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The energetics of the Cl,/MgO(OOl) interface were investigated using the ab initio periodic 
Hartree-Fock (PHF) method and local density functional correlation corrections to PHF 
theory, as implemented in the program CRYSTAL92. Estimates of the correlation corrected 
PHF energies are made by post-SCF evaluations of three gradient corrected functionals. The 
correlation energy is calculated from the fully converged ground state PHF charge density 
and added to the PHF total energy. This is the first study of interfacial energetics using the 
correlation corrected PHF theory. PHF and correlation corrected molecule/surface binding 
energies are reported for seven orientations of the adsorbate with respect to the surface plane. 
Three of the configurations align the intramolecular axes along the surface normal and the 
remaining geometries arrange the molecules heat-to-tail, parallel to the surface plane. The 
most favorable interaction occurs when chlorine approaches a surface oxygen along the nor- 
mal direction. This site preference is consistent with a classical electrostatic description of the 
physisorption process. The binding energy increases with decreasing surface coverage. At the 
most dilute coverage studied (1:8) the PHF binding energy was 4.1 kcal/mol and the corre- 
lation corrected binding energies ranged from 9.2 to 10.3 kcal/mol. All three functionals 
tended to increase the molecule/surface attractions, shorten the molecule/surface equilibrium 
distance, increase the curvature of the molecule/surface potential energy surface near equilib- 
rium, and reduce the molecule/molecule repulsions. 

1. INTRODUCTION 

An investigation of the interfacial properties and ener- 
getics of Cl2 on MgO(OO1 ), using ab initio periodic 
Hartree-Fock (PHF) theory, was reported in an earlier 
work by McCarthy and Hess’ (hereafter referred to as 
MH 1). That study reported results for two molecule/ 
surface orientations+ oriented normal to the surface ap- 
proaching either a surface magnesium or oxygen site-as a 
function of surface coverage. The molecule was found to 
bind over the oxygen sites with a binding energy, E~ind, of 
4.1 kcal/mol at a 1:8 coverage, but a coverage independent 
repulsive interaction was observed when Cl, approached a 
magnesium site. Based on the computed physical proper- 
ties of the Cl,/MgO( 001) interface, these interactions were 
understood to be dominated by classical electrostatics. 
Very little charge redistribution (in either the adsorbate or 
the surface) occurred when Cl, physisorbs onto 
MgO(OO1). Hence, at this level of theory, the process ap- 
pears to be governed by electrostatic forces between the 
moments and polarizability of the molecule and the field 
and field gradients of the clean slab (MH 1). The attractive 
molecule/surface interaction energy (Eint) may be written 
as 

Eint=/l~~-@~ ~++~~**ej (1) 

where, yZ and 0, are the normal components of the per- 
manent dipole and quadrupole moments of the molecule, a 
is the molecular polarizability and F, is the normal com- 

ponent of the electric field. The interaction of HCl, which 
contains a permanent dipole moment, with MgO( 001) was 
also well described by the classical electrostatic model.2 

The present work re-examines the energetics of the 
Cl*/MgO (001) interface using correlation corrected PHF 
theory which incorporates an estimate of the correlation 
energy into the calculations of the total energy of the sys- 
tem. This is accomplished through integration of three gra- 
dient corrected correlation functionals based on the self- 
consistent PHF ground state charge density. A brief 
description of this method is given in Sec. II. The PHF and 
the correlation corrected energies for seven different Cl,/ 
MgO orientations are reported in Sec. III; these include the 
two configurations reported in MHl and five additional 
adsorbate/surface geometries. The results are discussed in 
terms of the earlier study of Cl, and on MgO(OO1) 
(MH 1) . Concluding remarks are made in Sec. IV. 

II. COMPUTATIONAL DETAILS 

The calculations in this study are done using the pro- 
gram CRYSTAL92,3’4 which is based on the methods of both 
PHF theory and local density functional correlation cor- 
rections to PHF theory. The fundamentals of PHF theory 
and its implementation in CRYSTAL92 have been discussed 
earlier.5*6 The method is well established and has been used 
to study a wide range of materials. w-” The computational 
scheme initially calculates the ground state PHF charge 
densities at a given nuclear configuration. The contribution 
from the correlation functionals is then evaluated from this 
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converged PHF charge density. Applications of correlation 
corrected PHF theory to bulk semi-conductors and semi- 
ionic compounds have been reported in works by Orlando 
et al9 and Harrison et al.,12 respectively. The work of Har- 
rison et aL” found that gradient corrected correlation 
functionals yielded a reasonable description of the &MgCl, 
interlayer energetics. In the present work, we report results 
of calculations using three gradient corrected correlation 
functionals. Two are derived from studies of an electron 
gas and are referred to as P8613p’4 and P91.t5 The third is 
determined from studies of the helium atom and is referred 
to as CS.16*17 The results obtained using these three func- 
tionals in the current study of the Cl,/MgO interface were 
in qualitative agreement. Because these energetics have not 
been measured experimentally no attempt was made to 
compare the accuracy of the three functionals. 

All the calculations in the present work were per- 
formed using a mixed split valence basis set of the form 
8-51G on oxygen, 8-61G on magnesium”‘* and a standard 
Pople 6-21G* on chlorine. The Cl, geometry was fixed at 
the calculated (6-21G*) equilibrium distance, 1.9926 A. 
The correlation corrected equilibrium distances were all 
within 3% of this value. Essentially no change in the in- 
tramolecular distance was observed due to interactions be- 
tween the molecule and the surface. The model Cl,/MgO 
system contains two molecules per unit cell (one “above” 
and one “below” the slab) on either side of the two- 
dimensional three layer slab of MgO (generating a mirror 
plane). The total energies are calculated with the orienta- 
tions of the adsorbates fixed with respect to the surface 
plane. The slab thickness (three layers) was chosen such 
that the charge density of the center atoms resembled those 
found in bulk MgO (MH 1) . No interaction was observed 
between the top and bottom molecules and calculations 
with and without the mirror plane [two or one molecule(s) 
per unit cell] gave the same binding energies ( MHl ) . The 
lattice constants a and b of the slab (along the x and y 
directions, respectively) are set such that the MgO super- 
cell defines a molecule/molecule spacing at the desired 
coverage. The tolerance parameters used to evaluate the 
Coulomb and exchange series in all of these calculations 
were (s,=t,=5) and (seX=dX=5 and pi,= 1O).5 

Ill. RESULTS AND DISCUSSION 

The binding energy, Ebind, of Cl, on MgO(OO1) is de- 
tined as the energy required to remove one molecule from 
the surface, at a given coverage, 

Ebind= f [En MgO +‘% Cl2 -En htg0/2~1~1. (2) 

The terms on the right hand side of (2) represent the total 
energies per unit cell of, the clean (001) slab (n denotes 
the number of MgO formula units in the supercell), the 
isolated chlorine molecules and the total system at the 
equilibrium configuration. The reported coverages, 1:2, 1:4 
and 1:8, imply that 50%, 25% or 12.5% of like sites on the 
surface contain chlorine molecules. The PHF and the cor- 
related corrected binding energies for seven different 
molecule/surface orientations are reported in Table I. The 

surface coverages are expressed in terms of the molecule/ 
molecule spacings (square lattice for normal orientations 
and a rectangular net for parallel configurations). A sche- 
matic representation of these configurations is shown in 
Fig. 1. In three of these geometries the molecules were 
perpendicular to the MgO (001) face over either an oxygen 
[Fig. 1 (a)] or surface magnesium atom [Fig. 1 (b)] or over 
the center of an Mg/O subcell [Fig. 1 (c)l. The other four 
geometries fixed the molecules parallel to the surface ori- 
ented either between two oxygens [Fig. 1 (d)] or between 
two magnesiums [Fig. 1 (e)] or straddling either an oxygen 
[Fig. 1 (f)] or magnesium atom [Fig. 1 (g)] (aligned along 
a diagonal line of like surface sites). The latter geometries 
align the molecules head-to-tail in a rectangular lattice on 
the surface. 

The most favorable configuration (of the seven stud- 
ied) occurs when the Cl, approaches normal to a surface 
oxygen. The physical properties and PHF energetics of this 
molecule/surface orientation were discussed in detail in 
MHl. It is evident from the data in Table I that the PHF 
and the correlation corrected binding energies increase 
with decreasing surface coverage. This effect is a direct 
result of the purely repulsive interactions between mole- 
cules on the surface which cause the binding energy to 
increase as the surface coverage decreases. Hence, adsor- 
bates in this configuration are predicted to “wet” the sur- 
face. The largest binding energy occurs at the most dilute 
coverage ( 1:8) and the correlation corrected values range 
from 9.2 kcal/mol to 10.3 kcal/mol. The analogous con- 
figuration with the molecule approaching a surface magne- 
sium shows a purely repulsive interaction at all coverages. 

The interfacial energetics observed in the present work 
are consistent with (and strengthen) the arguments put 
forward in the earlier paper (MHl) regarding the nature 
of the Cl,/MgO interaction. The physical properties re- 
ported in MHl (band structure, total and projected den- 
sity of states, charge density and density difference maps, 
Mulliken analyses, and electrostatic potential electric field 
maps) indicated that the physisorption of Cl2 onto 
MgO(OO1) did not substantially alter the charge density of 
either object. From these observations and from the calcu- 
lated maps of the electrostatic potential and electric fields, 
it was deduced that the attractive interaction could be ac- 
counted for by the classical electrostatic expression, ( 1). 
This expansion ( 1) is dominated by the term containing 
the normal components of the molecular quadrupole mo- 
ment and the field gradient. The magnitude and sign of the 
latter term dictated favorable binding of the adsorbate over 
an oxygen with its quadrupole moment aligned along the z 
component of the electric field (intramolecular axis per- 
pendicular to the surface plane). The present work consid- 
ered five additional adsorbate/surface orientations, but the 
former configuration remained the most energetically fa- 
vorable. The site preference is maintained (probably 
through higher order terms) even when the quadrupole 
moment/field gradient interaction is reduced as the mole- 
cule is tipped off the surface normal. 

The three correlation functionals display the same rel- 
ative behavior for all of the geometries studied. Three main 
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TABLE I. Energetics of the ClJhIgG interface at different molecule/surface orientations and molecule/molecule spacings (surface coverages). The 
molecule/surface interaction energies reported are from PHF calculations and calculations using three different estimates of the correlated corrected 
energies. The equilibrium distance of the molecule from the surface is expressed as Z&, 
[I denotes orientations with the molecule normal to the surface plane and ]I 

Positive values indicate an energetically favorable interaction. 
indicates configurations with the molecule parallel to the surface plane.] 

Orientation 

1 over 0 (1:2) 

1 over0 (1:4) 

1 over 0 (1:8) 

1 over Mg 
(1:2) 

1 over Mg 
(1:4) 

1 over cell 
center (1:4) 

11 between 0 

11 between Mg 

I] straddling 0 

I] straddling Mg 

Cl/Cl 
spacing 

(A) 

PHF cs P86 P91 
Z Cl/S E bl”d Z J%ind E E 

(A) 
q/s ZCl/* bmd 

(A) 
&I/* btnd 

kcal/mol (A) kcal/mol kcal/mol (A) kcal/mol 

4.2050 2.17 

5.9468 2.76 

8.4100 2.15 

4.2050 Repulsive 

2.8 

3.8 

4.1 

2.53 

2.52 

2.52 

Repulsive 

8.9 

9.1 

9.2 

2.50 

2.49 

2.46 

Repulsive 

9.4 

9.9 

10.3 

2.51 

2.50 

2.48 

Repulsive 

1.9 

8.7 

9.2 

5.9468 Repulsive Repulsive Repulsive Repulsive 

5.9468 3.41 0.6 2.80 2.6 2.98 1.7 

3.9542/ 
5.9468 

Repulsive 

2.85 2.8 

co.5 Repulsive Repulsive 

3.9542/ 
5.9468 

3.57 0.8 

3.9542/ 
5.9468 

co.5 

2.84 5.5 

3.00 4.5 

co.5 

2.11 

3.01 

5.2 2.84 3.5 

3.9542/ 
5.9468 

Repulsive 

4.4 

< 0.5 

3.01 2.9 

Repulsive 

effects were observed in the correlated energetics relative to tances; and (3) an increase in the curvature of the 
the PHF results: ( 1) a substantial increase in the 
molecule/surface binding energy; (2) a shift in the 

molecule/surface potential energy surface. Binding ener- 

molecule/surface equilibrium geometry to shorter dis- 
gies calculated using the three functionals are in qualitative 
agreement with each other (within l-2 kcal/mol) at all 

FIG. 1. Orientations of Cl, on MgG(OO1) projected onto the ab plane (along x and y) of the slab; (a)-(c) molecules are aligned along the surface 
normal over an oxygen (a), magnesium (b), or a cell center (c) site, (d)-(g) molecules are arranged head-to-tail parallel to the surface plane, between 
two oxygens (d), between two magnesiums (e), straddling an oxygen (f) or straddling a magnesium (g) [open circles are oxygens, filled circles are 
magncsiums and shaded circles are chlorines]. 

J. Chem. Phys., Vol. 98, No. 8, 15 April 1993 
Downloaded 02 Aug 2007 to 155.198.4.228. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6390 McCarthy et a/.: The CI,/MgO interface 

4.0 

2.0 

% 0.0 

2 

l. 
-2.0 

1 -4.0 

I :I: 

-10.0 

-12.0 

r 60.0 I ir 
HF 
HFICS 
“F+P86 
“FtP9 t 

1 60.0 

2 

! 

40.0 

% 

f 20’o 
0.0 

I.. . . I . I I.. 

2.0 3.0 4.0 5.0 6.0 7.0 6.0 

cxfsnrtsce oxygen distance t&i.' 

-20.0 * 
2.0 S.0 4.0 6.0 6.0 7.0 6.0 

cl/sulfate distance tail 

FIG. 2. Interaction of Cl, on MgO(CO1) with the molecules aligned 
along the surface normal over a surface oxygen at a 1:8 coverage 
(molecule/molecule spacing= 8.41 A). Relative energetics are shown for 
the PHF and correlated corrected PHF results. The asymptotic limit in 
all curves has been set to zero to eliminate the offset in the correlated 
corrected energies. 

configurations studied. The inclusion of correlation in- 
creases the binding energies by l-7 kcal/mol and decreases 
the equilibrium molecule/surface bond distance by -0.2 
A. Figure 2 shows the total PHF and correlated corrected 
energies for the most favorable Cl,/MgO orientation ( 1:8, 
Cl2 normal to surface oxygen). All of the curves have been 
zeroed to the asymptotic value to remove the offsets in the 
energies calculated from the correlation functionals. Table 
II shows the variation of the correlation energies upon 
dilation of periodic arrays of chlorine molecules. Inclusion 
of correlation serves to reduce the short range intermolec- 
ular repulsion at molecule/molecule separations corre- 
sponding to the 1: 1 and 1:2 coverages. However, the func- 
tionals do not affect the energetics of the 1:4 and 1:8 

TABLE II. Interaction energies of the periodic net of Cl, molecules (per 
molecule) calculated at the spacings corresponding to the surface cover- 
ages reported in Table I. In the first four entries the intramolecular axes 
are aligned parallel to each other, corresponding to an approach to the 
(001) face of MgO along the surface normal. The final entry describes the 
interaction between molecules aligned head-to-tail in the configuration 
corresponding to adsorbates arranged parallel to the (001) surface plane. 
Positive values indicate a repulsive interaction. 

Net spacing PHF cs P86 P91 
Geometry (A) kcal/mol kcal/mol kcal/mol kcal/mol 

11 1:l 2.9130 + 34.0 + 19.9 +17.1 + 19.4 

1) 1:2 4.2050 +0.8 -0.4 +0.1 +0.4 

I( 1:4 5.9468 +0.1 +0.1 +O.l to.1 

11 1:s 8.4100 +o.o +o.o +o.o +o.o 

Head-to-tail 3.9547/5.9468 +0.4 +0.2 +0.3 t-o.4 
rectangle 

* 

- HE= 
-s&b- wTtc.5 
+ HFtP86 
--)t tw+F31 

4 

FIG. 3. Interaction of Cl, on MgO(OO1) with the molecule arranged 
head-to-tail on the surface between two oxygen% Relative energetics are 
shown for the PHF and correlated corrected PHF results. The asymptotic 
limit in all curves has been set to zero to eliminate the offset in the 
correlated corrected energies. 

spacings, indicating that the correlation interaction is com- 
paratively short ranged. This behavior is expected from the 
local nature of the functionals. The decrease in the 
molecule/molecule repulsion energy at the I:2 spacing ac- 
counts in part for the greater spread in binding energies 
between the PHF and correlation corrected data at that 
coverage. At the three other bound configurations (perpen- 
dicular over the cell center, parallel between magnesiums 
and parallel straddling an oxygen) the binding energies at 
the PHF level are all ( 1 .O kcal/mol while the correlation 
corrected values range from 1.7 to 5.5 kcal/mol. The three 
remaining configurations display purely repulsive 
adsorbate/surface interactions at both the PHF and corre- 
lated levels of theory (see Table I). An example of this 
behavior is evident in Fig. 3 which shows the total energy 
data for the configuration with the molecules approaching 
the surface parallel to the (00 1) face between two oxygens. 

The present data corroborates earlier observations that 
the correlation functionals give rise to significant correc- 
tions to short-range forces. Long-range effects, such as dis- 
persion forces, which are proportional to r-‘, are not ex- 
plicitly treated in either the PHF or the correlated 
corrected PHF theories. This implies that the potential 
energy curves for the molecules approaching the surface, 
obtained from the correlation corrected PHF calculations, 
do not accurately account for the behavior at large 
molecule/surface separations. It appears that the function- 
als do correctly describe the gradient of the energy near the 
minima (and hence the lattice constants12) and the ener- 
getics of the asymptote. The binding energetics may, there- 
fore, be well described even though the shape of the poten- 
tial energy curve is in error; in the absence of empirical 
data on this system it is impossible to quantitatively assess 
these functionals. 
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IV. CONCLUSIONS 

We have investigated the Cl,/MgO(C!Ol ) interface us- 
ing PHF theory and three density functional correlation 
corrections. Total energies were reported for chlorine ap- 
proaching the surface in seven adsorbate/surface orienta- 
tions. The energetically most favorable configuration oc- 
curs when the intramolecular axes of the diatomics are 
aligned along the surface normal, over an oxygen atom. 
This is consistent with the arguments presented in the ear- 
lier study (MH 1). The molecule/surface binding energies 
were found to increase with decreasing surface coverage. 
At the most dilute coverage studied ( 1:8) the PHF binding 
energy was 4.1 kcal/mol and the correlated corrected en- 
ergies were 9.2 to 10.3 kcal/mol. In general, the correlation 
functionals increased the molecule/surface binding ener- 
gies (by l-7 kcal/mol) and decreased the molecule/ 
molecule repulsions. The energetics calculated from the 
three functionals showed qualitatively similar behavior for 
all molecule/surface geometries. They increased the 
adsorbate/surface binding energies, decreased the 
adsorbate/surface equilibrium distances and increased the 
curvature in the potential energy surface in the vicinity of 
the equilibrium position. Experimental data is required to 
assess the relative merits of the functionals. 
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