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With the help of various theoretical methods, ionization potentials (IPs) have been computed for a panel of
small molecules containing atoms of group 14, 15, or 16 and representing different singly, doubly, or triply
bonded systems with or without an interacting heteroatom lone pair. Comparison of experimental IP values
to theoretical results indicates that (i) the standard outer valence green function (OVGF), density functional
theory (DFT), andASCF methods lead to rather accurate values, (ii) the CASPT2 method systematically
underestimates IPs, (iii) the method of deducing IPs from a shift of some standard DFT eigenvalue spectrum
is a straightforward approach leading to rather accurate IPs, (iv) the eigenvalue spectrum obtained with the
so-called statistical average of different orbital model potential (SAOP) exchange-correlation model potential
is an efficient approach leading directly to quite accurate IPs, and (v) a good prediction of the IP spectrum
can be obtained from the shifted excitation spectra of the system calculated by the time-dependent DFT
(TD-DFT) method. It is also shown that the TD-DFT calculations of the ionized species bring a significant
improvement over the calculations of the neutral molecules, indicating that a great part of the electronic
relaxation is already taken into account (in a similar way for all ionizations). Finally, in the case of TD-DFT
calculations of neutral molecules, the statistical average of different orbital model potential (SAOP) functional
does not lead to significantly better results than the B3LYP functional.

Ultraviolet photoelectron spectroscopy (UPS) was developed that the computation cost and time have to be taken into account
in the early 1960’s mainly by Turner and BakKeSince that as well.
time, important progress have been made, but the aim of this In this work, different types of small molecules containing
technique remains the determination of accurate values ofatoms of group 14, 15, or 16 and representing different singly,
ionization energies and to use these data to investigate thedoubly, or triply bonded systems with or without an interacting
electronic structure of molecules and ions in the gas phase,heteroatom lone pair have been chosen. Comparison of results
particularly short-lived ones. For a reliable assignment of UV obtained through standard DFT, time-dependent DFT (TD-
photoelectron spectroscopic bands and for the interpretation ofDFT), the outer valence green function (OVGF) method, the
spectra, a theoretical approach is more than necessary. CASPT2 method, and straightforward “corrected” IPs (obtained

In one of our previous workd experimental results were by a uniform shift (see Computational Details) of the Kehn
compared to the values issued from MP2 and density functional Sham (KS) molecular orbital (MO) eigenvalues of the ground
theory (DFT) calculations of ionization potentials (IPs). This State orbitals of the molecule) should constitute an interesting
study was realized on molecules containing main group 14, 15, tool for every PE study. The use of Kohsham orbitals for
and 16 elements with different functionals belonging to the the prediction of ionization energies is traditionally questioned
LDA, GGA, and hybrid classes (SVWN, BP86, B3P86, B3LYP, because they were historically introduced by Kohn and Sham
and B3PW91). Interest of DFT application has been observed @S Meaningless auxiliary quantities for calculating the densi-
with improvement of the results compared to the MP2 method. 1S Indeed, they are in fact the best orbitals one can obtain
However, only the first and second (when possible) IPs were Within @ single Slater determinant wave functigh.Their
taken into account, but for a reliable interpretation of photo- efficient use for reactivity mechanism studies as well as the
electron (PE) spectra, the estimation of the following ionization C@lculation of various one electron properties has been empha-

energies as well as their nature brings useful arguments forSized by Baerends and others at many occasiohis a recent
unambiguous attribution of PE bands. work, Hamel et af showed that the KohnSham orbitals do

indeed provide a good momentum distribution for the interpreta-
tion of electron momentum spectra.

However, approximate exchange-correlation (potential) func-
tionals used in standard DFT computations for the calculation
e . g A— ” & Emai of orbitals are known to fall off too rapidly with respect to a
anna.ghrovgto(z/vn;ka%)olrjﬁif);:u.g’n(cAe.C.)S; c?huermetéinZapS.;re?}iéc:). mal L asymptote. In Cons.equence’ an electron far ffom the
T Universitede Pau et des Pays de 'Adour. electronic system experiences a full Hartree potentiaNof
* UniversiteClaude Bernard Lyon-1. electrons instead of the correct one fbr- 1 electrons. This is

Therefore, the problem is to select the best method for IP
evaluation, considering that the quality of results depends
strongly on the nature and size of the studied molecules and
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the so-called self-interaction error which, in some typical cases, that the stationary points obtained were true energy minima.
can lead to artifacts like the spurious dissociation behavior of All IP estimations are based on geometries obtained with
two-center/three-electron systesConsequently, the DFT  B3LYP/6-311G(d,p). Triple: + polarization (TZP) STO func-
orbital energies severely underestimate the ionization energiestions were retained as the orbital basis set for ADF calculations,
they should approximate (at least the highest occupied molecularin all electron calculations (i.e., no frozen core approximation
orbital (HOMO) energy should equal the first IP; see below). for the core orbitals).

Nevertheless, the eigenvalue pattern of a DFT calculation, as  Excited states may be obtained from density functional theory
providing a rather realistic, if not accurate, description of the py its time-dependent developm@hTD-DFT is becoming very
ionization spectrum, has been used for a long time, starting atpopular because of its efficiency for excited state calculation
the historical time of the X-alpha approximati#ht! On the and its reasonable computational cost. We have chosen to take
other hand, it has been recently shéi#t that, provided one  the assignment of the theoretical absorption spectra as a
knows the exact KS potential, which may be constructed from reference for the location of the ionized states. More precisely,
ab initio accurate densities, the KS orbital energies can be provided that the TammbDancoff approximation delivers
identified as approximate but accurate vertical relaxed IPs. In excited state transition energies dominated by a single orbital
the case of the HOMO, the identification is exact and established excitation (e.g., 0.65 of the oscillator strength), the relative
a long time agé" The extension of the identification of KS  position of the ionization energies is deduced from the transition
eigenvalues to IPs for open-shell systems has been establishednergies from occupied orbitals to a given virtual orbital. Indeed,

recently by Baerends et &. o _ _ there is nothing fundamentally limiting TD-DFT to the treatment
In this work, we will compare ionization energies obtained of singly excited states if the ground state functional is exact
through three schemes derived from DFT: and the frequency dependence of the exchange-correlation kernel

(i) The first one is the crude eigenvalue pattern given by a is treated, but this is typical of current implementations in most
standard, approximate, widely used exchange-correlation (XC) software. In this work, the TD-DFT spectra of the ionized
functional, namely, the BSLYP hybrid function®The pattern species have been calculated; that is, one assumes that the main
will then be rigidly shifted in order to fit the first IP. As already relaxation of the orbitals is already taken into account through
said, shifted orbital energies have in the past provided an the first ionization and that this relaxation remains unchanged
excellent first approximation to experimental IPs. in the further ionizations. Accordingly, the present calculations

(i) The second one is the eigenvalue pattern given by a are based on the evaluation of the electronic spectrum of the
modified XC potential, namely, the statistical average of low-lying ions, described by thASCF corresponding to the

different orbital model potential (SAOP) model potentialhis first vertical ionization potential, | V'Cd, calculated as the
potential has the nice features of providing in the largegion differenceEcation — Eneutral molecule
a potential with the correct asymptotic Coulombic éhavior One has to emphasize that such a TD-DFT approach should

delivered by the LB94 potenti&land also correctly reproducing  pe considered as a crude approximation of the spectrum, since
the atomic shell structure in the inner regions, a behavior the method in its present form describes only single excitations,
delivered by the GLLB potentidf This leads to substantially  whereas double excitations should be important in open-shell
downshifted OCCUpied orbital energies. In 2002, the authors Systems such as the ions studied in the present Wﬁbwever,
already obtained a reasonable agreement between the SAORome TD-DFT excitation spectra of open-shell molecules have
Orbital energies and 406 eXpeI’imental IPs Of 64 moledales, appeared in [he pag"i,whereasl in the case of a Signiﬁcant
with an average deviation of 0.4 eV and a maximum deviation presence of a double excitation within a state, the time-
of 1.5 eV. dependent response theory may break d&twn.

(iif) Finally, the third one is a derivation of the ionization Meanwhile, the TD-DFT spectrum of the neutral species has
spectrum from the excitation spectrum of the ionized species 515 heen calculated, to separate the contribution of the electron
calculated within the TD-DFT approach. TD-DFT has recently g|axation during the ionization process. Indeed, in the case of
become a reliable method for the calculation of excited state  gignificant change between the relative energies of the neutral
energies and has proven useful in the assignment of electronicyng jonized excited states, one could conclude that only the
states to absorption spectréWe will attempt to forward this — 16und state electronic spectrum is needed to deduce the full
TD-DFT efficiency to (photo)ionization spectroscopy, assuming jonization spectrum, provided the first ionization is known: this
that most of the characteristics of a photoelectron are already cqq he achieved either via experimental data or through a
present in photoexcited electronic transitions. ASCF calculation, as already said. Indeed, we will see that in

The remainder of this paper is organized as follows: In the most cases the TD-DFT of neutral species does not provide as
first paragraph, the computational details will be given, and the good results as the TD-DFT of cations: this could be expected,
comparison with experimenta! data will then be given for the since low lying states of the ion would not correspond to
studied compounds gathered in three classes according to theigycitations of the neutral, but this had to be tested, also because

belonging to element group 14, 15, or 16. The detailed some software does not provide (yet) TD-DFT spectra of open-
theoretical data will not be reported, and only the deviation with ghe|| systems.

respect to experiment will be given in the corresponding tables.
Some concluding remarks derived from the comparison of the
different approaches will then be given in the last paragraph.

The vertical IPs were also calculated at the ab initio level
employing the outer valence green function (OV&mjethod
in the Gaussian calculation, which includes electron correlation
and electron relaxation effects. This method has the advantage
of giving results from a single calculation.

DFT#?!calculations were performed using Gaussiaf? 8ad CASPT2 refers to multiconfigurational SCF ab initio calcula-
ADF 20042 codes, whereas the MOLCASprogram package  tions in which all excitations are taken into account within an
was used for CASPT2 calculations. Geometry optimizations orbital space (namely, the active space) fixed to CAS(12,12) in
were carried out at the B3LY:#6-311G(d,p) level of theory  this work, with second-order perturbation corrections added
and were followed by frequency calculations in order to verify afterward.

I. Theoretical Background and Computational Details
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TABLE 1: Deviation from Experimental IPs Given for Each Method for GeCl, and GeBr,?
TD-DFT TD-DFT TD-DFT

symm (B3LYP)  (B3LYP) (SAOP) —eS(B3LYP) —eks
IP# Co exptl IPg® cation GS GS OVGF CASPT2  (corrected IPs)  (SAOP)
GeCh 1Py Ar 10.55(ce) —0.01* —0.01* —0.01* —-0.29 —-0.38 —2.381/] 0.66
IP, B, 11.446%) —-0.32 —0.60 —-0.80 -0.19 —-0.37 —2.67 [-0.29] 0.26
IP; Az 11.700%,) -0.32 —0.10 —-0.29 —-0.15 —0.55 —2.58 [-0.20] 0.36
IP, B: 12.586%) —0.54 —-0.29 —0.47 -0.3 —0.74 —2.81[-0.43] 0.07
IPs A; 12.690%) —-0.38 —0.66 —0.86 —-0.17 —0.58 —2.78 [-0.40] 0.05
GeBr, 1Py Ar 10.02fce) —0.11* —0.11* —0.11* —-0.32 —-0.39 —2.35/] 0.71
IP, = 10.546%) —-0.26 —0.48 —-0.62 -0.18 —-0.30 —2.53[-0.18] 0.43
IP; Az 10.86(7,) —0.36 —0.06 —0.26 —0.22 —0.56 —2.52[-0.17] 0.45
IP, B, 11.676%) —0.54 —-0.21 —0.36 —-0.33 —-0.37 —2.70[-0.35] 0.21
IPs A; 11.826%") —-0.39 —0.59 -0.72 —-0.23 —0.51 —2.67[-0.32] 0.18
o 0.40 0.43 0.59 0.25 0.49 [0.31] 0.40

aAll values are in eV. An asterisk represents deviation for A&CF value. Deviation= theoretical value— experimental valueo is the
standard deviation. GS is the ground state of the neutral molecule.

In the present work, we have used two exchange-correlationIPs. The most disappointing is the CASPT2 calculation with
potentials for the DFT calculations, namely, the B3LYPSne  always underestimated values. CCSD(T) calculations of the first
in the Gaussian calculation and the model potential SAOP, three cations of Geglhave been carried out to approve this
recently introduced by Baerends and co-worké&ier TD-DFT tendency. IPs issued from these calculations (10.16 eV (Al),
applications, in the ADF calculation. So-called corrected IPs 11.02 eV (B2), and 11.32 eV (A2)) are systematically under-
were calculated by applying a uniform shift & IPSXptl + estimated by 0.4 eV compared with the experimental values.
€“S(HOMO)), where €“S(HOMO) is the highest occupied B. Compounds Containing Main Group 15 Elements.1.
B3LYP/3-111G(d,g) KohrSham MO energy of the ground  H;C—NH,, HsC—PH,, and HsC—AsH,. The calculated geo-
state molecule and jjis’“ is the lowest experimental IP energy  metrical parameters for methylamine eNH, (Rc—n = 1.466
of the molecule, as suggested previously by Stowasser andA, Ocyy = 110.T) agree very closely with the experimental
Hoffman?® The quality of the SAOP XC functional permits us  geometry of Takagi and KojimeRe—n = 1.4714 A, Ocny =
to compare directly eigenvalues of the ground state orbital 110.27).2° The well-known photoelectron spectrum of methyl-
(obtained with this exchange-correlation potential) to experi- aminé® presents five bands at 9.65 elyf, 13.20 eV fich,),
mental IPs. TD-DFT calculations were performed with both the 14.30 eV ¢c_y), 15.30 frcH,), and 16.7 eV gw,). In a recent
B3LYP (10 first excitations) and SAOP functionals for the work, Hae-Won Kim reported a theoretical study of the infrared
neutral molecules and the B3LYP functional for the ionized spectrum of methylphosphine GPH,.2! Theoretically predicted

species. in this work, the MP2 and DFT/B3LYP level of theory with
6-311G(d,p) basis set results are in close agreement with
Il. Results experimental geometi?. Methylphosphine and methylarsine

have also been characterized by photoelectron spectrod¢opy,

A. Compounds Containing Main Group 14 Elements. i -
and in both cases, the first IPs (gfH;, 9.62 eV; CHASH,,

GeC} and GeBs. Dihalogenogermylenes are unstable species, ) ’ e
which have to be studied with a short-lived species detection 9-50 €V) have been associated with the ejection of an electron
technique, such as UV photoelectron spectroscopy. Dichlorog- ToM the phosphorus and the arsenic lone pair, respectively. For
ermylene geometrical parameters optimized with the B3LYP/ Methylarsine, the next bands are due to ionization obiRec

6-311G(d,p) level of theonReeci= 2.220 A, fciceci = 100.5) bond. Deviations from experimental values are listed in Table
are in quite good agreement with the X-ray diffraction bond 2- FOr CHNHa, CASPT2, and OVGF, corrected IPs fit better

length Reeci = 2.183 A, Ociceci = 100.3).2° GeCh and GeBs with experimenta_l values than T_D-DFT ones, but TD-DFT
were generatéfusing mixtures consisting of excess crystalline Strongly underestimates these ionization energies (from 0.10 to
GeS and PbGlor PbBe in the PE spectrometer (reaction 0.57 eV). Quite good agreement_ is noted f0|_r r_nethylarsme
temperature~300°C). For dichlorogermylene, the first ioniza- CASPT2 and corrected values, since the deviation does not
tion potential at 10.55 eV has been assigned to theMi@ exceed 0.17 eV.

corresponding to the radial combination of chlorine p AOs 2. H,C=NH, H,C=PH, and HC=AsH.The B3LYP/6-311G-
destabilized through an antibonding interaction with the ger- (d,p) methylimine optimized geometriRé—n = 1.266 A, Ocnn
manium sp hybrid orbital. The bands at 11.44, 11.70, 12.58, = 110.5) reproduces correctly experimental vaffg&Rc-n =

and 12.69 eV correspond to chlorine lone pair ionizations. The 1.273 A, 6cnn = 110.4). The photoelectron spectrum of this
same assignments have been done for dibromogermylenespecies has been described by Bock and Damifmébor

(nce 10.02 eV;ng,: 10.54, 10.86, 11.69, and 11.82 eV). Table phosphaethene, geometrical parameters (B3LYP/6-311G(d,p):
1 lists the deviations (defined as (theoretical vatuexperi- Rc—p = 1.670 A, 0cpp= 97.7) are also in very good agreement
mental value)) from experimental data obtained for Ge@d with experimental dat&3® (Rc—p = 1.673 A, Ocpy = 97.4).
GeBpk with the TD-DFT, OVGF, or CASPT2 approach or by Phosphaethene was generated by dehydrochlorination of chlo-
“correcting” calculated KohrSham energies (B3LYP). (Raw)  romethylphosphine by the vacuum gas solid reaétipvGSR)
Eigenvalues of (ground state) molecular orbitals obtained with and characterized by photoelectron spectrosédpie first PE

the SAOP are also displayed. Except the first IP calculated by band at 10.3 eV is assigned to the ionization of the phosphorus
the ASCF method, which gives pretty close results (GeCl carboner double bond £p=c) and the second one at 10.7 eV
ASCF= 10.54, exptl 10.55; GeBr ASCF= 9.91, exptl 10.02 to the phosphorus lone paind). Recently, vertical ionization
eV), all others fit less accurately compared with the experimental energies of phosphaethene have been calculated by M. T.
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TABLE 2: Deviation from Experimental IPs Given for Each Method for CH 3NH,, CH3PH,, and CHzAsH?2

TD-DFT  TD-DFT  TD-DFT
(B3LYP) (B3LYP) (SAOP) —eS(B3LYP) —€
IP#  symmGCs exptl IPg® cation GS GS OVGF  CASPT2 (corrected IPs) (SAOP)
CHaNH, 1Py A’ 9.65(w) —0.10* —0.10* -0.10* —-0.19  -0.27  —3.28]/ 0.20
IP, A" 13.20(rchy) —-0.57 —0.08 —-0.49 0.16 0.09 —3.20[0.08] —-0.20
IP; A’ 14.30¢c-n) —0.48 —0.64 -0.14  —0.18  —3.39[-0.11] —0.40
1P, A" 15.30(zcHy) —-0.21 —-0.57 -0.12 -0.12  —3.38[0.10] -—0.42
IPs A" 16.70 rnm,) -0.18 —-0.76 0.11 0.11 —3.45[017] —0.54
CHzPH, 1P, A’ 9.62(p) 0.07* 0.07* 0.07* —015 —-026  —2.62[/ 0.27
CHeAsH, 1P, A’ 9.50(1as) 0.21* 0.21* 0.21*  —0.03  —-0.12  —2.43]] 0.58
IP; A’ 11.65¢c-ns) 0.00 0.07 0.05 0.12 0.01 —2.45[0.02] 0.40
IPs A" 12.02 frasn,)  —0.03 —-0.25 —-0.34 0.37 0.15 —2.51[-0.08] 0.26
o 0.32 0.16 0.53 0.18 0.16 [0.10] 0.39

aAll values are in eV. An asterisk represents deviation for A®&CF value o is the standard deviation. GS is the ground state of the neutral

molecule.

TABLE 3: Deviation from Experimental IPs Given for Each Method for CH ,NH, CH,PH, and CH,AsH?

TD-DFT  TD-DFT  TD-DFT
(B3LYP)  (B3LYP)  (SAOP) —efS(B3LYP) —efs
IP#  symmCs exptl IPg¢ cation GS GS OVGF CASPT2 (corrected IPs) (SAOP)
CHy=NH 1Py A’ 10.606w) —0.02* —0.02* —0.02* —0.14 —-0.34 —3.19[/] 0.22
1P A" 12.50@c=n) —-0.11 1.82 1.89 —0.29 —-0.24 —3.33[-0.14] 0.16
IPs3 A’ 14.80¢¢c—n) 0.35 —0.05 —0.36 0.22 0.06 —3.05[0.14] —0.03
1Py A’ 16.900c—+) 0.22 —0.19 —0.59 0.23 —0.06 —3.14[0.05] —0.22
CH,=PH 1P A" 10.30@c=p) 0.00* 0.00* 0.00* —0.33 —-0.21 —2.711[/] 0.40
1P, A’ 10.706r) —-0.16 —-1.54 -1.67 -0.39  -07 —2.88[-0.17] 0.03
IP3 A’ 13.200c—p) 0.15 —1.83 —1.96 0.01 —0.15 —2.73[-0.02] —0.02
1P, A’ 15.00¢c—+) 0.01 -1.75 -1.99 014 —-0.07 —2.61[0.1] 0.00
CH,=AsH 1Py A" 9.70@tc=ns) 0.02* 0.02* 0.02* —0.18 —0.01 —2.56 [/] 0.60
1P, A’ 10.40(1s) —0.03 —1.46 -1.60 -0.18  —0.27  —2.64[-0.08] 0.35
IPs A’ 12.600c-as) 0.03 —1.84 —2.02 0.04 —0.07 —2.67 [-0.11] 0.10
1P, A 14.700c—n) 0.04 —-1.85 —2.12 0.15 —0.08 —2.57 [-0.01] 0.04
o 0.16 1.43 1.69 0.22 0.26 [0.10] 0.25

aAll values are in eV. An asterisk represent deviation for &&8#CF value o is the standard deviation. GS is the ground state of the neutral

molecule.

Nguyer#® with the DFT method including the BLYP and B3LYP  CASPT2 are disappointing, especially for the phosphapropyne
functionals, second-order perturbation theory (MP2), quadratic and ethylidynearsine underestimated values provided by the
configuration interaction (QCISD(T)) and coupled cluster theory latter one.
(CCSD(T)). The DFT approach using the B3LYP functional
has given results comparable to higher quality methods. Very H,C=0 and HC=S. The optimized geometries obtained for
recently, we have reported the synthesis of methylenearsane byormaldehyde (CHO) (Rc—o = 1.110 A, 6pco = 122.3) and

the dehydrohalogenation of chloromethylarsane in a VGSR thioformaldehyde (CbkB) (Rc=s = 1.090 A, Opcs = 122.7)
reaction and its characterization by mass spectrometry and UVare in pretty good agreement with experimental structure
parameterg®4° These two species were characterized by PES,

photoelectron spectroscofyAssignments of IPs (9.7 eVfrhs—
o), 10.3 eV (as), 12.6 eV (c-as), and 14.7 eV ¢c—+)) have
been done on the basis of the theoretical support. The reliability (No), 14.50 eV fic—o), 16.00 eV fc—o), and 16.6 eV gcry);
of the TD-DFT approach compared to the OVGF and CASPT2 CH,S5°9.38 eV f), 11.76 eV fic-s), 13.85 eV §c—s), and
methods or correcting of calculated Koh8ham energies has

C. Compounds Containing Main Group 16 Elements.

and the following data have been obtained: ;O° 10.88 eV

15.20 eV @ch,). The calculated IP deviation from experiment

been evidenced. Table 3 lists the deviation from experiment is reported in Table 5. For these compounds, the conclusions
for these unsaturated heterocompounds. Corrected and TD-DFTare similar to comments given for the previously described

IPs are found to give better results compared to OVGF and molecules; CASPT2 systematically underestimates IPs. With
CASPT2 ones. The last one underestimates strorgy70 eV) all of the methods used, an important deviation for the fourth

the second IP value of phosphaethene. ionization energy is observed.

3. CHC=N, CH;C=P, and CHC=As.The B3LYP/6-311-
(d,p) geometrical parameters calculated for acetonitrile, phos-
phapropyne, and ethylidynearsine reproduce pretty well experi-
mental structures published by M. Le Guennec ef?aH, W.
Kroto et al.#3 and J. C. Guillemin et af4 respectively. These
three molecules have been characterized by PES;CEN:45
12.21 eV ('L'CEN), 13.14 eV b’ch), 16.00 eV (TCHZ); CHs-

IIl. Discussion

Relations of the calculated and experimental values of IPs
for each method used in this work have been plotted and are
displayed in Figures 14. As it has been noted, TD-DFT,
OVGF, and corrected IPs agree well with experimental results.
For the CASPT2 approach, a general trend is the underestima-
C=P#69.89 eV (rc=p), 12.19 eV (ip), 14.70 €V frch,), 15.60 tion of ionization energies. These remarks are nicely visualized
eV (chy); CH3C=As*7 9.6 eV (rc=as), 12.1 eV (as). Table with the average and model deviations displayed in Table 6.
4 displays a comparison between these values and cal-As can be evidenced by a more detailed comparison of
culated ones. TD-DFT and corrected IPs agree nicely with calculated IP values, their underestimation by the CASPT2
photoelectron spectroscopy data; on the contrary, OVGF andmethod is already present, even more strongly at the CASSCF
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TABLE 4: Deviation from Experimental IPs Given for Each Method for CH 3C=N, CH3;C=P, and CH;C=As?

TD-DFT  TD-DFT  TD-DFT
(B3LYP) (B3LYP) (SAOP) —ef5(B3LYP) —€s
IP#  symmCs, exptl IPg® cation GS GS OVGF CASPT2 (corrected IPs) (SAOP)
CHsC=N 1P, E 12.21frc=n) 0.03* 0.03* 0.03* 0.03 0.03 —3.08[/] 0.40
IP, A; 13.14(w) -0.18 0.38 —-0.07 —0.08  —044  —3.20[-0.12] —0.02
IPs E 16.00frch,) —-0.31 —0.69 010 -013  —3.20[0.12] -0.07
CHyC=P 1Py E 9.89¢rc=r) —0.05* —0.05* —0.05* -019 -011 —2.62]] 0.32
IP, A; 12.196p) 0.04 2.40 007 -019 —-0.34 —2.63[0.01] 0.05
IP; E 14.70¢tchy) —0.07 —0.54 0.30 -0.03 —2.65[0.03] 0.03
1P, A; 15.60¢0c-c)  —0.21 —-0.02 0.38 / —2.21[0.41] 0.25
CHsC=As IP; E 9.60(7c=ns) —0.23* —0.23* —0.23* -035 —-019 —2.78]] 0.25
IP, A; 12.1001s) —0.06 0.09 -0.35  —0.49  —2.75[0.03] 0.04
o 0.17 1.40 0.39 0.25 0.28 [0.18] 0.21

aAll values are in eV. An asterisk represents deviation for A®&CF value o is the standard deviation. GS is the ground state of the neutral
molecule.

TABLE 5: Deviation from Experimental IPs Given for Each Method for H ,C=0 and H,C=S?

TD-DFT  TD-DFT  TD-DFT
(B3LYP)  (B3LYP)  (SAOP) —ef5(B3LYP) —efs
IP#  symmC,, exptl IPg6 cation GS GS OVGF CASPT2 (corrected IPs) (SAOP)
H.C=0 IP, B, 10.88(10) —0.09* —0.09* —0.09* —0.10  —0.44  —3.46]] 0.16
1P B1 14.50@c=0) 0.09 2.59 1.99 —0.16 —0.15 —3.43[0.03] 0.13
1P3 Az 16.000c—0) 0.18 —0.05 —0.35 0.09 0.00 —3.58 [-0.12] —0.36
1Py B> 16.600cH,) 0.67 0.42 —0.20 0.49 0.06 —2.99[0.47] 0.06
H.C=S IP, B> 9.38(9) -0.01* —0.01* -0.01*  —0.37 -052  —2.83[]] 0.09
1P B1 11.76@c=s) 0.06 1.82 1.84 —0.29 —0.19 —2.78 [0.05] 0.22
IP3 Az 13.850c-s) 0.30 0.09 0.03 —0.09 —0.24 —2.83[0.00] —0.16
1P, B> 15.200cH,) 0.25 0.30 0.10 053 —0.17  —2.31[0.52] 0.21
o 0.33 1.31 1.12 0.31 0.28 [0.29] 0.19

aAll values are in eV. An asterisk represents deviation for A&CF value. Deviatior= theoretical value— experimental valueo is the

standard deviation. GS is the ground state of the neutral molecule.
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Figure 2. Correlation graph of OVGF IPs and experimental IPs for
H,=CX, CHsXH,, H;=XH, CH3;C=X, and GeX. Units are in eV
(correlation:y = 1.07% — 0.998,R? = 0.9949).

Figure 1. Correlation graph of TD-DFT IPs and experimental IPs for
H,=CX, CHzXH,, H;=XH, CH3;C=X, and GeX. Units are in eV
(correlation:y = 1.026« — 0.393,R? = 0.9884).
experimental IP provides indeed an excellent first approximation.

level. This phenomena might be explained by a lack of balance It comes, probably, from the fact that the electronic relaxation
between the evaluation of the nondynamic correlation energy is quite similar for ionizations involving either lone pairs @r
in the MCSCEF level between the neutral molecule (CAS(12,- or ¥ molecular bonds. The calculated B3LYP eigenvalues of
12)) and the corresponding cation (CAS(11,12)) calculations. Kohn—Sham molecular orbitals present an important deviation
Only one part of this missing correlation energy is recovered (~2 eV) compared to experimental IP values. When these data
through the perturbational evaluation of the dynamic correlation are corrected, the results improve strongly. Figure 5 represents
energy, so that in this case the average deviation is reducedhe correlation graph of eigenvalues of the ground state with
from —0.3 eV for CASSCF to-0.22 eV for CASPT2. Thisis  the SAOP functional and experimental IPs. The efficiency of
coherent with the fact that a range of 0.3 eV error in such a this functional compared to more or less standard (GGA,
calculation is typical for the CASPT2 methét. hybrid, like B3LYP) XC functionals is evidenced. One can note

The most straightforward, although less rigorous, method the quality of the theoretical spectrum delivered by the (un-
which consists of a rigid “shift” of the calculated Koki$ham shifted) eigenvalue spectrum obtained with the SAOP functional.
orbital energies of the (first) ionized species toward the first As already said, the corresponding KetBham potential
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Figure 3. Correlation graph of CASPT2 IPs and experimental IPs for
H,=CX, CHzXH,, H;=XH, CH;C=X, and GeX. Units are in eV
(correlation:y = 1.04% — 0.729,R? = 0.9907).
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Figure 4. Correlation graph of corrected IPs and experimental IPs for
H;=CX, CHsXH,, Hy=XH, CH3;C=X, and GeX. Units are in eV
(correlation:y = 1.056« — 0.805,R? = 0.9918).

TABLE 6: Averaged Algebraic Deviation and Standard
Deviation from Experimental IPs, Slope of the Regression
Line, Given for Each Method (All Values in eV)

algeb.
differences standard

method average deviation slope
TD-DFT (B3LYP) cation —0.07 0.29 1.026
TD-DFT (B3LYP) GS -0.13 1.16 1.052
TD-DFT (SAOP) GS —0.45 1.06 1.004
OVGF —-0.07 0.24 1.073
CAS —0.30 0.52 1.077
CASPT2 -0.22 0.32 1.042
corrected IPs (shiftedS(B3LYP)) ~ —0.06 021  1.056
eiKS(SAop) —0.14 0.30 0.912
ASCF —0.02 0.10 1.002
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Figure 5. Correlation graph of the first eigenvalues of the ground state
orbitals with the SAOP functional and first experimental IPs for
H,=CX, CHsXHj H;=XH, CH3;C=X, and GeX. Units are eV
(correlation:y = 0.9124« + 1.2367,R?> = 0.9913).

case of CHO, it pushes the bz state much closer to theg a
state (i.e., 2 eV shift)*

According to the Janak theoreththe orbital eigenvalue
equals the corresponding ionization potential, and the deviation
could be circumvented through two ways:

(i) either the Slater transition state (TS) technifuer its
generalization by Williams et & and widely used by Chong
et al., Burea®’ 8 or others.

(ii) the use of a modern potential XC functional such as the
SAOP used in this work.

Strictly speaking, the ionization energy of the molecular
orbitali is given from—IP = Ey — En—1 = fo! ¢ dn, wheren
is the occupation number of the spiarbitali, and the transition
state method comes from the approximation tha supposed
to vary linearly with the occupation number, a feature which is
rather true in the LDA approximatiot,so that the integral can
be approximated by the eigenvalue for an occupation equal to
1/,.80.61 Although the main reason of the upper shift of orbital
eigenvalues lies in the self-interaction term, this shift may differ
between orbitals exhibiting a different localization pattern, in
particularo ands, and this is one of the reasons why a uniform
shift of the whole eigenvalue pattern does not exactly fit the
ionization spectrum. In the case of a more elaborate potential
XC functional, possessing, for example, a correct asymptotic
behavior, this self-interaction error is in part taken into account,
so that the Slater TS technique is more approximate, and less
useful. Another point which could be raised is that the deviations
of the theoretical IPs (e.g., through the corrected B3LYP
scheme) seem to increase with the ionization energies. We can
ascribe this feature to an increase of the localization of inner
orbitals, which in turn increases the self-interaction error which
is, as just said, the major reason of the upper shift of the orbital
eigenvalues of standard Kohi$ham orbitals (standard LDA,
GGA, and hybrid, like B3LYP but not SAOP). This is indeed
an area of active researgh>*

The TD-DFT and OVGF approaches allow a good IP
estimation, but OVGF takes the advantage to be issued of a
single calculation. It is necessary to evaluate the first ionic state

contains shape corrections, introduced in order to obtain by the ASCF method ASCF: Er(cation) — Er(neutral mol.))
response properties such as polarizabilities or excitation ener-besides TD-DFT calculations. The efficiency of the TD-DFT

gies®? which lead straightforwardly to orbital eigenvalues close

approximation depends on this value. Figure 6 represents the

to the corresponding (photo)ionization energies. On the other correlation graph of estimated IPs with tA&CF method and
hand, the eigenvalue spectrum obtained with a simple self- experimental ones. These results are in excellent agreement with

interaction corrected (SIC) functional such as the ADSICs®ne
overcorrects the orbital energies byl eV. Moreover, in the

experiment (average deviationm —0.02 eV and standard
deviation= 0.10 eV).
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