state ionization
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potential and electron affinity of the A atomic or-
bital; (d) setting

M =3V2 =2 ,Z,/(r-Ry)| )= -2(Ba+Bs) Sy,

where the g’s are determined by comparison with
full SCF (self-consistent field) calculations for di-
atomic molecules; and (e) assuming that Z , v5 4

= VB Ae

The values of 8, given by Pople ef al. are often
well approximated by 1.5I,, where I, is an average
ionization potential for the atom. A comparison of
the off-diagonal Hamiltonian matrix elements of the
EHT shows that this identification ensures that the
general bandwidth obtained by the two methods be
similar.

Use of the above approximations yields the stan-
dard CNDO/2 expressions10 for the matrix elements
of F=H +G:

H, %(Iu+Au)"(ZA—%)7AA,

wp ==

(2.10)
GLu= EA (Pog—Zp)Vap+(Pay -P,.)Y4a, (2.11)

(2.12)
(2.13)

After iteration to convergence (discussed below),
the net binding energy of the system is determined
from

H’:w = "%(BA*' BB) Su-u ’

GL==Pl, 745 .

Z,Z
E== % P,H,+F,)+ Y =A%E
wy

A<B AB

DN

1 tom
‘E § ?ao qu(Hxv*'qu) s

(2.14)

where the last sum accounts for the separated con-
stituent atoms. A negative value of E implies a
bound system.

Electron distributions and their role in the forma-
tion of chemical bonds between the adsorbate and
the substrate can be investigated through the use of
overlap populations such as described by Mulliken. !

Similar to these we use an orbital overlap popu-
lation #n(u, v) between atomic orbitals p on atom A
and v on atom B,

n(, V) =2 = 6,45) Py, S, . (2.15)

From these the atomic overlap population between
atom A and B can be formed,

n@,B) =" aly,v) . (2.16)

This quantity is a measure of the chemical bonding
between the two atoms.

We also need the overlap population between an
adsorbed atom A and the substrate

3

nA)= 2. n(4,B). (2.17)
B#A

This estimate of the degree of binding between the
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adatom and the substrate facilitates comparison
with binding of this atom in simple compounds in
which the behavior is better understood.

There are two main advantages to this CNDO/2
approach.10 First, this SCF scheme is sensitive
to both the atomic and orbital charge distributions
through specific inclusion of electron-electron in-
teraction terms. This, as is mentioned in the In-
troduction, is what is believed necessary to am-
eliorate the unrealistic charge redistributions en-
countered upon using EHT to describe the interac-
tions of an electrophylic adsorbate with graphite.
Second, parameters for the atoms comprising the
systems of immediate interest are available.®™!°
These are reproduced in Table I for convenience.
Adjustment of these parameters to account for the
changes in screening associated with the solid state
will be examined in future work.

Two modifications of the standard procedure“
are made. One is needed to overcome an inter-
esting data-sensitive instability. The other permits
the imposition of periodic boundary connections on
the 18-carbon representation of the surface.

B. Convergence of Computations

A CNDO/2 calculation is started by the use of an
extended Huckel-like calculation to obtain initial
eigenvectors. These starting eigenvectors are used
to form the P matrix which is in turn used to form
the F matrix of Eq. (2.3). The next estimate of
the eigenvectors is obtained by diagonalization of
F, and so on. Convergence is obtained when the
energies calculated by two successive iterations
satisfy

‘ (E(PH-I) _E(n))/E(n)| <2X 10-6 s

Under what is here defined as normal circum-
stances, E™Y <E™ . However, for reasons not
completely understood, some calculations behaved
in a manner similar to that described by Ransil'®
for certain diatomics. His calculated energy did
not converge, but instead alternated on successive
iterations between two distinct values.

In some of our calculations there was an initial
approach to convergence, followed by an alternation
between two energies, both of which are more posi-
tive than the last energy prior to oscillation. Anal-
ysis of the P, and atomic charge distributions of

TABLE I. Parameters used in the CNDO/2

calculations.?
Atom H C N (] F

(I, +Ag) V) 7.176 14,051 19.316 25.390 32,272
3L, +4A,) V) oo 5.572 7.275 9.111 11.080
—Ba (V) 9 21 25 31 39
Slater exponent 1,20 1.62 1.95 2,27 2.60

2References 9 and 10,
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these calculations revealed that (i) in the lowest
energy mode, atomic and orbital charge distribu-

tions are normal in that they reflected the symmetry

imposed by lattice and orbital geometry, (ii)

in the other two modes, an unacceptable pathology
clearly exists; they corresponded to two variants
of charge piling up on alternate atoms, leaving the
remainder devoid of valence electrons. These two
systems are not bound. Sometimes a slight change
of £0.1 A in the height of an adsorbate atom yields
a normal calculation, but the threat of such un-
predictable pathology is unacceptable for extended
calculations.

This behavior is eliminated through the estima-
tion of a new approximation to the density matrix
P’,, if the system appears to be going out of bounds.
The normal calculation sequence is depicted by

{C}(n) - pm_ ——»F("*l), E(n) _ ___{C}(n'fl) ,

where » designates the iteration. However, assume
that E™Y >E™  put E™ <E™Y, This behavior in
the electronic energy implies that the matrices
P give a bad Hamiltonian matrix F™? which
yields a bad P"*?, etc. New density matricies are
estimated by

Pl(n+1): €P(rx) +(1 - €)p(ml)

and the new E’*V) ig calculated from the F’'"?,

If E'™<E™ the calculation then proceeded in the
normal mamer. If E'™V>E™ gtill, then esti-
mates with a smaller ¢ are made until normal be -
havior is obtained. A starting value of €=0.8 is
taken and smaller values are obtained by the sub-
stitutions € - 0. 8¢, if needed.

FIG. 1. Schematic of the 18-C representation for a
graphite (0001) surface. C atoms are located at vertices,
and labeled points denote lattice positions over which
adsorbate atoms are placed. Periodic connections are
indicated (see text, Sec. IIC).
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The need for this restarting varies considerably
between calculations; some need it not at all. If
there is a restart, then the energy convergence
criterion is modified to

I (El(ml) _E(ﬂ))/€E(")i <2%x10-8

to allow for smaller energy differences between
interations.

This procedure can certainly be criticized on
the grounds that there is no obvious guarantee that
a wave function exists that corresponds to the in-
terpolated matrix. Such a situation can lead to
conceptual difficulties within the framework of an
SCF calculation.

In defense of the procedure, however, a series
of calculations of binding energies and charge dis-
tributions as a function of adsorbate-substrate dis-
tance yield results which are points on smooth
curves. The points obtained from calculations that
do require restarts cannot be discerned from the
points obtained from those that do not. Other quan-
tities of interest also behave in a regular manner.

C. Periodic Connectivity Conditions

Our simulation of the interaction of a gas atom
with an infinite surface invclves a finite represen-
tation of the surface. To remove the edge states
mentioned in the Introduction, the edge atoms of
the representation must be suitably connected to
other carbon atoms.

The most convenient scheme and the one used to
construct the Hamiltonian matrix for the calcula-
tions reported herein consists first of allowing all
pairs of the 18 atoms in the representation to in-
teract. This 18-carbon representation is contained
in a cell that consists of a 3X3 block of unit cells
of two atoms each (Fig. 1). The interactions be-
tween atoms in the cell and those outside are then
used to replace their weaker analog within the cell.
For example, carbon 1 and carbon 18 interact as
nearest neighbors, carbon 1 and carbon 16 as next-
to-next-nearest neighbors. The adsorbate inter-
acts only with the atoms in the cell.

The suitability of this scheme for the simulation
of an extended surface is demonstrated in Sec. III
where it is shown that the charge densities obtained
for the bare lattice are suitably uniform and that
adsorbate binding curves exhibit small deviations
at positions that would be exactly equivalent with
the perfect periodicity. Use of standard CNDO
parameters show that the relevant interatomic
overlaps decrease very rapidly with distance and
so for systems exhibiting small ionicity, this be-
havior is not surprising.

III. RESULTS AND DISCUSSION

In order to determine the effect of the periodic
connections, some comparisons are first made be-
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TABLE II. Distribution of valence electrons on
substrate lattices.,
CNDO/2 EHT
Atom 18-C connected 18C 16C 16C
2 4.00 4.05 4.09 4.27
5 4.00 3.97 3.91 3.65
6 4.00 4.00 4.05 4.19
9 3.99 4,05 4,06 3.78
10 4,00 3.89 3.83 4,00
18 4,01 4,03 e00 000

tween results for the periodically connected 18-
carbon lattice and those obtained with the CNDO
approximation on the 16-carbon lattice introduced
in I and given by atoms 1-16 in Fig. 1. In addition,
the CNDO results for the bare substrate and hydro-
gen adsorption are compared with the analogous
results obtained in I with the EHT on the 16-carbon
representation.

A. Graphite Substrate

The valence charge distributions calculated for the
various models of the bare graphite lattice are
summarized in Table II, which should be used in
conjunction with Fig. 1. A comparison of the last
two columns strikingly demonstrates the effects of
a calculation that explicitly considers atomic and
orbital charge distribution (CNDO) and one that
does not (EHT). The large deviations from neu-
trality calculated with the EHT are considerably
reduced with the CNDO treatment.

A feeling for the effects of the boundary connec-
tions on the charge distributions is obtained from
a comparison of the two 18-carbon columns. These
results of CNDO calculations indicate that a further
smoothing of the charge distribution is achieved
with the connections. The small charge deviations
that remain for the connected lattice reflect our
neglect of longer -range interactions across the
boundary of the representation. Adatom binding
can also be influenced by the presence of the bound-
ary connections. This is examined below.

The stability of the connected representation is
demonstrated by a plot (Fig. 2) of the calculated
cohesive energy [net binding energy, Eq. (2.14)]
of the 18-carbon connected lattice as a function of
nearest-neighbor spacing. Maximum lattice sta-
bility is achieved at a spacing of ~ 1.4 A which is
the experimentally observed value for graphite.

The cohesive energy (the negative of the binding
energy) is calculated to be 26.33 eV per atom for
the periodically connected 18-carbon lattice. For
the 16-carbon representation of I, where there are
fewer bonds, a CNDO calculation yields 21. 85 eV
per atom. These values are much higher than the
experimental value of ~5 eV % and the EHT value
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of ~4.16 eV for the 16-carbon representation (I).

CNDO calculations consistently yield binding en-
ergies larger than the experimental values. How-
ever, preliminary results!” indicate that the inclu-
sion of the S;; in Eq. (2.2), as is usual in EHT cal-
culations but neglected in the first approximation
of Sec. IT A, lowers the calculated values.

The values of the cohesive energy suggest that a
reasonable approximation consists of scaling down
the CNDO calculated binding energies by a factor of
~ 5 for comparison with experiment. Comparison
below of EHT and CNDO hydrogen-adsorption cal-
culations supports this observation.

The work function obtained by the CNDO calcula-
tion is 6.36 eV as compared to ~10.1 eV obtained
with the EHT and the measured value of ~ 4.8 eV.!®
It should be noted that the CNDO calculation indi-
cates an occupied bandwidth about three times
greater than that predicted by the extended Hiickel
approximation and experiment. 1o

B. Chemisorption
1. Chavges and Wovrk-Function Changes

In the Introduction it was noted that the EHT fails
catastrophically when applied to systems with elec-
trophilic adsorbates. The calculated (CNDO) be-
havior of the net charge on a nitrogen atom as a
function of its distance above an 18-carbon period-
ically connected lattice is shown in Fig. 3. This
calculation, which specifically includes electron-
electron interactions, demonstrates that such ef-
fects are a vital ingredient in a MO description of
adsorption. Other electrophilic adsorbates behave
similarly: Close to the surface the adatom trans-
fers charge into the lattice, but as the distance from
the surface increases the adatom accumulates
charge in excess of the neutral value. At separa-
tions greater than~1.5 A the simple MO approach
becomes inadequate and the inclusion of configura-
tion interaction is required.

The behavior of the charges on adatoms located
over the lettered positions on the substrate (Fig. 1)
is summarized in Table III. The valence charges

BINDING ENERGY (0.u.)
5 -
1 T
| !

|

~

S
I

(.42%)
) | .

0.80 1.0 1.20
SCALE FACTOR

FIG. 2. Binding energy (Hartree) of the 18-C lattice
with periodic connections as the C — C spacing is varied.
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FIG. 3. Net charge calculated for a nitrogen adatom

placed over the 18-C periodically connected lattice in
the lettered positions indicated (Fig. 1). The Z direc-
tion is perpendicular to the plane of the graphite repre-
sentation.

shown are for the adatom located at a distance for
which there is a minimum in the plot of binding
energy vs distance above the lattice (Sec. IIIB 2).
There are no extreme charge deviations from neu-
tral adatom values.

Experimentally observed changes in the work func-
tion that can occur upon adsorption of gases on sol-
ids are customarily ascribed?® to changes in the ef-
fective surface dipole moment. Positive dipoles
correspond to excess positive charge on the adatom
which causes a work-function decrease.

The dipole moment can, in principle, be obtained
from the calculated wave functions. Here, esti-
mates of the sign of the work-function changes upon
adsorption are made from the net atomic charges
of Table III: On adsorption at the most stable bind-
ing positions, hydrogen or nitrogen atoms should
yield work-function decreases. Adsorption of car-
bon, oxygen, or fluorine atoms should yield work-
function increases as is expected for the chemi-
sorption of species whose electronegativity exceeds
that of the substrate.

Estimates of work-function changesbased on sim-
ple electronegativity considerations are often used. 2!
The calculated behavior of nitrogen on graphite re-
inforces the view® that differences in electroneg-
ativity between the substrate and the adatom are
not a reliable guide to predicting the effects of ad-
sorption. Estimating the surface electronegativity
X, (Pauling scale) of the 18-carbon lattice, for ex-
ample, from?

X,=0.3350,

gives 2. 2 for the surface electronegativity using
the calculated work function of 6.62 eV, Use of
the experimental value!® of ~ 4.8 eV gives a surface
electronegativity of 1.6.

A comparison of the electronegativity of a nitro-
gen atom (X, = 3. 0) with the surface electronega-
tivities estimated for the lattice predicts charge
accumulation on the adatom, with a concomitant
work-function increase. However, the opposite is
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predicted by the charge densities calculated for ni-
trogen above point C. The results of these calcula-
tions suggest that (a) simple electronegativity argu-
ments are not reliable for the prediction of adsor-
bate charge transfer and (b) the adsorbate charge
transfer is sensitive not only to the particular crys-
tal plane, but also to the precise location of the
binding site on a given plane.

2. Binding Sites

The adsorbate binding energy Ez which is best
considered as the relative binding strength of an
adatom to a substrate site is obtained from

Ep=E,,4 (lattice + adatom) - E,,, (lattice)
- E,pta1(adatom at =) ,

where “lattice” refers to the 18-carbon connected
representation unless otherwise noted. It is antici-
pated that a scaling down of calculated Ez by a fac-
tor of 4 or 5 should provide estimates of the exper-
imental magnitudes.

The ability to predict sites of strongest adatom
binding is cardinal to any chemisorption theory.
Potential scans of the surface representation with
the adatom as a probe are usually prohibitively ex-
pensive, although they were obtained for the hydro-
gen-atom-—graphite system! and do give an elegant
picture of the energetics of the interaction. An al-
ternate procedure is to select points of high sym-
metry on the lattice and calculate the adatom bind-
ing energy Ez as a function of distance Z above
these points.

The results of such CNDO/2 calculations are dis-
played in Figs. 4-8 for H, C, N, O, and F atoms
on the 18-carbon connected representation: They
display an encouraging sensitivity to the chemical
identity of the adatom and to its location on the sur-
face representation.

To briefly summarize, listed in order of increas-
ing binding energies are H, F, O, N, and C.
Grouped according to binding sites, C and N appear
to be most stable above the center of a hexagon
(point C, Fig. 1), whereas H, O, and F find maxi-

TABLE III. Adsorbate valence charge at binding
minima on 18-carbon connected lattice.

Position?

Atom A B C D o®
H 0,962 0.858 0.413 0.849 1.00
c 4.02 4,03 4.02  4.06 4.00
N 5.08  5.31 4.78  5.16 5.00
O 6.40 6.25 6.19 6.24 6.00
F 7.27 7.09 7.41 7.15 7.00

2Underlined values designate most stable binding
positions.
*Number of valence electrons.
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FIG. 4. Binding energy of a hydrogen adatom (Hartree)
as a function of the distance Z above the labeled positions
on the 18-C periodically connected lattice.

mum stability above the center of a bond connecting
nearest-neighbor carbons (point B, Fig. 1).

The behavior of oxygen above points B and D is
noteworthy, and is to be contrasted with the be-
havior of H and of F above these points. Although
these three atoms bind most strongly over position
B in' a bridged configuration, oxygen atoms possess
a secondary bridge position at D which is suggested
by the energetics shown in Fig. 7. The oxygen sites
in order of decreasing binding energy are B, D,

A, and C. However, hydrogen and fluorine sense
stability in the decreasing order B, A, D, and C.
The physical implications of these energetics is that
hydrogen and fluorine atoms probably migrate above
the C — C bonds, but oxygen atoms migrate along a
path that avoids carbon atoms (type-A sites) and the
centers of the hexagons (type-C sites).

Note that the present CNDO calculations for hy-
drogen atoms on an 18-carbon connected lattice
predict the position of maximum binding for hy-
drogen atoms to be above a C — C bond. Our ear-
lier! EHT calculation for hydrogen atoms on a 16-
carbon sheet (with no attempt at periodic boundary
conditions) indicated maximum stability for the hy-
drogen atom directly above a lattice carbon atom.
This difference is due to the periodic connections
used for the 18-carbon representation. Binding
curves for hydrogen atoms on the 16-carbon rep-

Egla.u.)

0 050 1.00 1.50 200
2k
FIG. 5. Binding energy of a carbon adatom (Hartree)
as a function of the distance Z above the labeled posi-
tions on the 18-C periodically connected lattice.

MOLECULAR ORBITAL APPROACH TO CHEMISORPTION. II...

1403

resentation calculated with the CNDO method yield
binding minima of -5.9 eV at 1.50 A above point
Aand -3.2eVat 1.0 A above point B: These re-
sults qualitatively confirm our earlier EHT results
as to site preference. CNDO hydrogen results when
scaled down by the factor of 5 suggested by the cal-
culated cohesive energy of the graphite substrate
are in rough agreement with the EHT results of I.
Also there are ~ 0.9 electrons on the adatom, in
approximate agreement with the EHT result.

Another example of the effects of the periodic
connections on adsorbate-substrate energetics is
seen upon the comparison of Fig. 7 with Fig. 9
for the oxygen-atom-graphite system. Indeed,
the predicted position of maximum adsorbate sta-
bility differs significantly between the surface rep-
resentation with periodic connection (Fig. 7) and
the one without (Fig. 9). A measure of the efficacy
of our approximation to periodic boundary conditions
is the small difference between the binding curves
at C and at C’ shown in Fig. 7 for oxygen calculated
using the 18-carbon connected representation.

The application of the periodic connections has
two effects: saturation of the bonds of the perimeter
atoms and introduction of an indirect interaction
between the periodically arranged oxygen atoms.
Calculations of the binding energy per oxygen atom
Z A above the points C’ and C” indicate the inter-
action is small. For one adatom per representation,
the indirect interaction can be neglected. These
results emphasize that the simulation of an extended
surface with a finite representation must contain
periodic boundary conditions or some suitable form
of periodic connection at the edges of the represen-
tation.

There is a possible implication of these results
with respect to the importance of particle size in
heterogeneous catalytic phenomena. It has never
been satisfactorily demonstrated whether the in-
crease in catalytic activity with decrease in particle
size is due to the increase in surface area, an in-
crease in the number of edge sites which may be
responsible for the activity, or the emergence of
fundamental differences in chemical reactivity in-
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FIG. 6. Binding energy of a nitrogen adatom (Hartree)

as a function of the distance Z above the labeled posi-
tions on the 18-C periodically connected lattice.
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FIG. 7. Binding energy of an oxygen adatom (Hartree)
as a function of the distance Z above the labeled posi~
tions on the 18-C periodically connected lattice.

trinsic to small irregular particles.

If we drew parallels between small irregularly
faceted particles and a representation with no
periodic connection, and between a particle with
an extended surface and a periodically connected
representation, then this difference in calculated
adsorbate surface energetics may provide a key
ingredient in our understanding of catalytic be-
havior. Our results for hydrogen and for oxygen
on the various representations of the graphite sur-
face demonstrate that fundamental differences in
chemical behavior at the surface can indeed be
expected between large and extremely small par-
ticles.

3. Bonding and Ovevlap Pobulations

There are three major points of interest in con-
nection with the bonding and overlap populations
associated with the adsorbates. First, more than
one surface carbon atom is involved in adatom
binding at the position of maximum stability.
ond, the greater the magnitude of the overlap
population between the adatom and the substrate,
the more strongly the adatom is bound to the sur-
face, with hydrogen as the exception. And third,
the free valency of the bound adatom varies syste-
matically with the atomic number of the adsorbate.
To a large extent, the calculated behavior can be
qualitatively rationalized in terms of quantal param-
eters that characterize the adatom.

A calibration of the atomic overlap population
n(4, B) corresponding to single, double, and triple
bonds is given by the values of 1.4, 2.1, and 2.5
obtained for H,, CO, and N,, respectively. The
average value of n(4, B) for carbon 9 with its near-
est neighbors (Fig. 1) is 1.75, which corresponds
to a bond order of ~ 1.3, as expected. This cali-
bration is useful for the interpretation of the adsor-
bate overlap populations n(4) [Eq. (2.17)] displayed
in Table IV, and in the following discussion.

Hydrogen, in the energetically most stable posi-
tion (point B, Z=1.00 A), has the equivalent of a
single chemical bond to the lattice. However, this

Sec-
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FIG. 8. Binding energy of a fluorine adatom (Hartree)

as a function of the distance Z above the labeled posi-
tions on the 18-C periodically connected lattice.

single bond consists primarily of two equal con-
tributions from carbon 8 and carbon 9. It is in-
structive to examine the details of the orbital over-
lap population between the hydrogen 1s orbital and
the orbitals of, say, carbon 9. For v=2s, 2,

and 2p,, n(ls,v)=0,187, 0.126, and 0.403, respec-
tively. Not only does the hydrogen interact with
the 7 electrons of carbons 8 and 9, but there is a
significant interaction with the populations assigned
to the o bond between the two carbons.

The energetically favored binding site of an ad-
atom is expected to be the one with the largest
overlap population. The results of Table IV show
this is correct, except for hydrogen. The anoma-
lous behavior of hydrogen is due to its ionicity at
point C.

There are three species-dependent effects in the
series C, N, O, and F that dictate the behavior of
these adatoms on the graphite substrate. The first
is the tendency to share with electrons from other
sources to form the closed shell 2s% 2p® configura-
tion: The number of outside electrons needed
corresponds to the conventional chemical valencies
of 4, 3, 2, and 1, respectively.

Second, the redistribution of electrons of the
adatom into the directional lobes responsible for
the binding becomes energetically more difficult
through the series C, N, O, and F. The energy
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FIG. 9. Binding energy of an oxygen adatom (Hartree)

as a function of the distance Z above the labeled positions
on an 18-C representation without periodic boundary
connections. Compare with Fig. 7. See text.
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TABLE IV. Adsorbate overlap populations at binding
minima on 18-carbon connected lattice.

Position?

Atom A B C D
H 1.07 1.44 1.68 1.26
C 3.35 3.22 4,84 3.17
N 2,55 2.36 3.84 2.23
(e] 1.04 1.77 1.26 1.51
F 0.67 1.19 0.37 0.92

2Underlined values designate most stable binding
positions (minimum energy).

of promotion from the 2s to the 2p states increases
as may be surmised from the —3(I, +4,) values
shown in Table I. This effect is offset by the in-
creasing number of p electrons initially available
in the series C through F.

The third, and perhaps most decisive, effect is
the decreasing diffuseness of the charge distribu-
tions associated with the increasing atomic num-
ber of the adsorbate. The Slater exponent that
characterizes the wave function of the adatoms
(Table I) reflects this increasing nuclear charge.
The direct result is a decrease in the magnitude
of the overlap integrals S;; at constant distance.

The decrease in diffuseness of the orbitals with
the increase in atomic number and the need for
fewer pairing electrons are responsible for the
change in binding-site preference in going from
atomic nitrogen to atomic oxygen. Carbon and
nitrogen require more electrons for pairing (4 and
3), and their orbitals are sufficiently diffuse to
satisfy valency requirements by sharing with a
greater number of surface atoms. The major inter-
actions occur between the orbitals of the carbon
and nitrogen adatoms and those substrate orbitals
that lie in the surface plane. Oxygen and fluorine
have more spatially restricted orbitals, require
fewer electrons for sharing, and therefore can
satisfy the bonding requirements over point B,
That is, there is not sufficient overlap with the
lattice charge distribution at C to satisfy the bonding
requirements. On the basis of this discussion it
is not unreasonable to expect that a change in lattice
spacing should yield changes in adatom binding-
site preferences, as should changes in crystal
face.

From the rough calibration made for overlap
populations at the beginning of this discussion and
the data in Table IV, the number of bonds for hy-
drogen is ~ 1.0, adsorbed carbon is ~ 3. 3, nitrogen
is ~2.4, oxygen is ~1.5, and fluorine is ~0.85.
These values are to be compared with the expected
valencies of 1,4, 3, 2, and 1, respectively. The
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unused chemical valency of the first-row adatoms
reflects what has been known experimentally for
over forty years — chemisorbed adatoms are gen-
erally extremely reactive.

IV. SUMMARY

We have shown the CNDO method to be a useful
means for the consideration of the interaction of
various atomic adsorbates with graphite. In par-
ticular, the self-consistent explicit treatment of
electron- and core-interaction terms is important
in considering the electrophilic adsorbates that
could not be treated with the EHT approach. Re-
sults have been obtained for both a finite represen-
tation of the substrate with periodic boundary con-
nections and for one without these connections.
Some significant differences in the calculated
chemisorption behavior of small particles and of
extended surfaces exist: The implications of this
observation are under consideration.

At this stage we can make predictions of binding
locations, relative strengths of binding, and charge
transfers for a series of atomic adsorbates. This
charge transfer is used to make tentative predictions
of work-function changes that can occur upon
adsorption.

It is important to recognize that the absolute
values of the binding energies and the bandwidths
obtained are however much too large. In future
calculations retention of the overlap matrix in
Eq. (2.2) and the adjustment of the parameters
used may well ameliorate this condition.

Future treatments of very large adsorbate-sub-
strate separations will certainly require the use
of a sum of Slater determinants to describe the
system’s wave function. Calculations that deal
with the dissociation of polyatomic species on a
surface must also include such configuration inter-
action.

Possible changes of lattice-atom positions that
may occur upon chemisorption have also been
neglected here. For some adsorbate-substrate
systems this effect may be very important. How-
ever, calculated changes in bond orders and charge
distributions for the graphite-lattice atoms upon
chemisorption are small (maximum of 15% for
lattice bond orders upon adsorption above point B).
Thus for graphite with dilute layers of adsorbate
this neglect is probably not serious.

In conclusion, it seems apparent that a combina-
tion of simple MO and solid-state techniques does
hold the promise of allowing the semiquantitative
rationalization of physical and chemical behavior
at the gas/solid interface.
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The microscopic Griineisen parameters of 13 alkali halides have been calculated over the

entire Brillouin zone by solving the lattice dynamical problem at different pressures.

A six-

parameter shell model has been used and the variation of the parameters with pressure was
deduced from the pressure dependence of the three elastic constants, of the two dielectric

constants, and of the infrared absorption frequency.

The quasiharmonic-model values of the

macroscopic Griineisen parameter at 295 °K were obtained by appropriate averaging over the

microscopic mode gammas,

The results are in good agreement, but are systematically

larger than Griineisen parameters deduced from thermal-expansion data.

I. INTRODUCTION

The Griineisen parameter1 of a solid is defined
by the relation

Ye=VBB1/Cy (1)

in terms of macroscopic variables: B - the coeffi-
cient of volume expansion, V - the volume, C, -
the specific heat at constant volume, and B, — the
isothermal bulk modulus. On the other hand, within
the quasiharmonic approximation, the Griineisen
parameter can be expressed in terms of the micro-
scopic Griineisen parameters (mode gammas) de-
fined by

d Inw
ST Ty @
where w; is the frequency of the 7th normal mode.
Although y, values for many alkali halides are
known, a systematic interpretation in terms of mi-
croscopic variables has not been given to our knowl-

edge.

The results of measurements of the pressure de-
pendence of the elastic constants have been used in
the past to calculate the mode gammas of the low-
frequency acoustic modes from

__1 By [8C
vis 6+ZC,<3P>T’ ®)

where C; is the appropriate elastic constant. The
Griineisen parameter has been estimated by aver-
aging over these acoustic mode gammas.?~* Such
a procedure is justified at low enough temperatures
at which only the nondispersive acoustic modes are
excited. It fails in principle, however, at higher
temperatures, where dispersive acoustic modes as
well as optical modes begin to contribute, and
should be replaced by a detailed lattice dynamical
calculation,

Arenstein et al.” have calculated the mode gam-
mas of NaCl from the rigid-ion model with nearest-
neighbor forces only, using a perturbation method,




