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Interpretation of the Kohn—Sham orbital energies as approximate
vertical ionization potentials
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O. V. Gritsenko and E. J. Baerends
Section Theoretical Chemistry, Vrije Universiteit, De Boelelaan 1083, 1081 HV Amsterdam,
The Netherlands

(Received 9 July 2001; accepted 5 November 2001

Theoretical analysis and results of calculations are put forward to interpret the enekgied the
occupied Kohn—ShartKS) orbitals as approximate but rather accunatexedvertical ionization
potentials(VIPs) | . Exact relations betweesy andl, are established with a set of linear equations

for the €, which are expressed throughand the matrix elemenig: > of a component of the KS
exchange-correlatiofxc) potentialv,., the response potentia)s,. Although— 1, will be a leading
contribution toey , otherl; .., do enter through coupling terms which are determined by the overlaps
between the densities of the KS orbitals as well as by overlaps between the KS and Dyson orbital
densities. The orbital energies obtained with “exact” KS potentials are compared with the
experimental VIPs of the moleculds,, CO, HF, and HO. Very good agreement between the
accurate— ¢, of the outer valence KS orbitals and the corresponding VIPs is established. The
average difference, approaching 0.1 eV, is about an order of magnitude smaller than for HF orbital
energies. The lower valence KS levels are a few eV higher than the correspenigingnd the core

levels some 20 eV, in agreement with the theoretically deduced upshift of the KS levels compared
to — I by the response potential matrix elements. Calculations of 64 molecules are performed with
the approximate . obtained with the statistical averaging @hode) orbitals potentialfSAOP

and the calculated, are compared with 406 experimental VIPs. Reasonable agreement between the
SAOP— ¢, and the outer valence VIPs is found with an average deviation of about 0.4 e2002
American Institute of Physics[DOI: 10.1063/1.1430255

I. INTRODUCTION in H=N/2 doubly occupied orbitals. With respect to the
other KS orbital energies, a standard view expressed in the
literature is that they are merely auxiliary quantities which,
in general, have no definite physical meaning. Parr and
Yang® are adamant on this physical meaning: “There is
time€* that the KS orbitals are physically meaningful ow- none.” On the other hand, thg empirical ob_servation has been
ing to the physical nature of the KS potential, which incor—maOIe frequently that approximate KS orbital energfesm
' .the local-density(LDA) or one of the generalized gradient

. L : . ? GA) approximation$ exhibit a large (several eV but
and the so-called kineticorrelation potential. They have fairly uniform shift with respect to the experimental ioniza-

certain advantages over Hartree—Fock orbitals and can he . 1415 . )

. . lon energies*!® However, even with a constant shift ap-
recommended for use in the MO theoretical analyses o lied to the orbital energies significant deviations with IPs
quantum chemistry.The situation is less clear for the KS b 9 9

: ) . (up to an eV remain. In the one-electron Hartree—FqEk)
orbital energies. Only the energyoyo of the highest occu- o o v sical meaning for the orbital energies is provided
pied molecular orbitalHOMO) ¢y is known to have a fyaphy g g b

physical meaning agminus the lowest vertical ionization by Kooaanans theorer?fAccordlng (o this theorem, Fhe en-
potential (VIP)6-12 ergiese, of the occupied HF orbitals are equal (minus

the unrelaxed VIPEK. With the same neglect of relaxation

A long-standing problem of the one-electron Kohn-—
Sham(KS) approach of density functional theoryDFT) is
the physical interpretation of its key quantities, the KS orbit-
als . and the orbital energies, . It has been argued many

eq=—"ln, (1.1)  effects in the cationic states, the HF orbitgl~ represent
while the occupied KS orbitals produce the total electronicn€ Dyson orbitalsly, the latter being defined from the over-
densityp, lap integral
H
p(r)=2, 2|¢i(ry)|?, (1.2 di(Xq) = Jﬁf A )
I
where we specialize to closed shell systems Withlectrons XWN(X3, X, ... Xn)dXg . .. dXy 1.3
0021-9606/2002/116(5)/1760/13/$19.00 1760 © 2002 American Institute of Physics
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between the wave functio™ of the ground state of a neu- whereuv . is the external potentiak ¢, is the Hartree po-

tral N electron system and the wave functitll(t"l of the tential of the electrostatic electron repulsion, and is the

cationic excited state. The coordinatesconsist of spatial xc potential. We take the simple case of closed shell mol-

and spin coordinatex=r,s. For the closed shell molecules ecules with equal potentials for spin—up and spin—down

we are dealing with, the ion states are spin doublets and thelectrons, so no spin labels are attached. In its tugncan

Dyson spin—orbitals will just be up and down spin—orbitalsbe partitioned as followd?*2°

with identical spatial parts. It is interesting to note that nei-

ther self-interaction corrected KS orbital energlesor exact Ve F1) =00 1) + v kin(T1) + Vresd 1) (2.2

exchange Kohn—Sham orbital enerdfesxhibit the shift of

several eV mentioned above for the LDA and GGA orbital!n (2.2) v, is the xc-hole potential defined with the pair-

energies, but are characterized by similar deviations fron¢0rfe|at'0n functiong(ry,r)

experimental IPs as HF orbital energi@s the eV order of

magnitudg. nole f dr p(ra)[g(ry,rz)—1]
The situation is however drastically improved when the > (ry)= | drg Ir—r,|

true Kohn—Sham orbital energies are considered. In this pa-

per theoretical analysis and results of calculations are shows ;. is the kinetic correlation potential, which can be ex-

to afford an interpretation of the energiese, of the occu-  pressed either in terms of first or second derivatives of the

pied KS orbitals as approximate but rather accuratexed  exacty and KS y; first-order density matricé$* where the

hoIe

: (2.3

VIPs I spatial one-electron density matrix is defined #s,,r;)
~—1,. 14 =Jdsp y(ris,ris)=y*(ry,ry)+¥PP(ry,ry) and p(ry)
k (1.4 o y
=p“(ry) +p"(r1),

The agreement with experimental IRg the 0.1 eV level for

the upper valence levelss roughly an order of magnitude

better than is the case for HF or exact exchange Kohn—Sham v in(r1) =

orbital energies. In Sec. Il an analysis of the KS exchange- 2p(r1)

correlation(xc) potentialv,. is performed with partitioning Vi')’s(riarl)|r’=r ]
o kinetic correlationv ,, and re- vt

[— Vi 7(r1'r1)|r =N

into the xc-holev™®
SpoNsev s potentials. From an expansion ofgg, in terms

of the KS and Dyson orbitals, a set of linear equations for the = [V1-Viy(rg ,r1)|r1=rl
orbital energieg, is obtained, which expresses them through p(ry)
the VIPsl, and the ContrlbutlonSrESp_<(pk|vresAng> to €. VL Vaye(t )l ] (2.4

Making use of the Krieger—Li— lafratékL1)'® and relatetf
approximations tw sy, it is argued that the leading terms
are those with ., so thate, approximately represent VIPs.
Section Il compares for the molecules,NCO, HF, and HO
the energies,, obtained with accurate KS potentials con-
structed from accuratab initio densities, to the experimental Vsesf 1) = j dr, drg
VIPs | determined with photoelectron spectroscopy. The ac-

curate— ¢, of the valence orbitals provide a very good esti-

mate of the correspondint, with average deviations of f dr, p(r2)6U° k'n(rZ)_ (2.5
only 0.02-0.18 eV. Section IV presents calculations of 64 Sp(rq)

molecules with the approximate xc potential obtained with

the statistical averaging ofimode) orbital potentials It is v s, Which contains in its structure relations between
(SAOP).21~2% The calculated orbital energies are comparecthe ionization potentials, and orbital energiesy . In order

with 406 experimental VIPs obtained with molecular photo-to obtain these relations, we use an alternative to the expres-

andv spis the response potential defined with the functional
derivatives ofg(ry,r;) anduvg yin(ri),

p(ra)p(rs) 69(rp,rs)
[ro—rsl  &p(ry)

electron spectroscopy. The approximate, reproduce the Sion (2.5) for v e, 24.25
corresponding . uniformly well for various types of mol- N
ecules with an average deviation of ca. 0.4 eV. In Sec. V the  Uresd 1) =0 Nro)—vd () (2.6)

implication of the present results for the KS theory, its de-

N—1 ; ;
velopment and its applications are discussed and the ConcILJ”I terms of the potentials™ ~* andvg™ ", which describe the
sions are drawn. —1 electron system in the presence of the reference elec-

tron atr,. In particular,oN"1 is defined with the “interact-
ing” conditional probability amplitude® (Ref. 26 the
Il. RELATIONS BETWEEN /, and e, square of which is the probability to find electrons R at

] . ) “positions” X,— Xy,
The KS orbital energies, are defined by the one-

electron equations N
®(x Xl X1) = Y(X, - ) (2.7)
{= 2V 4 vex(r) +vcou(r) + oy r)}idr) Zrr TN Vp(x)IN ' '
= ex (11, (2.2 as follows:

Downloaded 12 Aug 2011 to 130.37.94.98. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



1762 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Chong, Gritsenko, and Baerends

val(r1)=EN*1(r1)—E§’l, (2.9 it is possible, the Dyson orbitals of the primary ionizations
will resemble the occupied Hartree—Fock orbitédsd the
whereEN~1(r,) is the energy expectation value of the sys-Kohn—Sham orbitajs One of the properties of the Dyson
tem of N—1 electrons, if the additional reference electron isorbitals is that their squares sum up to the total density,
atr, (with eithera or B spin

> 2|di(ry)|2=p(ry), (2.19
EN—l(r1)=f D* (Xy, . .. Xn)|X ) HN 1D '

X (Xgy + oo Xn|Xp)dXs .. dXy . (2.9 S0

N-1 _pEN-1 _EN-1
[EN~1(x,) will be the same for an up—spin and a down—spin Y (r)=E"(r)—Eg

electron, hence the spin label is omitfebh (2.7) ¥N is the 2|d;(ry)|?

ground-state wave function of tid:electron interacting sys- => '—l(EiN‘l— EN Y.

tem, in (2.8 Ey ! is the ground-state energy of the—1 T op(ry)

electron interacting system, and @.9) HV "1 is the Hamil-

tonian of theN—1 electron system. The “noninteracting” conditional energy *(r;) can

In its turn, the potentiay ~* is defined in the same way b€ _expaénzged in an analogous manner in terms of the KS
with the “noninteracting” conditional probability amplitude Orbitals™

Dy,
_ 2|¢‘(r1)|2 _
ok o %00 B ry=2 = e (216
D(Xg, .. Xn|Xy) = — (2.10 Pl
Vp(X1)/N . I . ;
where the KS orbitalg; coincide with the Dyson orbitals of
Uls\l—l(rl): Els\l—l(rl)_ Egal’ 2.11) the noninteracting system
— (N=1)%
E’S\l_l(rl):f (I):(Xz, P ,XN|X1)H,S\I_1¢S wk(xl) \/Nf \I,S,k (X21 L] 1XN)
N
X (Xg, -+ Xyl X)dXs « . . dXy. (2.12 XW(Xg,Xa, « .o Xn)OXo o dXy - (2.1
In (2.10-(2.12 N is the KS determinant, the ground- It is to be noted that this overlap is zeroWfy, * differs

state wave function of thdl electron noninteracting KS sys- " more than one orbital fro¥'¢, i.e., when the ion state is
tem, HY "1 is theN—1 electron KS Hamiltoniafiusing the not a primary one, consisting of removal of an electron from
1 ls

potentialu (r) of the N-electron KS SysteﬂrandENal isthe oOne of the occupied KS orbitals, but contains in addition an
S,

energy of theN—1 electron noninteracting KS system excitation of another electron into a virtual orbital. In agree-
ment with this, the total density consists of a summation over

H just theN/2=H occupied KS orbitals,
Edo =2 2¢—ey (2.13 ]
’ =1
_ P 2 2 gi(ry)|P=p(r) (219
calculated with the determinanltg =, which is generated =1
from WY by the annihilation of one electron from the HOMO o ) )
Y. and the summation irf2.16) will also be restricted toH

. . . . H H cg=N—1_ —N
It is essential for our further analysis, that the “interact- terms, which may be written, usirtgs; "=Es,— €,

ing” conditional energiesEN"%(r;) can be conveniently

expandef in terms of the Dyson orbitald; of (1.3), 0212
P Y orid ES Hr)=2 M(Eso—eo
212 oo
EN =2 — ——EN (2.14 S 2fyi(ry)|?
top(ry) =EN— D ——¢ (2.19
Toi=l o p(ry)

The coefficients are just the total energies of cationic
statesE]' 1. We will assume that in the summation@14  so
the H primary ionizations occur first. These primary ioniza-
tions are characterized by wave functions that can be reason- H 2| i(ry)|?
ably well approximated by an orbital ionization, without fur- o M r)=EY " Hr)-EYo =Y ————(ey—e)
ther excitations. If there would be a strong configuration =1 p(ry)
mixing in either the ground state or an ionized state, this (2.20

identification of primary ionizations might not be possible. If and
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v =oN"Yr)—vd (ry) have been found to be approximatetin/ey— €, with K
,  H ) roughly estimated at 1.9@n eV).?° This would lead us to
:2 2|di(ry)| |+ 2[¢i(ry)| e (2.21) expect that the contributions of the last term might be negli-
T op(ry) =L p(ry) ' gible for the upper valence levels, but would be significant,
though much smaller than the actuale;, for the deeper
where we have used.l). levels. This may be substantiated by considering the method

Finally, integrating (2.21) with the orbital density of Krieger, Li, and lafraté?? who obtained as an approxima-
| (r)|?, we obtain a set oN/2 linear equations for the tion to the KS potential in the exchange-only case the ex-

lowest orbital energies;, change potentiab"" with the response part
H N/2 2
2|¢i(ry)
> Myie=—2 Pyli+ € (2.22 ereLsI[,(rl)zz g (2.28
i i T op(ry)
or, in matrix form, This shows the step structure; in regions where the orlital
dominates, 2i;i(r1)|>~p(r;) and the potential is approxi-
Me=—Pl+ € (2.23  mately equal to the constarw;. The constant for the
HOMO, wy, is zero in the KLI method by construction. It is
whereM is anH X H matrix with elements clear that we can write the**P vector in the KLI approxi-

mation ase®*’=Mw, so

2| 2
2 [ LA

r, (2.249 e~—M IPI+w. (2.29
p(ry)

The KLI constants are usually quite small for the upper
valence levels, but they are in the 4-5 eV range2®based
levels(IPs ca. 35 eYand are roughly 30, 35, 40 eV for the
(1 1) di(rp)]? 1slevels of C, N, O, F, respectivelyPs approximately 300,
Pri=2 drs, (229 410, 540, and 695 eV'This is an indication for th
p(ry) , , an eV This is an indication for the accuracy

with which we may expect the; to approximate the; for
where we let the firsH columns of P correspond to the the deeper levels. We may actually expect the agreement to

Dyson orbitals of the primary ionizations. The elements of2® @ bit better rather than being worse, for the following
the vectord and €% are the ionization energidg and the ~ '€asons. If the KS orbitals would be identical to the Dyson

matrix elements orbitals of the primary ionizations, the first columns of the

P matrix would be just th&1 matrix. M ~*P would consist of

a leadingH X H unit matrix plus small elements in the re-

eLeSF’:j [(1 1) [P0 e 1) 0T 1 (2.26  maining columns when the overlap of the KS orbital charge

distributions| ;> with the higher Dyson orbital charge dis-
tributions |d,|?> would be small(the higher Dyson orbital
charge distributions themselves may be very small, see be-
low). It has been speculat&dthat indeed the KS orbitals
might be good approximations to the Dyson orbitals corre-
spon(;dg;)ng to the primary ionizations. Very recently, it was
. : found™ for a particular casdthe planarD, CusCly mol-
Note, that(2.27) are exact relations betweenand!;, which ecule, where HF and Dyson orbitals are significantly differ-

'T“’O'V‘? also gontrllbutlons @ rom v esp, the I_atter poten- ent, than an approximatéB3LYP) KS orbital was indeed
tial being defined independently as the functional derivative . :
2.5, closer to the Dyson orbital than the HF orbital was. In case

o . the KS orbitals are good approximations to Dyson orbitals
In the next section it will be demonstrated numerlcallyWe mav write approximatel
that the KSe; are close to thé;, in particular for valence y pp y

andP is anH X o matrix with elements

of the response potential, respectively.
A formal solution of(2.23 is obtained as

e=—MIPI+ M 1eeP (2.27

levels. This result may be anticipated from E2.27) on the o
following grounds. First, from what is known about e~—1 +Wi— M~1P). 1. 23
Vresp 28t is possible to infer that the last term makes a ' b j=§+1 ( il 239

small contribution. It has been observed in atoms thag,

has a typical steplike structure, being almost constant withiThe positive second term and negative third term will partly
an atomic shell and stepping up to the next “plateau” whencancel each other. As an example we may consider two-
crossing the border region to the next inner shell. This haglectron closed shell systems like He and, kvhich will
been explained from electron exchange and correlatiohave a X1 M matrix, andM ;, reduces to the normalization
effects?® The step height is very low in the valence regionintegral of ¢;, i.e., M;;=1. The values of the 1,1 matrix
(being essentially zero in the HOMO regjoand becomes elements of the response potential are known from Ref. 24,
sizeable in the deeper shells. The step heights in those shebging 1.61 eV and 0.98 eV for He and,,Hrespectively,

Downloaded 12 Aug 2011 to 130.37.94.98. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



1764 J. Chem. Phys., Vol. 116, No. 5, 1 February 2002 Chong, Gritsenko, and Baerends

while e;=—1,. The matrix element$,; become the nor- described accurately by the Gaussian basis functions. We fix
malization integrals of the Dyson orbitals, the so-called specthe constant in the potential by imposing asymptotid/r
troscopic constants, which are all smaller than 1 since thepehavior beyond this outer region. The HOMO orbital en-
are all positive and their sum should bethlf the number of  grgy which should be exactly equal tel,, may differ
electrons. For ionizations in the outer valence region the gjighyy from this target value due to these difficulties in the

normalization integral of the first Dyson or'bltal IS expecteq KS potential generatiofor due to inherent residual errors of
to be rather close to 1, and those for the higher Dyson orbit: e . .

. . - the Cl densities We achieve quite good results for the
als are much smaller, being related to the intensities of th

satellites to the primary ionization in the photoelectron spec?_'OMo orbital energm_s, but we_ nqte that we estimate the
trum. According to the exact expression accuracy of the KS orbital energies in Table | to be not better

than a few hundredths of an eV.
* Table | compares- ¢, calculated for the molecules,N
e1=—l1=—Pyl +0 - > Pyl (2.3)  CO, HF, HO, and for the atoms Be and Ne with the experi-
=2 mental VIPs(see Table | for the corresponding references

exact cancellation of the second and third term to the right! "€ table also presents the HF orbital energigs. We dif-
hand side is not possible, since in that case we would havirentiate between valence levéthose that can be deter-
P.;;=1, meaning allP;(i>1)=0, which is inconsistent mined with Hel) UV photoelectron spectroscopy, i.e., IP
with the third term contributing-v**". In this example the <21.2 eV] and the deep valence and core levels. A striking
value P;<1 will necessarily make the first term not nega- feature of Table | is the close correspondence between the
tive enough, which is aggravated by the positi€”, which  KS — ¢, values and the experimental VIPs particularly for
is then corrected by the compensating effect of the thirdhe valence levels. A typicat €, deviationA is close to 0.1

term. In this case it actually has to overcompensdi€’so v with the smallest averagd=0.02 eV for HF and the
thate; becomes the exact VIP in spite of the first term beinglargestA=0.18 eV for CO.

not negative enough. This example shows how some “error The HF Koopmans theorem produces an order of mag-
compensation” may make the total error smaller than the

A nitude worse estimate of VIPs. The smallest average error for

error due to any of the three individual terms. Note that the | levels i§—0.97 eV f oO. while th

error compensation we are considering concerns a term Iikg1e upp_er valence levels 5=0.97 eV for HO, while the
largest isA=1.45 for N,. For N, the Koopmans theorem

v *Pwhich is already smal(1.61 eV} compared to the total '“ _ e HIS ark
|, of 24.59 eV. In the case of +1**=0.98 is small com- yields the wrong ordering of ionizations predicting the two-

pared tol ;= 15.94 eV. More definitive estimates of the con- fold degenerate #, orbital to be the first ionized. The KS

tributions of the individual terms and the extent of error can-orbital energies follow the right order of ionizations. Due to

cellation will have to come from explicit calculations of the the neglect of electron relaxation in cationic states, Koop-

M and P matrices using accurate KS orbitals and Dysonman’s theorem consistently overestimates VIPs, the only ex-

orbitals. ception being the abovementioned ionization from the, 1
The above arguments are only qualitative. In the nexprbital of N, where the wrong ordering produces underesti-

section these qualitative |r_1ferences will be tested with actual,ation of the corresponding VIP. In contrast, the KS,

KS orbital energy calculations. deviations are more random, being both positive and nega-

tive (see Table)l
Ill. €, OF ACCURATE KS POTENTIALS VERSUS The agreement betweene, and |, is less precise for
EXPERIMENTAL VIPS the lower valence and core levels. The differences are actu-

Rather accurate KS orbital energiescan be obtained ally of the same order of magnitude as the KLI constants
with KS potentials constructed from highly accurateinitio ~ being 3—4 eV for the IPs of ca. 35 glibnizations out of the
(Cl) densities, the corresponding calculations for molecule$a/20 orbitals, and ca. 20 eV for thds core levels. We
have been performed in Refs. 31-36. The iterative local uprote that empirically we find the difference between the ob-
dating scheme of van Leeuwen and Baerefid)®’ has  servedl, and the KS— ¢, to be quite close ta/ey— €, for
been used to get the KS solution. We note that a difficultycore levels. To the extent that the differences between the KS
arises in the construction of accurate KS potentials from Cleigenvalues and the relaxdg are determined by the re-
densities as a consequence of the wrong asymptotic behavigh,nse potential expectation values, this behavior fits in with

of the density. The Gaussian basis functions generate e same square root behavior we observed for the step
Gaussian type of decay of the density, which will cause theheights of the response potentl

KS potential that exactly reproduces that density to have the Th its of th lculati ted in thi i
typical parabolic shape of the harmonic oscillator potential in € resg s ot the .ca culations presgn edn ) IS section
the asymptotic region, cf. Ref. 38. This makes it very diffi- SUPPOrt the interpretation of the KS orbital energiesy as

cult to fix the arbitrary overall constant in the potential, @PProximate relaxed VIPEEQ. (1.4)]. The quality of this

the KS potential goes to zero asymptotically. In practice webecomes the exact identity.1) for the HOMO. In the next
wish the asymptotic behavior of the potential to be detersection more molecules will be calculated with the model KS

mined by the density in the outer region, where it is still SAOP potential.
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TABLE |. Comparison of the KS and HF orbital energiese, (eV) with experimental vertical ionization
potentials(the corresponding references are indicated in the tdbiehe atoms Be and Ne and the molecules

N,, CO, HF, HO. AAD are the average absolute differences between the KS orbital energies and the VIPs for
either the upper valence levels, AAl), or lower valence and core levels, AADner).

HF KS Expt.
Atom/molecule MO — €y — € I I+ € Ven— €k
Be (Ref. 48 2s 8.41 9.33 932  -0.01
1s 128.78 122.29 10.63
Ne (Refs. 48 and 49 2p 23.14 21.55 21.56 0.01
2s 52.53 44.84 4.82
1s 891.77 838.48 870.30 31.82 28.58
N, (Refs. 50-52 30y 17.27 15.57 15.58 0.01
1m, 16.72 16.68 16.93 0.25
20, 21.21 18.77 18.75  —0.02
AAD (val) 1.45 0.09
20y 40.04 33.69 37.3 3.61 4.26
1oy, 426.67 389.72 409.98 20.26 19.34
1oy, 426.76 389.76 409.98 20.22 19.34
AAD (innen 12.07 14.70
CO (Refs. 51-53 50 15.10 14.01 14.01 0.00
1m 17.43 16.77 16.91 0.14
4 21.90 19.33 19.72 0.39
AAD (val) 1.26 0.18
30 41.41 34.69 38.3 3.61 454
20 309.13 278.83 296.21 17.38 16.27
1o 562.32 519.71 542.55 22.84 22.49
AAD (inner 11.93 14.61
HF (Refs. 52, 54, and 55 1m 17.67 16.18 16.19 0.01
30 20.91 19.92 19.9 -0.02
AAD (val) 1.25 0.02
20 43.55 36.76 39.6 2.84 454
1o 715.48 668.46 694.23 25.77 25.54
AAD (innen 12.6 14.31
H,O (Refs. 51, 52, and 56 1b; 13.76 12.63 1262 -0.01
3a; 15.77 14.78 1474  -0.04
1b, 19.29 18.46 18.55 0.09
AAD (val) 0.97 0.05
2a; 36.48 30.89 32.2 1.31 4.27
la, 559.37 516.96 539.90 22.94 22.46
AAD (inner 11.88 12.13
IV. €, OF THE SAOP POTENTIAL VERSUS GGA, are not attractive enough, so that the corresponéling
EXPERIMENTAL VIPS are too high lying”’ In the earlierXa theory* there were

While the first VIPsI,, are routinely calculated with €Stimates of VIPs with— Ekllgf the X potential —aVy,
whereVy is proportional tgp~"~, with a=1.0. It is interesting

DFT methods within thé\SCF approach and, serves as a PR i
benchmark quantity to calibrate approximate DFT function-1° NOté that this implies ignoring the response part of the
als. few ASCE—DET calculations of other VIPs have beenPotential, which for the electron gas exchange functional just

reportec®®41 This is, in part, due to lack of the proper the- amounts to the repulsive contribution ©f0.3333/y, which

oretical justification of such calculations, which require ob-Would bringa to its Kohn—Sham-Gaspar value of 2/3.
taining the total electronic energy of an excited cationic state N this section VIPs are estimated with thee, of the
from the available ground state density functionals. As wa@rbital-dependent SAOP approximatiof. " (Refs. 21-23
found in Ref. 41, the quality of thASCF calculations of, ~ t0 the accurate KS xc potentiak.. Within the statistical
with standard generalized gradient approximati@GA) averaging of SAOP, for core and inner valence orbitals the
functionals is not uniform for different types of molecules GLLB potential v-® (Refs. 20 and 4Bis used that cor-

(examples of largenSCF—GGA errors will be considered rectly reproduces the atomic shell structure in the inner re-
below). gions, while in the outer valence region the modified LB
The theoretical arguments of Sec. Il and the results opotentialv;“ (Ref. 37 is employed, which reproduces the
the accurate calculations in Sec. Il suggest an alternativeorrect long-range Coulombic asymptoticsigf. The sta-
estimate of VIPs through the €, of an approximate poten- tistical averaging makes the resulting potentigd°" close to
tial, which properly models the exact KS potential. It is well S8 in the inner region and close ;2* in the outer
known, however, that standard xc potentials, obtained eitheregion, thus providing a balanced approximatiomw {gin all

from the local density approximatiofLDA) or from some regions.
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TABLE II. Comparison of the SAOP orbital energiese, (eV) with experimental vertical ionization potentials for perhalo molecules. Compagitg— I,
the deviatione,— (—1,) is positive when the KS level is too high lying compared-td, .

Molecule MO Expt. VIP —¢, SAOP  Deviation Molecule MO Expt. VIP —gek, SAOP Deviation
SFKs (Ref. 57 1ty 15.7 16.44 +0.74 av. (max) diff. 0.28 (0.42
1ty, 17.0 17.48 +0.48 CCIF; (Ref. 60 Te 13.08 13.27 +0.19
5ty 17.0 17.64 +0.64 108, 15.20 15.56 +0.36
3ey 18.6 19.28 +0.68 la, 15.80 15.97 +0.17
1ty 19.8 19.83 +0.03 6e* 16.72 16.64 —0.08
4t* 22.6 22.47 -0.13 5e* 17.71 17.52 -0.19
5a,4 26.85 26.07 -0.78 9a,* 20.20 19.69 -0.51
av. (max,) diff. 0.50(0.749 4e* 21.2 20.79 -0.41
C,F, (Ref. 58 2bg, 10.69 11.30 +0.61 8a, 23.8 22.97 —-0.83
4bgq 15.9 15.79 -0.11 av. (max,) diff. 0.34(0.83
6ay 16.6 16.21 -0.39 CClF, (Ref. 60 8b, 12.26 12.61 +0.35
4b,, 16.6 16.26 -0.34 6b, 12.53 13.39 +0.86
la, 16.6 16.42 —-0.18 3a, 13.11 12.91 —0.20
1by, 16.6 16.56 —0.04 12a, 13.45 13.74 +0.29
5by, 17.6 17.09 -0.51 7hy* 14.36 14.89 +0.53
1byg 18.2 17.79 -0.41 5b,* 15.9 16.00 +0.10
3bge* 19.4 19.20 —-0.20 2a,* 16.30 16.45 +0.15
1bg* 19.4 18.83 -0.57 11a,* 16.9 16.64 —0.26
3by* 21.0 20.28 -0.72 6b,*# 19.3 18.86 -0.44
5a,* 21.0 20.38 -0.62 10a,* 19.3 19.01 -0.29
av. (max) diff. 0.39(0.72 4b,*# 20.4 19.99 —0.41
CF, (Ref. 58 1ty 16.2 16.60 +0.40 9a,* 22.4 22.07 -0.33
4t, 17.4 17.78 +0.38 av. (max,) diff. 0.35(0.86
le 18.5 18.35 —-0.15 CBrF; (Ref. 61) 10e 12.08 12.27 +0.19
3t,* 22.1 21.76 -0.34 133, 14.28 14.72 +0.44
4a, 25.1 24.10 —1.00 la, 15.86 15.80 —0.06
av. (max,) diff. 0.45 (1.00 9e* 16.55 16.44 -0.11
SiF, (Ref. 57 1ty 16.4 16.77 +0.37 8e* 17.57 17.31 -0.26
5t, 17.5 17.68 +0.18 12a,* 19.8 19.29 -0.51
le 18.1 17.88 -0.22 7e* 20.9 20.53 -0.37
4t,* 195 19.17 —-0.33 1la,* 23.7 22.67 —1.03
5a, 21.55 20.80 -0.75 av. (max) diff. 0.37(1.03
av. (max,) diff. 0.37(0.79 Cl,C=CF,; (Ref. 62 4b, 9.82 10.63 +0.81
CCl, (Ref. 59 2t, 11.69 12.04 +0.35 11b, 12.13 12.34 +0.21
7t, 12.44 12.97 +0.53 3a, 12.54 12.73 +0.19
2e 13.37 13.60 +0.23 14a, 12.92 13.03 +0.11
6t,* 16.6 16.93 +0.33 3b,* 14.46 14.63 +0.17
6a, 19.9 20.11 +0.21 10b,* 15.54 15.66 +0.12
av. (max,) diff. 0.33(0.53 13a,* 16.26 16.13 -0.13
CFCkL (Ref. 60 2a, 11.73 12.15 +0.42 9b,*# 16.26 16.34 +0.08
10e 12.13 12.54 +0.41 2a,* 16.26 16.36 +0.10
9e* 12.97 13.34 +0.37 12a,** 18.18 17.99 -0.19
11a, 13.45 13.63 +0.18 2b,* 18.18 18.27 +0.09
8e* 15.05 15.37 +0.32 8b,* 20.1 19.67 -0.43
7e* 18.0 18.17 +0.17 av. (max,) diff. 0.22(0.81)
10a,,* 18.4 18.56 +0.16 total for Table Il 0.35(1.03
9a,* 215 21.32 —-0.18

“New assignment based on this work.
*Higher (than the firsk IP of this symmetry.

Tables II-V compare the SAOP ¢, calculated for 64 which the SAOP- ¢, reproducel for the various types of
molecules of various types with 406 VIPs above 27 eV ob-molecules. The average absolute deviatiarexe around 0.4
tained with photoelectron spectroscopy. Table Il collects theeV for all four types of molecules presentézbe Table V).
data for 10 perhalo molecules, Table Ill lists 21 linear mol-As a matter of fact, the lea&t=0.35 eV is found for perhalo
ecules, Table IV includes 19 planar molecules, and Table \foleculegTable Il), for which theASCF-GGA calculations
includes 14 nonplanar molecules. The SAOP calculationgroduce the largest errotsFor example, for the molecules
have been performed with the Amsterdam Density FuncCF,, CCl,, C,F, Sk the averageASCF-GGA errors are
tional program(ADF).** The experimental geomefR/*°and  1.94, 1.05, 1.67, and 2.19 eV, respectivEifhe correspond-
the standard ADF basis IV have been used. ing SAOP deviations are only 0.45, 0.33, 0.39, 0.50 eV, re-

The results of the SAOP calculations support the interspectively, i.e., 3 to 4 times as small. Examples of the small-
pretation of the KS orbital energies as approximate VIPsest and largest SAOP deviations are presented in Table Il for
The main feature is the uniform reasonable quality, withthe cyanide-substituted molecules. For HCN and FCN the
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TABLE Ill. Comparison of the SAOP orbital energiese (eV) with experimental vertical ionization potentials for linear molecules.

Molecule MO Expt. SAOP Deviation Molecule MO Expt. SAOP Deviation

HCN (Ref. 63 1m 13.61 13.63 +0.02 60y 17.8 17.89 +0.09
50 14.01 13.87 -0.14 do,* 21.9 22.08 +0.18
4o* 19.86 19.75 -0.11 504* 25.6 25.19 -0.41

av. (max,) diff. 0.09(0.19 av. (max) diff. 0.56(1.16
C,H, (Ref. 69 1m, 11.49 1141 —-0.08 OCS(Ref. 67 27 11.24 11.83 +0.59
3oy 16.7 16.40 —-0.30 17 15.53 16.17 +0.64
20y, 18.7 18.35 —-0.35 40 16.04 15.99 —0.05
204" 235 22.98 -0.52 30* 17.96 18.00 +0.04

av. (max,) diff. 0.31(0.52 av. (max) diff. 0.33(0.64)
HCCF (Ref. 58 2 11.5 11.49 —0.01 FCN (Ref. 68 2 13.65 13.64 -0.01
17 18.0 17.63 —-0.37 To 14.56 14.51 —-0.05
To 18.0 17.54 —0.46 17 19.3 19.22 —0.08
60 21.2 20.52 —0.68 60* 22.6 22.36 —-0.24

50* 24.3 23.63 —0.67 av. (max) diff. 0.10(0.29
av. (max,) diff. 0.55(0.68 N, (Ref. 50 30y 15.58 15.24 -0.34
HCCCN (Ref. 65 2 11.75 12.28 +0.53 1, 16.93 16.44 —-0.49
90 13.54 13.87 +0.33 20y 18.75 18.54 -0.21

17* 14.18 14.45 +0.27 av. (max) diff. 0.35(0.49
80* 18.3 18.32 +0.02 HCCCCH (Ref. 64 1my 10.30 10.75 +0.45
70* 21.3 21.41 +0.11 1m, 12.71 12.94 +0.23
607 25.0 24.78 -0.22 504 17.0 16.88 -0.12
av. (max,) diff. 0.25(0.53 40, 175 17.62 +0.12
NNO (Ref. 53 27 12.89 13.48 +0.59 4o4* 20.0 19.87 -0.13
To 16.38 16.57 +0.19 30" 23.3 22.84 —0.46
17* 18.23 18.86 +0.63 304" 25.0 24.23 -0.77

60* 20.11 20.03 —0.08 av. (max) diff. 0.330.77)
av. (max,) diff. 0.37(0.63 HCL (Ref. 59 2m 12.77 12.39 —0.38
NCCCCN (Ref. 65 2y, 11.99 12.92 +0.93 50 16.6 16.08 -0.52
Toy 13.91 14.62 +0.71 40* 25.8 25.40 -0.40

60, 14.00 14.67 +0.67 av. (max,) diff. 0.43(0.52
1y 14.16 14.75 +0.59 HF (Ref. 54 1w 16.19 15.68 —-0.51
1m* 15.00 15.75 +0.75 30 19.9 19.18 -0.72

B6og* 20.8 21.06 +0.26 av. (max) diff. 0.62(0.72
50, 23.0 23.27 +0.27 F, (Ref. 58 1mg 15.87 15.80 —-0.07
av. (max,) diff. 0.60(0.93 1m, 18.8 19.04 +0.24
CN, (Ref. 65 1y 13.51 14.02 +0.51 3oy 21.1 21.29 +0.19

504 14.49 14.89 +0.40 av. (max) diff. 0.17(0.24
4o, 14.86 15.28 +0.42 SiO (Ref. 69 To 11.61 11.39 -0.22
1, 15.6 15.90 +0.30 2 12.19 12.17 —-0.02
4oy* 22.8 23.33 +0.53 60* 14.80 14.53 -0.27

av. (max,) diff. 0.43(0.53 av. (max) diff. 0.17(0.24
CO (Ref. 53 50 14.01 13.74 -0.27 CS (Ref. 70 To 11.34 11.47 +0.13
1w 16.91 16.53 —0.38 2 12.90 12.86 —0.04
4a-g* 19.72 18.97 —0.75 60* 18.03 17.04 —0.99

av. (max,) diff. 0.47(0.795 av. (max,) diff. 0.39(0.99
CO, (Ref. 53 1wy 13.79 14.42 +0.63 P, (Ref. 70 2, 10.65 10.70 +0.05
1, 17.60 17.87 +0.27 S0y 10.84 10.87 +0.03

30y 18.08 17.90 -0.18 av. (max) diff. 0.04(0.05
4oy 19.40 19.07 —0.33 HCCCCCN(Ref. 72 3 10.57 11.58 +1.01
av. (max) diff. 0.35(0.63 27 12.70 13.50 +0.80
C;0, (Ref. 66 2m, 10.8 11.96 +1.16 130 13.28 13.82 +0.54
1wy 15.0 16.10 +1.10 17 13.96 14.65 +0.69

1m* 16.0 16.66 +0.66 av. (max) diff. 0.76(1.01)

S50y 17.3 17.65 +0.35 Total for Table IlI 0.401.39

*Higher (than the firsk IP of this symmetry.

average differences betweene, and |, are only 0.09 and VIPs. Indeed, for the molecules,NCO, HF, HO the — ¢ of

0.10 eV, respectively, while for HCCCCCN=0.76 eV is the accurate KS potential are consistently in better agreement

obtained. with VIPs than the SAOP-¢,. For these molecules SAOP
Comparison of- ¢, obtained with the SAOFTables Ill  has the KS one-electron levels listed in Table Il too high

and IV) and accurate K$Table |) potentials shows that by compared to both the, of the accurate potential and the

improving further the present SAOP model one can hope t@xperimental-1,. In the general case, however, the prevail-

improve the agreement between the calculated, and ing trend is that SAOP has the highest orbitals too low lying,
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TABLE IV. Comparison of the SAOP orbital energiese, (eV) with experimental vertical ionization potentials for planar molecules.

Molecule MO Expt. SAOP Deviation Molecule MO Expt. SAOP Deviation

H,CO (Ref. 73 2b, 10.9 11.05 +0.15 2a" 12.6 13.09 +0.49
1b, 14.5 14.57 +0.07 9a’* 14.8 14.78 -0.02
5a, 16.1 15.59 —-0.51 1a"* 15.8 15.93 +0.13
1b,* 17.0 16.68 -0.32 8a'* 17.1 16.92 -0.18
4a,* 21.4 20.26 —~1.14 7a’* 17.8 17.61 -0.19

av. (max) diff. 0.44(1.14 6a’* 22.0 21.32 -0.68

H,O (Ref. 56 1b, 12.62 12.37 —-0.25 av. (max,) diff. 0.29(0.68
3a, 14.74 1431  -0.43 NSF (Ref. 79 13a’ 11.82 12.33  +0.51
1b, 18.55 17.95  —0.60 12a'* 13.50 13.75  +0.25

av. (max) diff. 0.43(0.60 3a” 13.87 14.24  +0.37

C,H, (Ref. 64 1bg, 10.68 1090  +0.22 11a’* 15.62 16.06  +0.45
1bgg 12.8 12.77 -0.03 2a"* 16.47 16.81  +0.34
3a, 14.8 1430  —0.50 10a**  17.2 17.17  —0.03
1b,, 16.0 15.65 -0.35 av. (max) diff. 0.33(0.51)
2by, 19.1 18.48 ~0.62 H,C=CCl, (Ref. 62 3b, 9.99 10.70 +0.71
2a,* 23.6 23.05 -0.55 8b, 11.69 11.84  +0.15

av. (max) diff. 0.38(0.62 2a, 12.20 12.35  +0.15

H,CS (Ref. 74 3b, 9.38 9.46 +0.08 11a, 12.54 12.64  +0.10
2b, 11.76 11.99  +0.23 7hy* 13.80 1421  +0.41
7a, 13.85 1367  -0.18 2h* 14.22 14.40  +0.18
2b,* 15.20 15.44  +0.24 10a,* 15.93 1585  —0.08
6a,* 19.9 18.87 -1.03 6h,* 16.25 16.55  +0.30

av. (max) diff. 0.35(1.03 9a,* 18.51 18.43 —0.08

HCONH, (Ref. 68 10a; 10.4 10.77 +0.37 av. (max) diff. 0.24(0.71
2a" 10.7 11.42 +0.72 Pyridine (Ref. 76 la, 9.60 10.72 +1.12
1a"* 14.1 14.52 +0.42 11a, 9.75 10.22 +0.47
9a;* 14.8 15.59 —-0.21 2b, 10.51 11.36 +0.85
8a/* 16.3 16.39 +0.09 7b; 12.61 12.90 +0.29
7a}* 18.8 18.35 —0.45 1b,* 131 13.97 +0.87
6a)* 20.7 20.12 —0.58 10a,* 13.8 13.95 +0.15

av. (max) diff. 0.41(0.72 6b,* 14.5 14.56 +0.06

Furan(Ref. 57) la, 9.0 9.67 +0.67 9a,* 15.9 1567  —-0.23
2b, 10.4 10.99  +0.59 5b,* 15.9 1587  —0.03
9a, 13.0 13.14  +0.14 8a,* 17.4 1716 —0.24
8a,* 13.8 13.77  —0.03 4by* 19.8 19.73  —0.07
6b, 14.4 13.96 —0.44 Tay* 20.6 19.72 —0.88
5b,* 1525 1496  —0.29 3b,* 234 23.09 -0.31
1b,* 15.6 15.17 -0.43 6a,* 24.5 24.22 —0.28
7a,* 17.5 17.40  —0.10 5a,* 28.0 2771 -0.29
6a,* 18.80 18.12 —0.68 av. (max,) diff. 0.41(1.12
4b,* 19.7 18.86 —0.84 stetrazine(Refs. 77 3bg, 9.72 10.24 +0.52
3b,* 23 2255  —0.45 and 78

av. (max,) diff. 0.42(0.84) 5bq, 12.05 12.54 +0.49

Thiophene(Ref. 57 la, 8.87 9.74  +0.87 lbyy 1205 1301  +0.96
3b, 952 1017  +0.65 62, 1278 13.05  +0.27
11a, 12.1 12.33 +0.23 4by, 13.36 13.39 +0.03
2b,* 12.7 13.31 1061 1byg 13.5 14.12 +0.62
7b, 13.3 13.52 +0.22 1bs, 15.85 16.55 +0.70
10a,* 139 13.41 _0.49 ab, * 16.9 17.05 +0.15
9a,* 16.6 16.60 0.00 av. (max) diff. 0.43(0.96
5b2~k 17.6 17.68 +0.08 Ozone(Ref. 79 6a1 12.73 13.26 +0.53

av. (max) diff. 0.38(0.87 la, 13.54 14.34 +0.80

Acrolein (Ref. 73 13’ 10.1 10.65  +0.55 _ 1b; 1999 1963  -0.36
2a" 11.0 11.76  +0.76 av. (max) diff. 0.54(0.80
12a’* 13.8 13.96 10.16 16a’ 14.7 14.52 -0.18
11a’* 14.8 14.63 —0.17 15a’* 16.0 15.78 -0.22
10a’* 16.2 16.04 ~0.16 3a"* 16.5 16.28 —-0.22
9a’* 16.2 16.11 —0.09 2a"* 16.8 16.46 —-0.34
8a’'* 18.8 18.55 —0.25 14a’* 16.8 16.37 —0.43
7a’* 20.9 20.50 —0.40 13a’* 18.0 17.61 -0.39
6a’* 24.6 2445  -0.15 la™ 18.7 18.18  —0.52

av. (max) diff. 0.330.76) 12a’* 20.1 19.09 -1.01

HCOOH (Ref. 73 108’ 115 11.87 +0.37 11a"* 20.1 19.71 -0.39
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TABLE IV. (Continued) the HOMOs of the extended systems, such as pyridine and
Volecule Vo Expt. SAOP Deviation _HCCCCCN, while the Iarggst negative deviaFions are for
inner-valence MOs, for which the corresponding VIPs are
1061/'** 219 21.09 —0.81 typically higher than 20 eV. For the former group, with the
av. (max) diff. % 258 2443 0.5_21(fgﬂ exact property(1.1) in mind, one should improve the agree-
CH,—CF, (Ref. 59 2b, 10.70 10.97 1027 ment between- €, and VIPs with a refined approximation to
5b, 14.9 14.71 ~0.19 the exact KS potential. For the latter group the SAOP devia-
8a, 15.8 15.28 —-0.52 tions might be, partially, due to the expected underestimation
4b,* 16.1 15.73 0.37 of VIPs by — ¢, for the inner orbitals, due to theg.s, matrix
la, 161 1598 -0.12 elements, as has been discussed in Sec. Ill.
7a,* 18.2 17.48 -0.72
1b,* 18.2 17.82 -0.38
3br 197 19.29 ~0.41 V. CONCLUSIONS
221: gég gg';g :(1)';; The physical meaning of the KS orbital energies has
av. (max) diff ' ' " os0(122 remained a matter of concern until recerffiy” In this paper
cis-CHF—CHF (Ref. 58 2b, 10.62 11.00 +0.38 we have shown that the KS orbital energies, approxi-
7a, 14.0 13.88 -0.12 mate very wellrelaxedvertical ionization potentials, . Ex-
6b, 14.9 14.71 —0.19 act relations betwees, andl, are established with a set of
11ba2* igi 12'22 :8'421431 linear equations for the,, which are expressed through
Sb;* 171 16.65 045 and the matrix elemenig’*" of the response potentialeg.
6a,* 18.8 18.08 ~0.72 Although —1, will be a leading contribution tas, other
5a,* 18.8 18.39 -0.41 I+« do enter through coupling terms which are determined
322: ;g-g gg-ég —(1)Z§ by the overlaps between the densities of the KS orbitals as
av. (max) diff, ! 0.48 (1.17 V\{e_ll as by overlaps between the KS and Dyson orbital den-
HCCCHO (Ref. 73 1227 108 1125  +045  Sitles.
2a" 11.6 12.11 +0.51 The orbital energies of accurate KS solutions obtained
11a’* 11.7 11.97 +0.27 from ab initio densities are compared with the experimental
la™ 144 14.84 +0.44 VIPs of the molecules ) CO, HF, HO. Very good agree-
19(?* i?g i?;g ;8'12 ment between the accuratee, of the outer valence KS
8a’* 184 1844 4004 orbitals and the corresponding VIPs is established, with the
7a'* 21.8 21.48 ~0.32 average difference approaching 0.1 eV. This agreement is
6a’* 24 24.10 +0.10 much better than for HF or exact exchange KS orbital ener-
av. (max, diff. 0.27(049  gies. The lower valence KS levels are a few eV higher than
HCONH, (Ref. 69 120a 18"71 1(1)'32 18'32 the corresponding- 1, and the core levels some 20 eV, in
1;,* 141 1453 4043 agreement with the theoretically deduced up-shift of the KS
9a’'* 14.8 14.60 ~0.20 levels compared te- 1, by the response potential matrix el-
8a'* 16.3 16.36 +0.06 ements. Furthermores, values are calculated for 64 mol-
73: 18.8 18.39 -0.41 ecules of various types with the approximate KS SAOP po-
av. () diff 6a 20.7 20.11 0.46()(65.3 2 tential and they are compared with 406 experimental VIPs.
Total for Table IV 0.40(1.37 Reasonable a_greement _between the SA&&_’ a_nd the outer
valence VIPs is found with an average deviation of about 0.4
*New assignment based on Ref. 80. ev.

Ne : _
Higher (than the firstIP of this symmetry. The present results provide more physical meaning for

the Kohn—Sham approach of DFT and they counter the stan-

while it puts the lower levels not deep enough. Compaeing dard view, that the KS orbitals and their energies are merely
to — Iy, i.e., defining the error as-1,— ¢, the positive- auxiliary quantities which, in general, have no definite physi-
SAOQORP error for the first VIPs decreases with increasing VIPcal meaning. We have demonstrated that, to the contrary,
passes through zero and turns to a negative error which irwhile Koopman’s theorem interprets the HF orbital energies
creases for higher VIPs. An inevitable conclusion is that the— e,t'F asunrelaxedVIPs, the KS— ¢, can be interpreted as
SAOP xc potential is too attractive in the outer region, sinceapproximateelaxedVIPs | . The quality of this approxima-
the highest orbital energies should be very closéfdo the  tion appears to be high for outer valence orbitals and it be-
HOMO: equal t9 the corresponding VIPs. For the inner re- comes an exact identity for the HOMO. Similarly, while the
gion SAOP may not be attractive enough, although this canHF orbitals are interpreted as the unrelaxed Dyson orbitals,
not firmly be concluded since we should expect a negativéhe KS outer valence orbitals can be interpreted as approxi-
error (i.e., too high lying level as this occurs for the exact mate relaxed Dyson orbitals, which agrees with recent results
KS potential. for the correspondence between KS and Dyson orbitals of

The above-mentioned trend can be clearly seen fronKorenet al3® Our present results complement similar results
Table VII, which collects the largest deviations of the SAOPconcerning the nature and meaning of the KS orbitals
€, from the — 1. The corresponding MOs could be subdi- themselve$=>2* The relations(2.27) betweene, and I,
vided into two groups. The largest positive deviations are foisince they interestingly involve both KS and Dyson orbitals,
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TABLE V. Comparison of the SAOP orbital energiese, (eV) with experimental vertical ionization potentials for nonplanar molecules.

Molecule MO Expt. SAOP Deviation Molecule MO Expt. SAOP Deviation
CH3COCH,; (Ref. 57 5b, 9.8 10.23 +0.43 av. (max) diff. 0.43(1.36
2b, 12.6 12.93 +0.33 CF,CN (Ref. 68 6e 14.3 14.59 +0.29
4b,* 13.4 13.35 —0.05 10a; 14.3 14.80 +0.50
8a, 14.1 13.82 —0.28 9a,* 16.3 17.02 +0.72
la, 14.4 14.23 -0.17 la, 16.5 16.46 —0.04
Ta* 15.7 15.27 —0.43 5e* 17.0 17.11 +0.11
3b,* 15.7 15.51 -0.19 4e* 18.1 17.99 -0.11
1b,* 16.0 15.66 -0.34 3e* 21.6 21.25 -0.35
6a,* 18.0 17.44 —-0.56 8a,* 22.6 22.10 -0.50
5a,* 24.6 23.47 -1.13 7a* 25.8 25.12 —0.68
av. (max,) diff. 0.39(1.13 av. (max) diff. 0.37(0.72
NH; (Ref. 57 3a, 10.8 10.73 —-0.07 CH;CCCN (Ref. 69 3e 10.95 11.58 +0.63
le 16.0 15.65 —-0.35 1la; 13.06 13.41 +0.35
av. (max,) diff. 0.21(0.35 2e* 13.52 13.88 +0.36
CH, (Ref. 69 1t, 13.6 13.85 +0.25 le* 15.2 15.78 +0.58
2a, 22.9 21.50 —-1.40 10a,* 16.5 16.51 +0.01
av. (max,) diff. 0.83(1.40 9a,* 20.5 20.39 -0.11
CH;CCH (Ref. 64 2e 10.54 10.61 +0.07 8a,* 23.7 23.18 —0.52
le* 14.6 14.71 +0.11 av. (max) diff. 0.37(0.63
Ta, 15.4 15.15 —-0.25 CHF; (Ref. 58 6a, 14.8 15.13 +0.33
6a,* 17.4 17.12 —0.28 la, 15.5 15.72 +0.22
5a,* 22.4 21.46 —-0.94 5e 16.2 16.30 +0.10
4a,* 23.9 23.50 —0.40 4e* 17.2 17.19 -0.01
av. (max) diff. 0.34(0.99 3e* 20.7 20.30 —0.40
CH4CN (Ref. 65 2e 12.46 12.58 +0.12 5a,* 20.7 20.41 -0.29
Ta, 13.17 13.12 —0.05 da,* 24.4 23.40 —1.00
le* 15.7 15.92 +0.22 av. (max) diff. 0.34(1.00
6a,* 17.4 17.19 -0.21 NSF; (Ref. 81 7e 12.50 13.26 +0.76
5a,* 24.9 23.82 —1.08 10a; 14.15 14.83 +0.68
av. (max) diff. 0.34(1.08 1a, 16.65 17.02 +0.37
CH;NC (Ref. 65 Ta, 11.32 11.46 +0.13 6e* 16.65 17.43 +0.78
2e 12.5 12.62 +0.12 5e* 18.35 18.59 +0.24
le* 16.1 16.03 —0.07 av. (max,) diff. 0.57(0.78
6a,* 18.2 18.02 -0.18 CH4CH; (Ref. 69 ley 12.0 12.47 +0.47
5a;,* 25.0 23.52 —1.48 3ay, 12.7 13.09 +0.39
av. (max) diff. 0.40(1.48 le, 15.0 14.81 -0.19
CH4F (Ref. 58 2e 13.1 13.21 +0.11 2a,, 20.4 19.38 -1.02
le* 17.0 16.56 —-0.44 2alg* 23.9 22.85 —1.05
5a; 17.0 16.95 —0.05 av. (max,) diff. 0.62(1.05
4a.* 23.4 22.05 -1.35 CH;CONH, (Ref. 68 13’ 10.0 10.44 +0.44
av. (max,) diff. 0.49(1.35 3a” 10.4 11.05 +0.65
CH,F, (Ref. 58 2b; 13.3 13.45 +0.15 2a"* 13.0 13.28 +0.28
4b, 15.4 15.14 —0.26 12a'* 14.1 13.86 —-0.24
6a, 15.4 15.37 —-0.03 11a'* 14.5 14.17 —-0.33
la, 15.8 15.64 —-0.16 10a'* 15.4 15.76 +0.36
3b,* 19.1 18.68 -0.42 la"* 16.0 15.24 -0.76
1b,* 19.1 18.56 —0.54 9a’* 18.0 17.55 —-0.45
5a,* 19.1 18.55 —0.55 8a'* 194 18.71 —0.69
4a,* 24.0 22.64 —1.36 7a’* 23.9 22.51 —1.39
av. (max,) diff. 0.56(1.39
Total for Table V 0.481.48

*Higher (than the firsk IP of this symmetry.

would warrant a more extensive comparative study of thes@ABLE VI. Summary of Tables II-V.

orbitals and of the matricdgl andP, that will provide more
understanding of how the variouig contribute to a specific

KS € -

The present work justifies what we could call the ¢

method,” according to which the valence VIPs of a molecule{y
can be effectively estimated ase, with just a single calcu-
lation of the neutral ground state with a proper approxima

Table Average abs. diff.

Maximal abs. diff.

Type of molecules

] 0.35
1] 0.38
0.40
0.43
Total 0.39

1.03
1.16
1.37
1.48
1.48

perhalo
linear
planar

nonplanar
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TABLE VII. Large absolute deviations in Tables 1l1-V.
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