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Abstract: Kohn—Sham orbitals and eigenvalues are calculated with gradient-corrected functionals for a set of
small molecules (bD, Ny, CrHg®~, and PdC~), varying basis sets and functionals. The calculated Kohn
Sham (KS) orbital shapes, symmetries, and the order and absolute energy of the associated eigenvalues are
investigated and compared with those of HartrBeck (HF) and one-electron extendeddHel (eH) calculations,

as well as experimental ionization potentials. The shape and symmetry properties of the KS orbitals are very
similar to those calculated by HF and eH methods. The energy order of the occupied orbitals is in most cases
in agreement among the various methods. The order of empty orbitals of a minimal basis set is sometimes
interchanged, within that group or with some orbitals resulting from a larger basis calculation. Overall the KS
orbitals are a good basi®s Baerends suggestefibr qualitative interpretation of molecular orbitals. For the
Kohn—Sham eigenvalues we find an approximately linear dependeney‘®f- "F| vs "F (~—IP) for the
occupied as well as for the unoccupied orbital eigenvalues. We suggest-arb scaling for quantitative
interpretation of KS eigenvalues, at least if these are calculated utilizing commonly used functionals.

1. Introduction shied away from attributing to KohrSham orbitals the reality
that (we think) they deserve.

As with any general statement, this is an exaggeration. There
are theoreticiarts* who have provided a welcome place for
orbitals in the density functional schemBaerend¥ 14 and

Chemists have found orbitals useftdtomic orbitals, mo-
lecular orbitals, the orbitals of molecular fragments. Orbitals
provide a natural language for anfbauof the complex reality

of the molecules of the inorganic gnd organic Wo_rld: Pari®-12 are prominent examples. Baerends’ impressive work
As Hartree-Fock self-consistent-field theory and its improve- i 55ints the physical significance of KS orbitals by “splitting
ment through configuration interaction (HF-SCF and Cl) ' he exchange-correlation part of the KS potential into a part
evolved, the ‘reality” of orbitals was both strengthened and ¢ is girectly related to the total energy and a so-called response
weakened. The strengthening was derived from Koopman's 4 ihat is related to response of the exchange-correlation hole
theorem, which provided a simple and natural connection density change314Baerends and co-workers in fact argue
between orbital energy and ionization potential (enhanced by ¢ the KS orbitals areery suitable for qualitative, chemical
the development of photoelectron spectroscopy, which ef- o 5jications. Meanwhile, without waiting for the justification

fectively allowed us to measure easily ionization potentials (IP’S) hat Baerends’ arguments provide, the chemical community has

other than the first). However, the limitation of the single- begur-mainly in the past few yearsto apply KS orbitals in
con_ﬂguratlon viewpoint weakened, so to speak, the re_allty of rationalizing chemical phenomei&22 as we are used to doing
orbitals. If many states of a molecule are not well described by \\ith extended Hakel (eH) orbitals.

n r twi nfigurations, the orbital i I i ility.
one (or t .O) CF) gurations, the orbita C.iea os‘?s s L;]]teéty (5) Perdew, J. P.; Norman, M. Rhys. Re. 1982 26B, 5445.
We are in a time of ascendency of density functional thedry (6) Perdew, J. P.; Levy, MPhys. Re. Lett. 1983 51, 1884.
for the computation of the electronic structure of molecules.  (7) Kohn, W.; Vashishta, M. R. Ifiheory of the Inhomogeneous Electron

The methodology contains orbitals to be sure, the KeSham Gas Lundquist, S., March, N. H., Eds.; Plenum: New York; p 79.
(8) Levy, M.; Perdew, J. P.; Sahni, Yhys. Re. 1984 30A 2745.

(KS) orbital¢ which we will denote aspi, with associated (9) Tozer, D. J.; Handy, N. C.; Green, W. Bhem. Phys. Lett1997,

eigenvalueg;. But the fundamental variable, which determines 273 183.

all observables, is the total electron densiti? = p. (10) Kohn, W.; Becke, A. D.; Parr, R. G. Phys. Chem1996 100,
From the beginning of the utilization of the density functional 12?1711)' Zhao, Q. Parr, R. GPhys. Re. 1992 46A 2337

method, the significance of the KohiSham orbitals has been (12) Zhao, Q.. Parr. R. Gl. Chem. Phys1993 98, 543.

deemphasized, perhaps because it its very difficult to extract (13)Baerends, E. J.; Gritsenko, O. V.; van Leeuwen, RChemical

ot ; ; Application of Density-Functional Thear{aird, B. B., R. B., Eds.;
guantitative information from these orbitals. They have been (14) Baerends, E. J.: Gritsenko, O. ¥.Phys. Chem997 101, 5383,

often viewed as just an auxiliary construct, a necessary but not (15 gickelhaupt, F. M.; Baerends, E. J.; RavenekIirg. Chem199Q
necessarily meaningful way to build up the all-important total 29, 350.

density. Here then is the crux of the probtechemists know (16) Rosa, A.; Baerends, E. New J. Chem199], 15, 815.

y - p - . (17) DeKoch, R. L.; Baerends, E. J.; HengelmolenCRganometallics
that orbitals are useful, but the physicists and chemists Who 1954 3 2g9.
use density functional theory so fruitfully have by and large  (18) Sargent, A. L.; Titus, E. FOrganometallics1998 17, 65.
(19) Garland, M. T.; Saillard, J.-Y.; Ogliaro, F.; Otero, M.; Roman, E.
(1) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and  Inorg. Chim. Actal997 257, 253.

Molecules Oxford University Press: New York, 1989. (20) Ehlers, A. W.; Baerends, E. J.; Bickelhaupt, F. M.; RadiusChem.
(2) Dreizler, R. M.; Gross, E. K. WDensity Functional Theoryspringer- Eur. J.,in press.

Verlag: New York, 1990. (21) Bickelhaupt, F. M.; Radius, U.; Ehlers, A. W.; Hoffmann, R;
(3) Ziegler, T.Chem. Re. 1991 91, 651. Baerends, E. New J. Chem1998 1.
(4) Kohn, W.; Sham, L. JPhys. Re. 1965 140A 1133. (22) Hoffmann, RJ. Mol. Struct. (THEOCHEM1998 424, 1.

10.1021/ja9826892 CCC: $18.00 © 1999 American Chemical Society
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Table 1. Parameters Used in the EH Calculations 130
atom  orbital H; (eV) G1 G2 Ci C
H 1s —-13.6 1.3 110 - - -
N 2s —26.0 1.950 /// -
2p -13.4  1.950 e
o] 2s -323 2275 90 L - |
2p -14.8  2.275
Cl 3s —26.3 2.183
3p -142 1733 70 - |
Cr 4s —8.66 1.7 = -
4p -5.24 1.7 9, -
3d —11.22 495 0.5060 1.80 0.6750 > =
Pd  5s -7.32 219 o S0r - 1
5p —3.75 2.152 8 _
4d —12.02 5983 0.5535 2.613 0.6701 o} -
— 30t - = -
E — —
In this paper we confront the problem discussed above 'g - —b
empirically and directly, we hope. We ask two questions: (1) 10 b =5 : ;
Are the KS orbitals different in number, symmetry properties, - =a ' -2,
and shape from the orbitals of a HF-SCF calculation or from ot =5 b b |
those of a one-electron scheme? (2) What shall we make of the —b, = g; s =a
Kohn—Sham eigenvalues given by currently popular potentials? _a —b, b, b,
How are they related to ionization potentials? Do they provide -30 - S _a -
an energy ordering of the orbitals that resembles or differs from TSl —a, —a '
that given by HF-SCF, one-electron schemes, or experimental 5
1 3 -
IP's? KS HF EH exp.
2. Methodology method

KS and HF-SCF calculations were performed by means of Figure 1. Calculated occupied valence and virtual orbitals for water
the Gaussian 94 program packageFor all HF and DF by BE86/6-316*, RHF/6-BlG*j and QH methods, as well as the
(ncional 8P) caclations on fs- and second-ron mol- SN Yo e Ferm e ® e o 3 ket e,
ecules the 6-31G* ba3|s_set was used. For _trans|t|on-metalby dashgd lines. ghllg
complexes we worked with the comparable size LANL1DZ
basis set with a Los Alamos ECP. For the variation of basis
sets and functionals the STO-3G, 3-21G, 6-31G, 6-31G*
6-311G, 6-311G*, 6-311G** basis sets and BHandHoX-
BP86, BLYP, PW91, HFS, and SVWN (LDA) exchange
correlation functionals were investigated. eH orbital energy
values were calculated with the program YAeHMO&nd the
parameter set given in Table 1.

We will study the following molecules in detail: 3, Ny,
CrHg®, and PdCf. In case of the DF and HF calculations
we perform a full geometry optimization; for the hypothetical
CrHg®~ we looked at single-point calculation on a MP2/double-
optimized O, CrHg geometry2627 The eH results are for the
experimental geometries §8,28 N,2° PdCl2-29 and for the
MP2/double¢ optimized geometry of Crkd

2.1. Orbital Shape: The Case of Water.Of course, the
number and symmetry properties of the KS orbitals, the
canonical HF orbitals, and eH orbitals are the same for the

occupied leels (the eH orbitals do not contain the core 1s

' levels). Could it be different? Could you imagine that the KS
orbitals of, for example, a Ne atom are not 1s, 2s, 2p-like? One
would justifiably think the eH orbitals are a poor approximation
(to either the HF-SCF or DFT orbitals), but even as poor as
that approximation might be, the qualitative description of the
orbitals, really determined as it is by their nodal structure, should
be the same.

We need to be a little more precise, however, in defining
several types of orbitals: group |, core levels (e.g. 1s on
oxygen); group Il, occupied valence orbitals; group I, unoc-
cupied valence orbitals; group IV, higher unoccupied orbitals,
mainly a result of the larger basis. Figure 1 shows the one-
electron energies of these orbitals for eH, DFT, and HF-SCF
calculations for a water molecule.

The eH calculations by definition use a valence orbital basis
set; therefore, they lack group-t IV orbitals. The HF-SCF

(23) Many of these questions have been addressed by R. G. Parr andand DFT calculations have orbitals of all kinds, the number of
fﬁ'wolfk?fslflﬁlz g"h&se exﬁes”emo‘l"'f_"fé Pf%‘_’tidles agua”maﬁ‘{e ?ﬁcto?r:‘t OéH group IV orbitals depending, of course, on this basis set size.
mgtrzgc? ;Joeniiel\rl)vedease:r;)artic&gr empi?ircilzgtisor?r:)f tilég%%srieth%d. ¢ The_border between grQUp Illand IV I_evels cannot be sharp.

(24) Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.; Wong, M. W.;  In particular, there are excited states which are reasonably well-
Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M. A.; Replogle, decribed by valence-state MO’s and others (e.g. Rydberg states)
E. S, Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley, J. S \hich need a large basis for an accurate description.

Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.; Stewart, . . .
J. J. P.; Pople, J. A. Gaussian 94; Gaussian, Inc., Pittsburgh, PA, 1994.  There is no doubt that each method gives (aside from the

(25) Landrum, G. A.: Yet Another extended ekel Molecular Orbital core states) for water four occupied valence energy levels of
Package. YAeHMORP is freely available on the WWW at the URL http://
overlap.chem.cornell.edu:8080/yaehmop.html. (28) Herzberg, G. LMolecular Spectra and Molecular Structure. lIl.

(26) The simplest conceivable 18-electron transition-metal complex Electronic Spectra and Electronic Structure of Polyatomic Moleces
(CrHg®") is not stable in DF and HF geometry optimizations, presumably Nostrand Reinhold: New York, 1966.
due to the high negative charge. To calculate this prototype, we used (29) Huber, K. P.; Herzberg, G. IMolecular Spectra and Molecular
therefore the optimized CriHgeometry and did a single-point SCF  Structure. IV. Constants of Diatomic Molecul&é&an Nostrand Reinhold:
calculation for the 6 species. New York, 1979.

(27) Kang, S. K.; Tang, H.; Albright, T. AJ. Am. Chem. Sod.993 (30) Tables of Interatomic Distances and Configurations in Molecules
115 1971. and lons Special Publication No. 11; The Chemical Society: London, 1958.
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with an offset of 0.5 A) with BP86/3-21G, BP86/6-31G*, RHF/3-21G,

2a& + by + by symmetry. We will discuss the energies of these

levels and the significance of the eigenvalues in the next section;

here we want to focus on their shape.

Figure 2 shows a contour diagram of the four occupied
valence MQO'’s of water computed by the three methods (two
basis sets for HF-SCF and DFT).

Are these orbitals similar or different? The eH orbitals
arbitrarily exclude the core and use nodeless Slater functions;
thus, the eH orbitals are recognizably different, especially near
the nuclei. The other four sets of orbitals are, on the scale of
the figure, nearly indistinguishable (we could exaggerate the
difference with a density difference map), and away from the
nuclei they are not that different from the eH orbitals.

2.2. Orbital Energies and Their Ordering, and the
Relationship to lonization Potentials: Water. The general
literature of density functional theory states thaty the energy
i of the highest occupied KS orbital (HOMO) has physical
significance, in the sense that thevalue of the HOMO is in
theory equal to the first ionization potentiat-31-32In practice,
with the commonly used functionals implemented in standard

guantum chemistry program packages, even HOMO energies

differ significantly from experimental data (e.g. #°14.52 e\#®
and epomoPA = — 6.50 eV for the nitrogen atotf). This
deviation arises from the insufficient cancellation of the self-
interaction error in the Hartree tergiy’ d3rid®r;[p(ri)][W(ri,r))]-
[o(rj)] by terms of the opposite sign in thapproximated
exchange-correlation functionalsNew functionals and ap-
proximations for the KS potenti&i*8have been developed (e.g.
LSDSIC, OEP, KLI) which correct the self-interaction error and
lead to precise agreement of thEOMO energy with the first

(31) The proof® given in 1982 thaiknomo = —IP has been recently
questioned by Kleinma#f.

(32) Levy, M. Phys. Re. 1997, 56B, 1133, 12044,

(33) Perdew, J. P.; Parr, R. G.; Levy, M.; Balduz, J. L.,Rhys. Re.
Lett. 1982 49, 1691.

(34) Kleinman, L.Phys. Re. B 1997, 56, 12042.

(35) Moore, C. EAtomic Energy Leels NBS Circular; National Institute
of Standards and Technology: Washington, DC, 1998; p 467.

(36) Trickey, S. B.Phys. Re. Lett. 1986 56, 881.

(37) Grabo, T.; Gross, E. K. .LChem. Phys. Letfl995 240, 141-150.

(38) Chen, J.; Krieger, J. B.; Li, Y.; Lafrate, G. Bhys. Re. A 1996
54, 3939.
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RHF/3-21G
Figure 2. Calculated contour plotxy plane) of the g b,, &, and h orbitals of water (for b W = 0 in thexy plane; this orbital is hence plotted

RHF/6-31G*

RHF/6-31G*, and eH methods.
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Figure 3. Calculated occupied valence and virtual KS orbitals for water
using a BP86 functional but varying the basis set. The occupied core
orbitals are denoted as type |, the occupied valence orbitals as type II,
the virtual orbitals arising from a minimal basis as type Ill, and all
other virtual orbitals as type 1V; the Fermi level is indicated by a dotted
line.

IP; hopefully these approximations will be implemented in
guantum chemistry packages soon.

We begin our study with the influence of the basis set chosen
on the KS energy levels. In Figure 3 the KS orbital energies of
the water molecule, calculated with the BP86 functional and
different basis sets, are shown. The absolute KS orbital energy
values are (with the exception of the inadequate STO-3G
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Figure 4. Calculated occupied valence and virtual orbitals for water,
assuming a 6-31G* basis and varying the functional. The Fermi level
is indicated by a dotted line.
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calculated orbital energies plotted vs RHF/6-31G* orbital energies for
water.

vertical IP's3% As far as the occupied orbital energies go (cf.
Figure 1; the gap between filled and unfilled levels is indicated

minimal basis set) roughly independent of the basis set for type by a dotted line), the HF results match well the experimental

Il and Il orbitals. The symmetries and order of all KS orbitals
are not influenced by expanding the basis set.

Next (cf. Figure 4) we study the influence of the exchange-
correlation functional used on the KS orbital energies of the
water molecule. We included the BHandH, Xalpha, BP86,
BLYP, PW91, HFS, and SVWN (LDA) exchange correlation
functionals. The basis is fixed as a common 6-31G* set of
double¢ quality.

The KS energy levels drawn in Figure 4 show substantial

absolute energy shifts, depending on the applied functional.

However, the relative spacing of the levels (e.g. the HOMO

LUMO gap) is approximately constant within the entire set
(except for the hybrid functionals B3LYP and BHandH). The
variation in the orbital energies may be traced to different self-
interaction errors of the applied functional. If the absolute shifts

IP’s. The eH results are in acceptable agreement with experi-
mental data (cf. Figure 1) as well. However, the KS energy
levels are shifted by a constant (e.g. for the HOM®© ~ 7

eV) to higher energy, relative to the HF results.

During preparation of this paper we became aware of work
similar in motivation to ours, by Politzer and Abu-Awwétt!
These authors examine the relationship between various IP’s
and the KS and HE’s. Their results for the KD molecule are
similar to ours, and in general they find that the calculated KS
¢i's differ significantly from the experimental IP’s, as we do.

It must be mentioned right away here that people who use
DFT calculations and are interested in IP’s or ultraviolet
photoelectron spectroscopy (UPS) do not generally focus on
the ¢i's but calculate IP’s ag&(molecule)— E(cation radical),
choosing the appropriate cation radical state. The results are in

are corrected by a suitable scaling, e.g. by a constant energygeneral quite satisfactory. Still, one would like to see if a
relative to the experimentally accessible HOMO energy (as “Koopman’s-theorem like” association of IP’s with K&'s
measured by the ionization potential), then the orbital energies calculated with common functionals might work.

of all examined functionals (except the hybrid functional B3LYP

2.3. A Scaling RelationshipWe find a systematic (if as yet

and the BHandH functional) match very well. However, if N0 mysterious) relation between KS energies, calculated with
scaling is applied, one has to be aware that different contem- gradient corrected functionals, and IP’s (which are close to the
porary functionals may lead to orbital energies different by up HF values). In Figure 5 we plot the energy difference between
to 10 eV from each other for a given valence orbital. A reviewer the HF and KS orbital energies vs the HF orbital energies (which
(whom we thank) aptly remarks: “The finite basis set can be are close to the IP’s for the occupied levels). One can see a
arbitrarily large until its finiteness causes ‘negligible’ errers  |inear energy shife for the occupied orbital energies (left part
given enough computing power. Improving approximate usable of the graph; rhomboid symbol4jIn calculations on extended
XC-potentials is an ongoing major theoretical challenge”. - - - - - -

There is more to be learned from the orbital energies F‘.(ag)msrzﬁgﬂ‘?‘.hgémsNﬁfqg';?énfério.?ér{,svﬁmeetlngmgﬂhi“,:.eggg’rP'
computed by the various methods. In Figure 1 the KS orbital v, ESCA Applied to Free Molecutelorth-Holland: Amsterdam, 1969.
energies of water (calculated with the BP86/6-31G* functional/  (40) Politzer, P.; Abu-Awwad, FTheor. Chem. Accl99§ 99, 83.
basis set combination) were shown, along with the orbital energy é‘:égso“tze" P.; Abu-Awwad, F.; Murray, J. Bit. J. Quantum Chem.
levels of Hartree-Fock (RHF/6-31G*) and extended kel :

. ! ! (42) This linear dependency is not necessarily valid for the (yet unknown)
(YAeHMOP?) calculations and the experimentally determined true KS eigenvalues.
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Figure 6. Calculated occupied valence and virtual orbitals for the Figure 7. Calculated occupied valence and virtual orbitals for €rH
nitrogen molecule by BP86/6-31G*, RHF/6-31G*, and eH methods by BP86/LANDZL1, RHF/LANDZL1, and eH methods. The Fermi
and experimental valué8 The compression of the KS levels relative  level is indicated by a dotted line.
to HF levels is highlighted by dashed lines.

and HF band gap energf€sand with calculations in the
systems similar linear dependencies between KS and so-callediteraturg® using hybrid functionals and the 6-8G** basis
quasi-particle band energies app#avlost intriguing in Figure set.
5 (right part of the graph$ symbols) is that this linear energy The calculated core orbital energypss®® = —510.87 eV
shift apparently also applies to the virtual orbitals! This is of the water molecule is very different from the HF resyjcore
consistent with the fact that calculated virtual KS energy levels = 559.17 eV. Again the HF energy represents a reasonably good
are usually found to be of lower energy than those of HF reference, because the sum of the experimental determined core
calculationst>47 energyeexp®® = 539.89 e\¥? and an estimation of the relaxation

To obtain a correspondence between KS (calculated with €ffeCt €relq®® ~ 20 VPO gives an energy value 0560 eV,
gradient-corrected functionals, e.g. BP86) and HF orbital Which s close to the HF result. The calculated differesggs
energies, an empirical scaling of the foan+ bappearstobe ~ — €nF*" lies roughly on the extrapolated line in Figure 5
necessaryb adjusts for the constant shift (self-interaction error), (aHzQCOf_eO “r 0.1). ) )
anda accounts phenomenologically for the linear scaling which ~ Qualitatively, the order in energy of the calculated occupied
we find. We definech andb in that way thaia°° anda’ are and vyrtual HO orpltals is consistent for all methods app!led
the slopes of the interpolation lines (cf. Figure 5) for the (Cf- Figure 5). Orbitals of type IV appear above the orbitals

occupied and virtual orbital energy differences, respectively, type Iil.

andb is they intercept of the crossing of the two interpolation 2.'4' Thg Case 0: h Tfhf[ahnextlmoleculs.twle \gjanwt Jtrozfocus
lines. Specific calculation o andb gives the following for on is Ny, because two of the valence orbitals o, y*(2p.)

i oce — _ virt — and m1,(2pyy), are close together in energy. Figure 6 shows

HO: a0 0.24,br,0 = 4.68 eV, anda,o™ = 0.15. trends similar to those found for the water molecule. The
The other data set in Figure 5 (symbolized by triangles) Shows ¢4 icylated HF orbital energies match best with the experimental

what transpires if ones uses the B3LYP functional. The deviation 5, es: eH one-electron energies are acceptably close, and the
is—as one expects from the hybrid character of the functional ks orpitals show again thax + b energy shift. Clearly one
(intermediate between HF and DFfgmaller than that of the  can also see this shift in the compression (indicated by dashed
pure density functionals. This is in agreement with the fact that |ines, cf. Figure 6) of the KS orbital energy spacing relative to
band gaps of hybl’ld functionals lie between the calculated DF the HF energies plotted The calculated Scaling pararrmgfg
=0.27,bn, = 5.4 eV, anday,”™ are relatively close to the values
for the HO molecule.

(43) An upward shift of KS eigenvalues, calculated with LDA and GGA,
is noted in: van Leuween, R.; Baerends, EPHys. Re. A 1994 49, 41,

2421. Interestingly the experimentally determined (and very sensi-
(44) Hybertson, M. S.; Louie, S. &hys. Re. 1986 34, 5390. tive) order of highest occupied levelgunderog™3°is well
(45) Baerends, E. J.; Ellis, D. E.; Ros, ®hem. Phys1973 2, 41.
(46) Baerends, E. J.; Ros, Ehem. Phys1975 8, 412. (49) Thomas, T. D.; Shaw, R. W., Ji. Electron Spectrosc. Relat.
(47) Baerends, E. J.; Ros, Rt. J. Quantum Chem. Phenom1974 5, 1081.
(48) Salzner, U.; Lagowski, J. B.; Pickup, P. G.; Poirier, RIAComput. (50) Clark, D. T.; Cromarty, B. J.; Sgamellotti, A. Electron Spectrosc.

Chem.1997, 18, 1943. Relat. Phenom1998 424, 1.
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Figure 8. Calculated occupied valence and virtual orbitals for RHCI " Figure 9. Differences of RHF/6-31G* and DF(BP86)/6-31G* calcu-
by BPSQLANDZLL RHF/LAN.DZLl’ and eH me_thods. The Fermi Iatg(]ad orbital energies plotted vs RHF/6-3lG(* orbi)tal energies for
Ievel_ is indicated by a dotted Ilne. The compression of the KS levels PACLZ-.

relative to HF levels is emphasized by dashed lines.

LUMO—in the DF/HF calculations this orbital is not the
reproduced by KS as well as eH calculations. In the HF réults expected @ symmetry, but ast, orbital instead. We find the
the 7, — og" ordering (cf. Figure 6) is interchanged. The expectef? “LUMO” (mainly dg— anddz, &) at much higher
symmetries and shapes of the orbitals calculated with DF, HF, energy, above thay; a orbitals of type I1l, and anothet a
and eH methods are as they should be and are consistent Witrhigher order type IV orbital (cf. Figure 6). This is a nice
each other. example-as mentioned at the beginning of the papef the

The same trends are observed in calculations (not reportedgact that the borderline between type Il and type IV orbitals is
here) on molecules such ag, ®,, ethane, ethylene, singlet GH not sharp.
and triplet CH. There is no doubt from these calculations that all chemically
2.5. A Transition-Metal Case, CrHe®". To study a bitmore  expected orbitals can be found in the various computational
complicated orbital ordering, where energy levels of different schemes (eH, KS, and HF). We can map all eH-like orbitals
types are still closer together, we investigated the orbital energieS(WmCh we want to assume as chemically meaningful; however,
of the simplest conceivable 18-electron Miransition-metal  one can look at them also as an arbitrarily chosen reference
complex, the hypotheticalPdCrHg®~ (cf. Figure 7). For such a  system) to orbitals in the KS (and HF) picture. The KS and HF
prototype octahedral organometallic complex, one would expect orpital energy positions relative to eH orbitals can be inter-
filled a1q, 11, & levels, localized mainly on the ligands, and a changed among themselves (e.g. the emyptgrd ag orbitals
tog below g splitting of the metal 8 orbitals. The crystal field (cf. Figure 7); or by virtual type IV orbitals).
splitting should be substantial, with, (expected HOMO) below 2.6. A Second-Row Transition-Metal Complex, PdCP.
the unfilled g LUMO. So far we have shown that KS orbitals are able to describe HF
All the methods give this general orbital pattern. A striking orbjtals qualitatively and, after suitable scaling, also quantita-
difference here is that all the KS and HF levels are up (indeed tjyely (the HF and KS terms can be exchanged in this sentence).
at positive energy), while the EH levels are down in energy. \ve finish this paper by discussing the calculated energy levels
This is a consequence of the large negative charge on theof a representative second-row transition-metal complex, the
molecule. The extendedtdkel method ignores electron repul-  square-planar Pd@r. The KS eigenvalues of Pd@t (plotted
sion; therefore, its energy levels are low in energy. An isolated iy Figure 8) show again, impressively, the compression and the
CrHe>™ is unrealistic; once the ion (even if it did exist) is  ax 4 b shift of the KS orbitals relative to HF orbitals. This
surrounded by countercations, its levels will move down in systematic linear dependency can be nicely seen in Figure 9.

energy. ) _ ) We calculated the scaling parametersaag:,2-°¢ = 0.27,
If we compare the virtual orbital levels (cf. Figure 7), we beacz- = 1.54 eV, andapgcey V™ = 0.26. The value of

see that the ordering of the calculated virtual KS energy levels g,,,--virt differs significantly from that found foey,0"™ and

is identical with that of HF orbitals but is significantly different g vit pyt the scaling parameter for the occupied orbitals,
from that of eH energies. This is illustrated dramatically by the

(52) According to the simple crystal field considerations and eH
(51) Cade, P. E.; Sales, K. D.; Wahl, A. @. Chem. Phys1966 44, calculations. We want to be a little careful here and refrain from saying
1973. which order is “correct®?
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apgciz° = —0.27, is nicely close te-0.24 (HO) and—0.28 to rationalize chemical phenomena, we have to identify the
(N2). It remains to be seen if there is meaning in this. What order, symmetry, and shape of KS orbitals. When we are dealing
orbitals would one expect for PdZt? Aside from core orbitals  with unoccupied orbitals, we have to distinguish in some cases
of Pd and ClI (including theig + by + e, Cl 2s set) we would  petween interchanged virtual orbitals of type Ill and type IV.
expect lower lying PeCl bonding orbitals of a+ byg + ey Once this is done, then we think one may apply KS orbitals in
symmetry, and Cl lone pairs spanning & byq + ey + aeu + a qualitative manner in MO arguments, in the way we are
big + €+ bau+ &+ &g representations. The Pd levels Sh,OL,"d comfortable to doing with eH orbitals. Their number, symmetry
follow—for these we expect a characteristic 4 below 1 splitting properties, and shape are just like those of the expected one-
of a square-planar complex. The LUMO should be dize,? electron orbitals. The situation is much like Baerends desetibes

orbital of by symmetry. h be the orbital litati hemical vsi
For the palladium complex, the energy ordering of the-Pd these seem to be the orbitals a qualitative, chemical analysis

Cl bonding orbitals g &, and hg (the lowest occupied orbital ~ N€edS**¢Also, as a reviewer remarks, “sinpgr) = 2ilpixsl?

block in Figure 8) is in excellent agreement for all the methods. the shape and size of the KS orbitals is in case of a ‘gdad’
Some occupied orbitals of higher energy (Cl lone pairs and Pd (KS potential) more ‘physical’ than those of other single-particle

d orbitals) are interchanged in order (cf. Figure 8; for clarity, approximations”.

the symmetry of only the highest seven occupied orbitals is  |f we want to go a step beyond a qualitative interpretation
given). For instance the eH calculations lead to a HOMO of an |00k at orbital energies as rough ionization potentials, and
bog sSymmetry, while the HF and DF calculations have an @ i the DFT calculations are done with commonly used potentials,
HOMO. In contrast to the previously discussed €rHomplex, 0 it appears we must take the absolute constant and linear
the virtual orbitals of type IV for the Pd¢™ complex are nicely orbital energy shift into account by applying a suitable+ b

separated energetically from the virtual type Il orbitals. With scaling. Perhaps the situation will change with new functionals
all method we find consistently a LUMO obpsymmetry. The and ng;/v meth[())d@ 9

trends previously obtained for the main-group-element mol-
ecules thus hold up for Pdg&t.
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