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Bonding of CO and NO to NiO(100): a Strategy for Obtaining Accurate Adsorption
Energies
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Ab initio studies of the bonding of CO and NO to a NiO(100) surface are presented. As has been shown by
Pacchioni et al. (Pacchioni, G.; Di Valentin, C.; Dominguez-Ariza, D.; lllas, F.; Bredow, T.néluT.;
Staemmler, VJ. Phys.: Condens. Matt@004 16, S2497), density functional theory (DFT) fails in predicting
accurately the bonding of CO and NO to a NiO(100) surface. In particular, in the case of thRiIRQL00)

system, DFT gives a physically incorrect picture of the bonding. Although the second-order complete active
space perturbation theory (CASPT2) method gives qualitatively correct results, still, some uncertainty exists
regarding the experimentally predicted value of the adsorption energy. We show that an accurate description
of the bonding in the CONiIO(100) and NG-NiO(100) systems, in fact, represents a challenge to theory,
and we will identify the origin of the underestimated bond strength by using different ab initio approaches,
and cluster models of systematically increasing size.

I. Introduction on a NiO(100) surface, a number of calculations using dif-

The bonding of small molecules to (transition) metal oxides ferent levels of theory and cluster models of increasing
and the corresponding understanding of photoinduced processe§iZ€: Which were embedded in a point charge field (PCF) of
at surfaces are of fundamental interest in many areas of about 2900 point charges, were performed. The geometry of
chemistry, physics, and materials scieficeln particular, the the cluster mgdelg corresponds to the ideal ro;:k salt struc-
accurate description of the bonding of CO and NO to a NjO- turé of bulk NiO with a lattice constant of 4.176 Ahe re-
(100) surface represents a serious challenge to tHe6r@n sults summarized in parts A and B of this section have
this account, Hoeft has questioned the capability of theoretical lready partially been published in refs-2. The adsorption
methods to describe accurately the bonding of CO, NO, and energies have been corrected for the basis set superposition
NHs to a NiO(100) surfacé Although density functional theory ~ €'T0" (BSSE) as proposed by Boys and Bern#tdi. not
(DFT) is a very effective and widely used tool to study the otherwise mentioned, the basis set shown in Table 1 has been

electronic structure of extended systems, such as metal oxidesgsed' All calculations on the ROHF, RMP_Z' CASSCF, and
via both slab and cluster models, Pacchioni et al. pointed out CASPT2 level of theory were performed using the MOLCAS

in a recent study that DFT results are strongly dependent onProgram packags, whereas the coupled cluster calculations
the exchange-correlation functional used. Especially-WiD were performed using the correspc_)r!d_lng code |mﬂlemented
(100) poses a great challenge, since it is very difficult to treat IN_the MOLPRO package of ab initio prograrfsi® To
using DFT methods. Thus, DFT gives a physically incorrect Minimize confusmn: Duetq the fact that the adsorption energy
picture of the bonding in the NONIO(100) systenf:é In cases is nega_t|ve, in the following paragraphs, an overestimated
wherein DFT fails in describing the correct physical nature of adsorp_tlon energy corresponds to a too-low _€Qa1nd
such systems, wavefunction-based methods that explicitly NO—N|O(1OQ) bond streng.th, as compared to experiment. Thus,
include dynamic correlation are essential. Although the CASPT2 & decrease in the adsorption energy corresponds to a stronger
method gives results in reasonable agreement with experiment,°°Nd- , ,

some uncertainty still existsin this work, we will present an A. CO_N'O(l(_)O)_' The geometry of the ce|\_1|0(100)
extended ab initio study of the bonding of CO and NO molecules SyStem was optimized at the RMP2 level using a €O

to a NiO(100) surface using restricted open-shell Hartfeeck ~ NiOsMgi5 /PCF model by pointwise calculation of the six-
(ROHF), second-order open-shell MghePlesset perturbation dlm_ensmnal potential energy surface_ around the experimental
theory (RMP2), complete active space self-consistent field Minimum energy geometry. The coordinates Qf the cluster atoms
(CASSCF), complete active space perturbation theory (CASPT2), have been kept fixed. The 3cand 3dz-2 orbitals of the Ni

and coupled cluster approaches and cluster models of systemati@tom were singly occupied in a high-spin configuration. In the
cally increasing size for the NiO(100) surface. Furthermore, we RMP2 calculation, the C 1s; O 1s; Ni 1s, 2sp, 3sp; and the Mg
will identify the origin of the discrepancy in former studies in 1s, 2sp orbitals were excluded from the correlation space. In

the adsorption energy between theory and experiment. the minimum energy geometry of théB ground state, the C
atom is located atop the central Ni atom with the @ bond
Il. Geometry and Adsorption Energy parallel to the surface normal, as illustrated in Figure 1. The

To elucidate the origin of the discrepancy between theory C—Ni distance of 2.15 A slightly overestimates the experimental

and experiment in the adsorption energy of CO and NO adsorbedva/ue of 2.07 A% whereas the €0 bond length of 1.14 Ais in
almost perfect agreement with the experimental finding of
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TABLE 1: Basis Set | Used for the Quantum Chemical
Calculations® ¢

Mehdaoui and Klaer

TABLE 3: Basis Set Il Used for the Quantum Chemical
Calculations?

atom type
standard basis extensions
Ni +s(€=0.35+p(=0.25)
(14s9p5d)— @s6p4dof +d(@€=0.15+2xf({=21;0.7)
Wachters'®
O (cluster) +d(¢=04)+s,p=0.1;0.1)
(9s5p)— [Bs3pof
Huzinagal®
Mg
(10s6p)— [2s1p3
0(CO) + 5 ({ =0.0738)+ p (¢ = 0.0597)
(9s5p)— [Bs3p@of +3xd(¢=1.2;04;0.15)
Huzinagal® +f(£=04)
c + s (£ = 0.0440)+ p (¢ = 0.03569)
(9s5p)— Bs3pbof +3xd(E=0.9,0.3;0.1)
Huzinagal® +f(£=0.3)
N + 5 (€ = 0.0576)+ p(¢ = 0.0491)
(9s5p)— [Bs3dof +3xd(¢=0.9;0.3;0.1)
Huzinagat® +f(£=0.3)

2332 basis functiong. For the oxygen ions in the uppermost surface
layer only.¢ Exponents and contraction coefficients optimized foMg

Reo=1.14 A
Rey=2.15 A

Figure 1. Minimum energy geometry of CO on the Nildg;5 /PCF
cluster in the XB; ground state. The point charge field used is not
shown.

TABLE 2: Adsorption Energy of CO on NiO sMgl3'/PCF
Computed at Different Levels of Theory?

method adsorption energy/eV
ROHF 0.29 (0.21)
RMP2 —0.10 (-0.40)
RMP2 —0.13 (-0.28)
RCCSD —0.02 (-0.33)
RCCSD(T) —0.09 (0.43)
experiment —0.30

2Values without BSSE Correction are in parenthe8€alculations
done with the larger ANO basis set shown in Table 3.

Although the geometry of the CENIO(100) system is

accurately described using this cluster model, some uncertainty
exists in the adsorption energy at the RMP2 level, which is

—0.10 eV, overestimating the experimental value-@.30 eV

by 0.20 eV. The corresponding interaction energy at the ROHF

level is clearly repulsive (0.29 eV), pointing out that dynamic

correlation is essential in this system due to the almost entirely
electrostatic nature of the CO-cluster interaction. Using a much
larger ANO basis set (basis set II; Table 3), the adsorption

energy on the RMP2 level decreases-@.13 eV, in somewhat

better agreement with the experiment. Hence, also the BSSE i

atom contraction literature
Ni (21s15p10d6f)y—~ [Ts6p5d4f] Pou?’
O (Cluster) (10s6p3dy Bs4p2dd Pierloot'8
Mg (13s8p3d)y— [Bs2pld] Pierloot'8
CorN (14s9p4d3fy— [Bs6p3d2f] Widmark?*®
O (COorNO) (14s9p4d3fy> Bs6p3d2f] Widmark?*®

2501 basis functions.

et al> A summary of the adsorption energies can be found in
Table 2.

Figure 2 presents a correlation diagram of gas-phase CO in
the X!=* ground state, the CENiOsMg;5 /PCF complex in
the X3B; ground state in the corresponding minimum energy
geometry and the NigMgis'/PCF cluster in the $8; ground
state. After adsorption of the CO molecule onto the
NiOsMgi5*/PCF cluster, the & and 1z orbitals of the CO
molecule are pushed downward in energy-hy.7 and 0.2 eV,
respectively. Conversely, the energy of the d orbitals of the Ni
atom are increased in energy ©¥.3—0.6 eV. Since no bonding
orbital is formed between molecular orbitals of the CO molecule
and orbitals of the Ni atom, in contrast to théE\excited-state
of the CO-NiOsMgi5/PCP* system, it is conclusive that the
interaction is mainly electrostatic in nature. This conclusion is
affirmed by calculations on a CG\/Igl4OéS+/PCF adsorbate
substrate complex, wherein the orbital energies of the CO
molecule are virtually identical to the CENiOsMg;5 /PCF
system.

A more reliable way of including dynamical correlation on
top of a HF calculation is to employ a coupled cluster approach.
In these calculations, the C 1s; O 1s; Ni 1s, 2sp, 3sp; and the
Mg 1s, 2sp orbitals were not correlated. Using the geometry

a) Gas phase CO b) CO on NiO,Mgs"/PCF c) NiO,Mg.;/PCF
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Figure 2. Correlation diagram of (a) gas-phase CO in tH& X ground
state, (b) the CONiOsMgis /PCF complex in the %8 ground state
in the minimum energy geometry, and (c) NMY:%*/PCF in the

SX3B, ground state. The orbital occupation numbers are shown in

reduced from 0.30 to 0.15 eV as compared to basis set I. Theseparentheses. For the cluster orbitals, only d orbitals of Ni are shown.
results are in good agreement with a recent study by Pacchioniimages of the orbitals were obtained using the MOLEKEL progi&th.
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Figure 3. CASSCF(3, 3) active molecular orbitals of the N®iIO-

(100) system in the minimum energy geometry in th#AXground

state. The orbital occupation numbers are shown in parnetheses. Images
of the orbitals were obtained using the MOLEKEL progr#f:

optimized at the RMP2 level, the BSSE corrected adsorption -
energy is substantially overestimated at the RCCSD level and Figure 4. Minimum energy geometry of NO on the Njlilg,;"/PCF

is only —0.02 eV. Using the RCCSD(T) method, which is cluster in the XA' ground state. The point charge field used is not
known as a very accurate standard method for calculating shown.

adsorption energies, the adsorption energy decrease8.@® TABLE 4: Adsorption Energy of NO on NiO sMg¥"/PCF

eV, which is almost identical to the RMP2 result, still computed at the CASSCF and CASPT2 Levels of Theory
overestimating the experimental value by about 0.2 eV (Table

2). Note that a geometry optimization at the RCCSD(T) level
will yield a slightly increased CONIO bond strength but has CASSCF(3,3) 0.46 (0.37)
not been performed due to the high computational cost of such SQSE% _8'23 (_8'22)
calculations. Since the results of the RCCSD(T) calculations experiment :0'57 (-053)
are virtually identical to the results on the RMP2 level, we . ] ) ) )
conclude that the RMP2 method, although in general not as Values without BSSE correction are in pz_;\rentheéésalculatlons
accurate as the RCCSD(T) method, is adequate in predictingOlone with the larger ANO basis set shown in Table 3.
accurate adsorption energies. This may be presumably due to a The tilted geometry is mainly due to the coupling of the
fortuitous cancellation of errors. Consequently, the discrepancy unpaired electron in the antibondingr®2 orbital of the NO
in the adsorption energy may be due to deficiencies inherent to molecule with the 3d orbital of the Ni atom, which yields the
the model system. A systematic study using clusters of differ- formation of a covalent NNi bond (indicated by 2} + 3dp2
ent size and composition is discussed in Section Ill. In addi- in Figure 3). This results in a somewhat strongerM bond
tion, the convergence of the adsorption energy as a function of —0.34 eV as compared to the GOIIO(100) system (Table
of the size of the active space in CASSCF calculations is 4). Similarly to the CG-NiO(100) system, the adsorption energy
discussed. is overestimated by 0.23 eV as compared to the experimental
B. NO—NiO(100). In contrast to the CONiO(100) system, value of —0.57 eV?2 The corresponding interaction energy on
accurate calculations of the electronic structure of the-NO the CASSCF level is, with 0.46 eV, clearly repulsive. In
NiO(100) system are even more involved due to the complicated addition, for this system, an ANO basis set (basis set II; Table
spin couplings in this system. In fact, this system cannot be 3) was used to test the effect of enlarging the basis set by a
described at the ROHF level of theory due to its multiconfigu- factor of~1.5. Using the ANO basis set, the adsorption energy
rational character. By means of the CASPT2 method, the onthe CASPT2 level decreases+6.38 eV, also in somewhat
geometry of the N&NiO(100) system was optimized using a better agreement with the experimental finding. Attitionally, the
NO—NiOsMg;s"/PCF model, whereas the coordinates of the BSSE is reduced from 0.36 to 0.15 eV as compared to basis
cluster atoms were kept fixed. The optimization was performed set I. An even larger basis set with a total number of 666 basis
by pointwise calculation of the six-dimensional potential energy functions yielded only a minor improvement in the adsorption
surface around the experimental minimum energy geometry. Theenergy of —0.02 eV, whereas the BSSE stayed constant. A
active space of the preceding CASSCF(3,3) calculation included summary of the adsorption energies can be found in Table 4.
the singly occupied antibondingr2 orbital of the NO molecule, These results are in good agreement with a recent study of
the singly occupied 3dand 3dz-,2 orbitals of the Niatom and ~ Pacchioni et al?,who additionally performed systematic DFT
three active electrons. The active molecular orbitals are showncalculations for this system. Not only cluster calculations were
in Figure 3. In the CASPT2 calculation, the N 1s; O 1s; Ni 1s, performed, but also periodic super-cell calculations. In contrast
2sp, 3sp; and the Mg 1s, 2sp orbitals were excluded from the to the CG-NiO(100) system, no conclusive results could be
correlation space. obtained, and in addition, the wave functions were highly spin-
In the minimum energy geometry of the2X ground state, contaminated due to the multiconfigurational character of the
the N atom of the NO molecule is located atop the Ni atom NO—NiO(100) system. In principle, multiconfiguration coupled
with a N—Ni bond length of 1.99 A, which is somewhat larger  cluster approaches, such as MC-CEPA, may be suitable to treat
than the experimental value of 1.88 A. The tilt angle between such systems. Such calculations have already been done by
the N—O bond and the surface normal and the@® bond length Pacchioni et at.and have therefore not been repeated. Pacchioni
are 58 and 1.17 A, respectively, which is in good agreement et al. showed that the MC-CEPA method using different basis
with the experimental findings of 8&nd 1.12 A. The theoretical  sets and cluster models yields only very small binding energies
values are summarized in Figure 4. The experimental geo- of only —0.05 to—0.10 eV.
metrical parameters can be found in refs 8 and 20. An extensive Due to the very similar characteristics to the €8i0O(100)
amount of additional experimental data for the NRIO(100) system, the lack in predicting accurate adsorption energies might
system can be found in ref 21. be due to deficiencies in the model systems used so far in this

method adsorption energy/eV
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TABLE 5: Adsorption Energy of CO on NiO sMg;3 /PCF
for Different Active Spaces in the CASSCF Calcufations

adsorption energy/eV

Mehdaoui and Klaer

TABLE 6: Adsorption Energy of CO on NiO(100)
Computed at the ROHF and RMP2 Level for Different
Cluster Size$

adsorption energy/eV

active space 8,7) (12, 10) (18, 13)
cluster model RMP2 ROHF
CASSCF 0.32 0.30 0.30 o
CASPT2 ~0.05 ~0.06 ~0.07 CO-NiOsMg; 3 /PCF —0.10 (-0.40) 0.29(0.21)
experiment —-0.30 CO—Ni,OgMgZs /PCF —0.12 (-0.43) 0.29 (0.21)
CO—Niz01Mg3 e /PCF —0.15 (—0.46) 0.28 (0.21)
a 2.
All values have been corrected for the BSSE. CO—Ni5017Mg§3+/PCF ~0.20 (-0.54) 0.27 (0.20)
CO—NiO;/Mg33"/PCF —0.11 (-0.52) 0.30 (0.20)
experiment —0.30

aValues without BSSE correction are in parentheses.

TABLE 7: Adsorption Energy of NO on NiO(100)
Computed at the CASSCF and CASPT2 Level for Different
Cluster Size$

adsorption energy/eV

cluster model CASPT2 CASSCF(2+1,2n+1)
NO—NiOsMgi5"/PCF ~ —0.34 (-0.70) 0.46 (0.37)
NO—Ni,OsMgZ2"/PCF  —0.38 (-0.74) 0.46 (0.37)
Figure 5. Geometry of the (a) NDsMgZ /PCF, (b) NiOuM NO—Niz01;Mg;3 /PCF  —0.41 (=0.79) 0.46 (0.37)

6% /IPCF, and (c) NiO1Mgi2"/PCF cluster. The point charge fields ~ €Xperiment —0.57

used are not shown. lllustrations were obtained using the MOLEKEL

anis the number of Ni atoms in the corresponding cluster models;
programz324

values without BSSE correction are in parentheses.

and similar studies. Therefore, a systematic study using clustercluster size and additional Ni atom, the adsorption energy at

models of different sizes has been performed for both adsorbatethe RMP2 level linearly decreases by abet@.025 eV. Thus,

substrate-systems as discussed in the next paragraph. the adsorption energy for CO ongEDNMg;‘g*/PCF, the largest
cluster model, is—0.20 eV, much closer to the experimental

[ll. Convergence of the adsorption energy finding. A further calculation with a cluster model of the same
42+

A. CO—NiO(100). To provide a first indication of the  SiZe but only one Ni atom, a NigMgj; /PCF cluster, gives a
discrepancy between theory and experiment, CASSCF andCO—NiO(100) bon_d st_rengt_h of only-0.11 eV, revealing that
CASPT2 calculations in which the active space in the CASSCF @lthough the bonding is mainly a local effect, the small effects
calculations is systematically increased were performed. The ©Of the neighboring Ni atoms add to a substantial decrease in
results are summarized in Table 5. Using an active space of (8,t€ adsorption energy. Although properties such as the geometry
7), which in addition to the 3¢l and 3¢k, orbitals of Ni of the CO-NiO(100) sys£8e+m can already be described accurately
includes the doubly occupiedrland 55 and the unoccupied by @ small CO-NiOsMg;;"/PCF cluster on the RMP2 level, a
27* antibonding orbitals of the CO molecule, the adsorption Very accurate description of the bonding necessitates a much
energy on the CASPT2 level is increased +®.05 eV. larger cluster model, which also considers neighboring Ni atoms
Augmenting the active space by the whole valence space ofOf the corresponding adsorption side. Interestingly, the CO-
the CO molecule (12, 10), the adsorption energy decreases tc-luster interaction energy at the ROHF level is virtually
—0.06 eV. The largest active space (18, 12) includes in addition independent of the cluster size, pointing out that the inclusion
to the whole valence space of the CO molecule all d orbitals of of dynamic correlation is essential to get the correct convergence
the Ni atom, which yields a slightly decreased adsorption energy Pehavior of the adsorption energy as a function of cluster size.
of —0.07 eV, almost as large as the adsorption energy obtained B. NO—NiO(100). Similar to the CG-NiO(100) system, the
using the RMP2 method (Table 2). This led us to deduce that convergence of the adsorption energy as a function of cluster
using the RMP2 method is reasonable to correctly describe theSize has been investigated for N®iO(100). Due to the lower
bonding in the CG-NiO(100) system. symmetry of this system and, thus, higher computational effort

In a recent study, Pacchioni et al. pointed out that DFT nse(ngd for the computations, calculations only up tosONM
calculations using a periodic super-cell and a small cluster model 923 /PCF model could be performed. The geometry of these
with only one Ni atom give virtually the same result and differ model systems corresponds to the ideal rock salt structure of
by only 0.02 e\& This led to the conclusion that a small cluster bulk NiO. The cluster models are illustrated in Figure 5. The
model accurately describes the bonding of CO on NiO(100). active space in the CASSCF calculations included theaul
To test the validity of this conclusion for wavefunction-based 30—y orbitals of all Ni atoms and the singly occupied*2
methods, wherein dynamical correlation is explicitly treated, a orbital of the N atom, which yields an active space of {21,
series of calculations were performed with clusters of systemati- 2n + 1), wheren is the number of Ni atoms. In the CASPT2
cally increasing size and different numbers of Ni atoms. The calculations, the N 1s; O 1s; Ni 1s, 2sp, 3sp; and the Mg 1s,
geometry of these model systems corresponds to the ideal rock2sp orbitals were excluded from the correlation space. As can
salt structure of bulk NiO and is presented in Figure 5. All be seen from Table 7, for each increase in the cluster size, the
calculations were performed with all Ni d electrons in high- adsorption energy decreases by abe0t035 eV, which yields
spin configuration to minimize convergence problems due to a stronger N-Ni bond. The adsorption energy for the largest
the large number of possible complex spin couplings. The resultscluster (N;01:Mg33 /PCF) is—0.41 eV. Due to the character-
for all cluster models used for the calculations are shown in istics that are similar to the CENiO(100) system, extrapolation
Table 6. These results illustrate that for each increase in theto an adsorption energy 6f0.48 eV for a N@,OHMg;‘?/PCF
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cluster model seems adequate and is in much better agreement (3) Mehdaoui, I.; Kimer, D.; Pykavy, M.; Freund, H.-J.; Kher, T.
with the experimental finding 0f0.57 eV, as compared to the Phy(sl-l)c,t‘/lee?:a;ﬁ”?-_ i?ﬁoisﬁﬁff“ée it 2007 98 037601
smaller model systems. From these results, it can be concluded (5 pacchioni, G.; Di Valentin, C.; Dominguez-Ariza, D.; llias, F.:
that the discrepancy between theoretical and experimentalBredow, T.; Kliner, T.; Staemmler, VJ. Phys.: Condens. Mattet004
adsorption energies in former studies can be traced back to16 S2497. . o . , _ .
deficiencies inherent in the methods and in the cluster models ,_ (6) Valentin, C. D.; Pacchioni, G.; Bredow, T.; Dominguez-Ariza, D.;
i , lllas, F.J. Chem. Phys2002 117, 2299.
used so far: the cluster models were too small to predict very 7y pacchioni, G.; Cogliandro, Gurf. Sci.1991, 255, 344.

accurate interaction energies or a too small number of Ni atoms  (8) Hoeft, J. T.; Kittel, M.; Polcik, M.; Bao, S.; Toomes, R. L.; Kang,

has been used. J. H.; Woodruff, D. P.; Pascal, M.; Lamont, C. L. Rhys. Re. Lett.2001,
87, 086101.
. (9) Newman, R.; Chrenko, R. M?hys. Re. 1959 114, 1507.
IV. Conclusion (10) Boys, S. F.; Bernardi, Aviol. Phys.197Q 19, 553.

. . . (11) Karlstram, G.; Lindh, R.; Malmqyist, P.-A.; Roos, B. O.; Ryde,
In conclusion, an extended ab initio study of the bonding of U.; Veryazov, V; Widmark, P.-O.. Cossi. M.. Schimmelpfennig, B.:

CO and NO on NiO(100) has been presented. The correspondingNeogrady, P.; Seijo, LComput. Mater. Sci2003 28, 222.
interaction energies have been investigated at the ROHF, RMP2, (1CZ)IW¢mer, H.-J.; Knowles,hP. JG Lindh, R. F.; Manbyr,] Rd; Szhu

i M.; Celani, P.; Korona, T.; Rauhut, G.; Amos, R. D.; Bernhardsson, A.;
CASSCF.’ CAS.PTZ’ ar.]d RC_ZC leve.l of theory using C|93ter3. of Berning, A.; Cooper, D. L.; Deegan, M. J. O.; Dobbyn, A. J.; Eckert, F.;
syste_matlcally increasing size, which are embedded in a field Hampel C.: Hetzer, G.: Lloyd, A. W.; McNicholas, S. J.: Meyer, W.; Mura,
of point charges. Although the geometry of these systems canM. E.; Nicklass, A.; Palmieri, P.; Pitzer, R.; Schumann, U.; Stoll, H.; Stone,

accurately be described when using a small cluster model with éf- gg ;L"’i‘trigogirlo';glis'rhomeinsso”- MOLPRO, version 2006.1; a package
only one Ni atom, some uncertainty exists concerning the ° (13" \guies C. H. P. J.: Werner, H.I. Chem. Phys1993 99, 5219.

adsorption energies, which led to a recent debate concerning (14) Knowles, C. H. P. J.; Werner, H.-J. Chem. Phys200Q 112,
the capability of current theoretical methods to accurately 3106.

: - - (15) Wachters, AChem. Phys1965 42, 1033.
describe ther?ondlng ?f CIO an NO to a Nr|]O(100) surface. In (16) Huzinaga. S.. Roos, Brheor. Chim. ACtL995 92, 149.
contrast to this, we clearly demonstrate that a very accurate (17) poy-amerigo, R.; Merchan, M. Widmark, P.-O.; RoosTReor.
description can be obtained at the RMP2 and CASPT2 levels Chim. Actal1995 92, 149.
with both large clusters and a sufficiently large number of Ni A t(lfi)gggeg(f;Oé,?K-; Dumez B.; Widmark, P.-O.; Roos, B. Theor. Chim.

. Cta A .

atom.s' Since results on the DFT leve.l strongly erend on the (19) Widmark, P.-O.; Malmqvist, P.-A.; Roos, B. Dheor. Chim. Acta
functional used and, moreover, may give a physically incorrect 199q 77, 291.
picture, this shows the importance of systematically improvable  (20) Lindsay, R.; Baumigtel, P.; Terborg, R.; Schaff, O.; Brandshaw,
ab initio methods that explicitly account for both dynamical A-M.; Woodruff, D. P.Surf. Sci.1999 425 L401.

- . , : (21) Kuhlenbeck, H.; Odder, G.; Jaeger, R.; lling, G.; Menges, M.;
correlation effects and the multiconfigurational character of such Mull, T.: Freund, H..J.: Pbichen, M.: Staemmler, V.. Witzel, S.: Scharf-

systems in combination with cluster models. schwerdt, C.; Wennemann, K.; Liedtke, T.; Neumann, ftys. Re. B:
Condens. Matter Mater. Phy4991, 43, 1969.
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