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The performance of new relativistic energy-consistent pseudopotentials for the 5d elements, adjusted to atomic
valence spectra from multiconfiguration Dirac—Hartree—Fock calculations (J. Chem. Phys. 2009, 130, 164108.),
is examined in coupled cluster and multireference configuration interaction benchmark calculations for the
diatomics HfO, TaO, WO, ReN, OsN, IrN, and Pt,, with basis sets of up to quintuple-{ quality. The final
accuracy reached for the oxides and nitrides, with corrections for pseudopotential errors (contributions from
4f shell correlation, for example), is 0.3 pm for bond lengths and 17 cm™! (1.5%) for harmonic vibrational
frequencies. The spectroscopic constants of the ground state of Pt, can be reproduced with deviations of 3
pm for the bond length and 1 cm™! for the vibrational frequency, without any correction for pseudopotential

CITOrS.

1. Introduction

Pseudopotentials (PPs) are used in quantum chemistry to
relieve ab initio calculations of heavy-atom compounds from
the computational burden of explicitly treating large, chemically
inactive cores; they also allow for an inexpensive, implicit
treatment of relativistic effects.!> Of course, there is a price to
pay with respect to the accuracy of the results: The frozen-core
approximation is involved, there are changes in the nodal
structure of the valence orbitals, and a semilocal one-center/
one-electron representation of the potential is used, etc. In the
case of the energy-consistent PPs, see, for example, refs 3 and
4, these approximations already leave their fingerprint, in the
form of fitting errors, when adjusting the PP atomic valence
spectra to all-electron reference data. Moreover, as for other
kinds of PPs, there are transferability errors when applying the
PPs to molecules (and/or to theoretical levels different from
that used in the adjustment procedure). Benchmark calculations
revealing the size of the latter errors are not only important per
se, that is, to estimate the size of the errors to be expected in
the application of the PPs, but are essential also as indicators
of how to further improve the PPs.

Within the present paper, we report benchmark calculations
of this kind for our newly generated set of energy-consistent
PPs for the row of 5d elements.’ These PPs were fitted, at the
two-component level, to atomic valence spectra from four-
component all-electron multiconfiguration Dirac—Hartree—
Fock (MCDHF) calculations. They are of the small-core variety,
that is, the valence 6s5d electrons are treated explicitly together
with the outer-core 5sp orbitals; this guarantees a good spatial
and energetic separation between valence/outer-core and the
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inner core simulated by the PPs and has been recognized as
instrumental for achieving high PP accuracy. In fact, we could
reach an accuracy of 0.01 eV for averages of orbital configura-
tions and of 0.05 eV for individual relativistic states in our fit
to the atomic valence spectra of the row of 5d elements. Note
that the present generation of energy-consistent MCDHF-
adjusted PPs goes back to a pilot study® performed in co-
operation with Prof. R. M. Pitzer.

For their use in quantum-chemical codes, our new 5d PPs
are accompanied by series of correlation-consistent polarized
valence n-{ (cc-pVnZ-PP) basis sets of the Dunning type,’
optionally with additional diffuse functions (aug-cc-pVnZ-PP)
and/or functions for correlating the outer-core shells [(aug-)cc-
pwCVnZ-PP]. It is only with such series of basis sets (which
up to now are unique to our energy-consistent PP) that one is
able, by means of basis set extrapolation, to separate basis set
deficiencies from intrinsic PP errors.

PPs and accompanying basis sets are used in the present work
to calculate ground-state potential energy curves for the 5d
monoxides HfO, TaO, and WO and the mononitrides ReN, OsN,
and IrN. These molecules were chosen because reliable experi-
mental data are available for them in the literature.’”'> We
calculate equilibrium bond lengths r., harmonic vibrational
frequencies w., and dissociation energies D.. In each case, we
monitor basis set effects, as well as the influence of valence
and core—valence correlation. We also make comparison to
relativistic all-electron calculations and study the contribution
of correlation effects of the energetically high-lying 4f shell.
Moreover, scalar-relativistic calculations are supplemented by
two-component ones, to reveal the influence of spin—orbit (SO)
interaction. Having thus analyzed the reliability of our PPs, we
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employ them for an investigation of the electronic spectrum of
the platinum dimer, Pt,.

The paper begins with a section on computational details;
the main sections (sections 3 and 4) contain the results of our
calculations and their discussion, and section 5 concludes with
a short summary.

2. Computational Details

We performed calculations for the potential curves of the
HfO, TaO, WO, ReN, OsN, and IrN ground states. The PP
calculations used the PP parameters and accompanying cc-
pVnZ-PP and cc-pwCVnZ-PP basis sets from ref 5 for the 5d
elements and aug-cc-pVnZ basis sets'*!3 for O and N. First, a
series of restricted open-shell coupled-cluster calculations with
single and double excitations and perturbative account of triples
[RCCSD(T)'*""] based on restricted open-shell HF reference
wave functions were done, correlating the valence 6s5d metal
and 2sp O, N shells and using the valence triple-, quadruple-,
and quintuple- basis sets; subsequently, the results were
extrapolated to the basis set limit (CBS) for each point of the
potential curve. Next, similar calculations were performed
including metal outer-core—valence correlation, that is, adding
the metal 5sp orbitals to the correlated space and using the cc-
pwCVnZ-PP basis sets for the metals.

To monitor the multireference character of the diatomics
under consideration, we supplemented the CCSD(T) calculations
by complete-active-space self-consistent-field (CASSCF**2!) and
multireference configuration interaction ones with single and
double excitations (MRCISD?*?%), including the Davidson
correction® in the latter case. In these calculations, all metal
6s5d and N, O 2sp orbitals were included in the active space,
but the metal 5sp orbitals were kept doubly occupied in the
CASSCF and were not correlated in the MRCISD; triple-¢ basis
sets were used.

For IrN and OsN, we also checked the influence of full triple
and quadruple excitations at the coupled cluster level (CCSDT
and CCSDTQ?), using triple- and double-{ basis sets, respec-
tively; again, only valence (metal 6s5d, O, N 2sp) correlation
was included.

SO effects were evaluated by calculating, at the MRCISD
level, matrix elements of the SO part of the PP° between ground
and low-lying correlated states and subsequently diagonalizing
the resulting matrix. The diagonal elements were shifted with
the difference between the best coupled cluster ground-state
energies [CBS, CCSD(T) including core—valence correlation]
and the corresponding MRCISD ones.

To check the accuracy of the PP calculations, we also
performed RCCSD(T) all-electron (AE) calculations with the
third-order Douglas—Kroll—Hess (DK3) Hamiltonian,?*?7 using
basis sets of triple-{ quality. For this purpose, specially
optimized cc-pwCVTZ-DK3 all-electron basis sets® were applied
in calculations with/without outer-core correlation. Additional
high-1 basis functions were included for discussing the influence
of correlation effects originating from the energetically high-
lying closed 4f shell (cc-pwCVTZ-DK3+4f).5 Differential basis-
set superposition errors (BSSE), that is, the BSSE for the 4f
correlation effects, are quite small with this basis; for ReN, they
amount to 0.04 pm for 7., ~0.2 cm™! for w,, and ~0.2 kcal/
mol for D..

To explore the best possible description of Pt,, we first
investigated its electronic spectrum at the scalar-relativistic level.
For this purpose, we employed CCSD(T) calculations, including
outer-core correlation, using the series of cc-pwCVnZ basis sets
with extrapolations of the energies to the basis set limit. As
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excited low-spin, that is, singlet, states cannot be treated in
CCSD(T) calculations, the CCSD(T) energy of such a state with
symmetry A was simulated using E“('A) = EF/('A) + ES“(CA)
— EYCA), that is, by shifting the CI energy EC'('A) of this
state by the energy difference between the coupled cluster energy
ECC(A) and the CI energy EC'(*A) of the triplet state with the
same orbital occupation. A similar problem arises for the *®,
and 2°T1,, states as well as for the T, and 33 states: In both
cases, both triplet states arise from the same orbital occupation;
therefore, a single-reference treatment of a state with this orbital
occupation describes the average over both states. The energy
splitting between both states has been evaluated at the MRCISD
level using the cc-pwCV5Z basis set; the final coupled cluster
energy £°(i) for an individual state i then is simulated as £°(i)
= Eav) + EGk() — E§(av). As the single-reference CI
energy ESi(av) = 0.5[EGRG) + EGk()], a small error is
introduced due to this energy shift; nevertheless, even in the
case of the 3®,, and 2’1, states, which show an energy splitting
of ~2000 cm™!, this error amounts to only ~20 cm™! for the
energies and is completely negligible for the determination of
1. and w.. In all cases, the orbitals were optimized in RHF or
state-specific MCSCF calculations and fully symmetry adapted.

The scalar-relativistic coupled cluster energies at the basis
set limit serve as diagonal elements in our SO treatment of Pt,.
Although we aim to describe the lowest relativistic levels, we
want to include as much of the SO coupling between scalar-
relativistic states as possible, and the SO matrix was therefore
built from all scalar-relativistic states apart from the very high
2'A, and 'Z; states. The orbitals were averaged in a MCSCF
calculation for all states, and the off-diagonal elements of the
initial SO matrix were evaluated at the MRCISD level using
the cc-pVQZ basis.

All calculations were done using the MOLPRO suite of ab
initio programs.?® Points of the potential curves were determined
in equidistant increments of 0.03 A and were least-squares fitted
by a function ¥ _,a;, from which equilibrium bond lengths
(r.) and harmonic frequencies (w.), as well as equilibrium total
energies (E.) for evaluating dissociation energies D, and term
energies T,, were extracted. No counterpoise correction was
applied, that is, E*(M) + E*(X) — D. = E., where the atomic
energies £ of the metal M and the N, O atoms were calculated
with one-center basis sets only. All dissociation energies of the
present work were evaluated with respect to neutral ground-
state atoms.

3. Results for Nitrides and Oxides

In this section, we discuss results for bond lengths (r.),
harmonic vibrational frequencies (w.), and dissociation energies
(D), with respect to ground-state atoms, of the diatomics HfO
(16*220°11*18"30? configuration with n = 0, '=* ground state),
TaO (n = 1, >Asp), WO [n = 2,32 (0M)], ReN [n = 2, 3%
(0M)], OsN (n = 3, ?Asp), and I'N (n = 4, '=7). Let us start
from scalar-relativistic PP calculations at the CCSD(T) level
and discuss various contributions to the above properties, their
sensitivity to computational parameters, and possible corrections;
see Tables 1—3.

3.1. Basis Set Effects. We performed calculations with the
series of cc-pVnZ-PP and cc-pwCVnZ-PP basis sets (n = 3—5)
for the metal atoms, in the latter case also correlating the metal
outer-core Ssp shells. In both cases, we extrapolated to the CBS
using the SCF energies from n = 5 and a 1/n® ansatz*® (using
n =4, 5) for the basis set dependence of the correlation energies.
The total effect of basis set enlargement (cc-pVTZ — CBS,
cc-pwCVTZ — CBY) is listed in Tables 1 (r.), 2 (w.), and 3
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TABLE 1: Analysis of Various Contributions to Bond Lengths r. (pm)*
HfO TaO WO ReN OsN IrN
basis set effect vtz—CBS —0.381 —0.466 —0.521 —0.677 —0.634 —0.582
basis set effect wevtz—CBS —0.762 —0.759 —0.727 —0.701 —0.586 —0.460
valence correlation 4.812 4.148 3.931 5.693 5.271 4.825
Ssp correlation —2.682 —1.676 —1.065 —0.445 —0.134 0.073
PP error, SCF —1.771 —0.937 —0.553 —0.427 —0.229 —0.135
PP error, SCF+CCSD(T), val —1.845 —1.216 —0.728 —0.425 —0.327 —0.235
PP error, SCF+CCSD(T), val+5sp —1.966 —1.325 —0.785 —0.467 —0.336 —0.235
4f correlation —0.954 —-0.713 —0.543 —0.450 —0.335 —0.273
effect of triples 1.243 1.387 1.534 1.900 1.818 1.726
MRCISD vs CCSD(T) —-0.023 —0.021 0.011 0.527 0.488 0.562
SO 0.000 0.045 0.051 —0.042 0.156 0.552
“ For a detailed explanation, see the text.
TABLE 2: Analysis of Various Contributions to Harmonic Wavenumbers @, (cm 1)
HfO TaO WO ReN OsN IrN
basis set effect vtz—~CBS 3.16 5.36 7.18 12.39 10.20 8.85
basis set effect wevtz—CBS 11.81 11.25 10.18 13.65 10.78 5.75
valence correlation —102.12 —108.19 —121.07 —192.61 —184.31 —160.77
Ssp correlation 39.60 19.78 15.91 10.81 5.68 2.86
PP error, SCF —2.83 —1.56 —0.03 —5.85 —1.39 —4.06
PP error, SCF+CCSD(T), val —2.38 0.89 0.16 —-1.73 —1.84 —1.99
PP error, SCF+CCSD(T), val+5sp 5.61 —1.82 2.79 —0.43 —1.47 0.65
4f correlation 3.90 6.30 6.77 2.01 4.54 4.39
effect of triples —37.62 —46.54 —55.55 —67.52 —65.45 —58.61
MRCISD vs CCSD(T) 6.57 0.18 —2.33 —27.50 —25.83 —30.95
SO 0.00 —2.89 —4.49 3.38 —17.38 —30.08
“ For a detailed explanation, see the text.
TABLE 3: Analysis of Various Contributions to Dissociation Energies D, (kcal/mol)*
HfO TaO WO ReN OsN IrN
basis set effect viz—CBS 4.80 5.28 5.93 9.00 8.89 8.71
basis set effect wevtz—CBS 4.45 4.73 5.09 7.70 7.79 7.22
Ssp correlation 2.73 1.27 0.52 0.71 0.06 —0.60
PP error, SCF+CCSD(T), val 4.75 2.26 0.74 0.24 —-0.71 —-0.57
PP error, SCF+CCSD(T), val+5sp 4.92 2.51 1.36 0.91 —-0.45 -0.07
4f correlation 1.89 0.86 0.69 0.67 0.33 0.46
SOhnol 0.02 5.02 5.18 6.64 9.32 2.57
SOy —7.84 —10.21 —12.74 0.00 —7.57 —10.38

“ For a detailed explanation, see the text.

(D). It is seen that the effect is of the order of <1 pm for r,, in
all cases leading to a bond length shortening. With core—valence
correlation included, it is up to a factor of 2 larger for the early
5d oxides but slightly smaller than that of valence correlation
for the late 5d nitrides. Consistent with these changes, w.
increases toward the basis set limit, by up to ~15 cm™!, and
again, the basis set effect is larger with outer-core—valence
correlation included for the earlier 5d elements. For D, finally,
basis set effects are of the order of ~5 kcal/mol for the oxides
and of ~10 kcal/mol for the nitrides, leading to an increase of
D, in all cases. Core—valence correlation leaves these effects
nearly unchanged for the oxides, while a small decrease can be
observed for the nitrides.

3.2. Correlation Effects. Correlation of the metal valence
6s5d orbitals (together with the 2sp shells of nitrogen and
oxygen) is indispensable, of course, for a meaningful comparison
to experiment. It lengthens r. by ~5 pm and reduces w. by
between 100 and 200 cm™'; see Tables 1 and 2. More subtle
but also important is the correlation contribution of the outer-
core 5sp shells of the metal atoms. It is primarily of dynamical
nature and counteracts that of valence correlation; eventually,
it leads to Ar, values of up to —0.5 pm for the nitrides and of
up to —3 pm for the oxides. The corresponding effect on the

vibrational frequencies is Aw, < 10 cm™' for the nitrides and
Aw, < 40 cm™! for the oxides. For the dissociation energies,
outer-core—valence correlation effects are below 1 kcal/mol for
the nitrides but tend to increase to 3 kcal/mol for the early
oxides.

3.3. Accuracy of PPs. To get information on the reliability
of the PPs, we compared PP and all-electron DK3 results with
triple-C basis sets. It turns out that the deviations for r, are
dominated by SCF effects: While the differences are small (~0.2
pm) at the end of the row, they become ~0.5 pm in the middle
of the row and increase to ~2 pm for HfO. This is not
unexpected since Hf is the first element following the lan-
thanides, and the 4f shell is still relatively high in energy: It is
by 0.9 E; lower than the valence 5d and 6s orbitals in the Hf
atom and by ~0.7...0.8 E}, lower than the O 2p-like orbitals in
HfO, but it plays the role of a high-lying outer-core shell. In
fact, for the Hf atom, the 4f orbitals are higher in energy than
the 5p ones by 0.4 Ej, and in the HfO molecule, they heavily
mix with the O 2s and Hf 5p orbitals. In this case, as well as in
ReN, simple orbital rotation was not sufficient to separate the
4f orbitals from the 5sp ones, and frozen cores taken from the
free atoms were used in these two cases. Hence, the frozen-
core approximation underlying the PP construction is not fully
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valid. In comparison to that, differential correlation effects
between PP and AE calculations are rather small, of a few tenths
of a pm for r.; for outer-core—valence correlation, the devia-
tions are <0.1 pm throughout. Note, however, that these
statements refer to the case that the correlated space of orbitals
is identical in the PP and AE case. They are no longer true, as
could have been foreseen, when correlation of the 4f shell is
included in the AE calculation; see Table 1. Again, the effect
is largest at the beginning of the row and reaches nearly 1 pm
for HfO. It becomes apparent from this discussion that the early
5d element PPs need corrections, either from AE calculations
or from core-polarization potentials (CPP),? to provide a reliable
description of 4f shell contributions. In total, the AE corrections
to the PP bond lengths amount to ~1, 0.6, and 0.2 pm for HfO,
TaO, and WO, respectively, while they are negligible for ReN,
OsN, and IrN. Considering w, values now, we see (Table 2)
that the PP-AE differences are moderate (<6 cm™') in all cases,
if the 4f shell is kept uncorrelated; correlating it leads to an
enhancement of between 2 and 7 cm™. A similar picture as for
1. evolves from the inspection of the D, values (Table 3): PP-
AE deviations with triple-& basis sets increase from 0.1 kcal/
mol (IrN) over ~1 kcal/mol (ReN and WO) to 5 kcal/mol (HfO),
the PPs being too attractive, as long as the 4f shell is kept frozen
in the AE case; correlation of the 4f shell partly counteracts
the PP error, reducing the AE-PP deviation to below 3 kcal/
mol for all molecules.

3.4. Multireference Treatment. Correlation of valence and
outer-core electrons was done at the CCSD(T) level, as
mentioned before. Of course, the question arises whether a
single-reference treatment like that is justified for compounds
of elements with open d shells. Inspection of the influence of
the triple excitations in CCSD(T) on bond lengths and harmonic
frequencies shows that the effects are moderate but significant
(see Tables 1 and 2). The bond lengths are increased by 1—2
pm, and frequencies are decreased by 40—70 cm™'. Also, the
T, diagnostics in the CCSD(T) calculations, which are indicators
of the importance of multireference character, exhibit values
of ~0.03 and are on the large side. Additional calculations for
IrN and OsN with full triples in the coupled-cluster treatment
(CCSDT), using cc-pVTZ basis sets, reduced r. by 0.2 pm and
enhanced w, by ~5 cm™!. This is a fairly small effect, indicating
the relatively high accuracy of the perturbative triples treatment,
but the impact of including connected quadruple excitations
(CCSDTQ, cc-pVDZ basis sets) is relatively large: The effect
of the latter leads to an enhancement of 0.4—0.5 pm for r. and
to a reduction of w, by as much as 25 cm™!. This is perhaps
not unexpected given the total magnitude of the triples contribu-
tions shown in Tables 1 and 2. To further check on the validity
of the CCSD(T) results, we decided to perform multireference
CISD calculations, including all metal 6s5d and oxygen/nitrogen
2sp orbitals into the active space, that is, allowing for all possible
occupations within this space in the reference wave function
and allowing for single and double excitations from the reference
wave function into the external space (with a Davidson
correction for higher substitutions). As compared to the
CCSD(T) results, using a cc-pVTZ basis set in both cases, we
observed a bond lengthening of ~0.5 pm for IrN and OsN and
a concomitant increase of w. by 25—30 cm™! (see Tables 1
and 2). Effects of similar magnitude were also found for ReN,
while only marginal changes of Ar, < 0.02 pm and Aw, < 7
cm~!' were obtained in MRCISD calculations for the oxides,
with respect to the CCSD(T) ones.

3.5. SO Interaction. The results discussed so far were
obtained in scalar-relativistic calculations. To estimate SO
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TABLE 4: Comparison to Experiment for Bond Lengths r,
(pm)*

PP PP + corrections exp
HfO 171.225 (—1.090) 172.214 (—0.100) 172.314°
TaO 167.870 (—0.865) 168.506 (—0.228) 168.734¢
WO 164.966 (—0.842) 165.269 (—0.539) 165.807¢
ReN 163.015 (—0.765) 163.517 (—0.263) 163.780°
OsN 160.908 (—0.895) 161.553 (—0.249) 161.802/
IrN 159.322 (—1.361) 160.398 (—0.285) 160.683¢

@ PP: scalar-relativistic PP CCSD(T) results with CBS-extrapolated
(aug-)cc-pwCVnZ basis sets, including metal Ssp correlation. For
corrections, cf. Table 1 and the text. Numbers in parentheses are
deviations from experiment (exp). ” Ref 8. “Ref 9. Ref 10. ¢ Ref
11./Ref 12. ¢ Ref 13.

TABLE 5: Comparison to Experiment for Harmonic
Wavenumbers o, (cm™)*

PP PP + corrections exp
HfO 981.49 (7.40) 986.35 (12.26) 974.09°
TaO 1038.74 (9.83) 1044.15 (15.24) 1028.91¢
WO 1087.82 (22.20) 1084.98 (19.36) 1065.624
ReN 1163.53 1141.85 1121.52¢
OsN 1193.24 (45.29) 1166.04 (18.09) 1147.95
IrN 1203.90 (77.72) 1146.61 (20.43) 1126.18¢%

“PP: scalar-relativistic PP CCSD(T) results with CBS-extrapolated
(aug-)cc-pwCVnZ basis sets, including metal Ssp correlation. For
corrections, cf. Table 2 and the text. Numbers in parentheses are
deviations from experiment (exp). ” Ref 8. “Ref 9. ¢Ref 10. ¢ Ref
]l, AG]/Z. fRef 12. ¢ Ref 13.

corrections to these results, we determined matrix elements of
the SO part of the PPs between ground and low-lying excited
states, in MRCISD calculations similar to those described in
the previous paragraph. The resulting molecular bond length
and frequency changes turn out to be largest toward the end of
the row (where the multireference character of the wave function
is most prominent): for IrN, Ar. = +0.5 pm, and Aw. = —30
cm™!; however, the effects are much smaller at the beginning
of the row (Ar, < 0.05 pm, and Aw, < 5 cm™!) and remain so
for all of the oxides considered and also for ReN.

While SO effects on bond lengths and vibrational frequencies
are of only moderate size, this is no longer the case for their
contributions to dissociation energies. Here, molecular effects
of up to nearly 10 kcal/mol arise; see Table 3. Of course, SO
effects are also essential when treating the free ground-state 5d
atoms. Experimental SO splittings of ground-state multiplets®
can be used to estimate SO-induced lowerings of scalar-
relativistic atomic ground-state energies; these lowerings are
between 0 and 13 kcal/mol. Because the total SO effect on D,
is thus composed of quite large contributions of different sign
and, in addition, was determined from different sources, it is
probably less accurate than other results of this paper.

3.6. Comparison to Experiment. In Tables 4 and 5, our
final results for 7. and w. are compared to experiment. This is
done in two stages: First, our best scalar-relativistic PP CCSD(T)
results, with outer-core correlation and basis set extrapolation,
are shown. Second, corrections for multireference contributions,
SO interaction, and PP errors are included. It is seen that at the
first stage bond lengths are systematically underestimated by
0.75—1.35 pm, while harmonic frequencies are overestimated
by 10—80 cm™!. Especially for w., the errors significantly
increase for the diatomics with late 5d elements. Including the
corrections systematically improves the overall accuracy. Devia-
tions of bond lengths from experiment are now between —0.1
and —0.3 pm (with one exception, WO, where Ar, = —0.5 pm).
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TABLE 6: Comparison to Experiment for Dissociation
Energies D, (kcal/mol)*

PP PP + corrections exp
HfO 205.67 194.82 191.6 4 3°
TaO 194.10 187.26 191.0 & 3°
WO 178.19 169.96 160.6 & 10°, 172 £ 17¢
ReN 125.34 131.74
OsN 135.88 138.41
IrN 134.51 127.23 144.1¢

@ PP: scalar-relativistic PP CCSD(T) results with CBS-extrapolated
(aug-)cc-pwCVnZ basis sets, including metal Ssp correlation. For
corrections, cf. Table 3 and the text. Experimental data are Djg
values, if not indicated otherwise. ? Ref 34. ¢ Ref 35. ¢ Ref 13; D.
was estimated from vibrational constants.

Also, harmonic frequencies are of much more uniform quality,
with Aw, exhibiting values between +10 and +20 cm™!. Further
improvement is probably not easily possible, since the remaining
bond length errors are in a regime where relativistic two-electron
Breit terms for the heavy atoms (implicitly included in the PP
calculations but not accounted for in the AE DK3 calculations)
may become non-negligible 3>

Our results for D, are summarized in Table 6. Here, the
corrections to the CBS-extrapolated CCSD(T) results with the
scalar-relativistic PPs (first column) include corrections for PP
errors and for atomic as well as molecular SO contributions
(second column). As mentioned above, the SO effects and
therefore also the final results are probably of inferior quality
to those obtained for r, and w.. Moreover, there are only few
experimental data (partly with large error bars) to compare.

It should be noted that for part of the molecules considered
in this paper (WO, OsN, and IrN), accurate ab initio results by
Liévin and co-workers are available in the literature.!%!>3! These
calculations were performed at the MRCISD level, correlating
the metal 5d and 6s shells and using the previous generation of
our Wood—Boring based energy-consistent PPs in conjunction
with triple-¢ quality basis sets. The resulting bond lengths
(167.2, 162.7, and 160.9 pm for WO, OsN, and IrN, respec-
tively) and corresponding harmonic wavenumbers (1050, 1146,
and 1161 cm™!) deviate from experiment by <1.5 pm and <40
cm ! only. According to our present study, this good agreement
is partly fortuitous. On the other hand, the calculations of Liévin
and co-workers address not only ground states but also low-
lying excited states. Interestingly, their averaging over ground
and excited states for determining CASSCF orbitals leads to a
quite substantial multireference character for the ground states,
with weights of the CASSCEF references in the MRCISD wave
functions of around 80%. These weights are considerably
smaller than in our case (~90%) where the CASSCF references
were optimized for ground states exclusively. Let us finally
mention MRACPF (averaged coupled-pair functional) calcula-
tions for TaO with our older Wood—Boring-adjusted PPs,°
which also yielded results in very good agreement with
experiment (r, = 169.1 pm, w. = 1023 cm™!, and D, = 176.9
kcal/mol).

4. Investigation of Pt,

As the Pt atom exhibits a 5d°6s' ground-state orbital occupa-
tion, the number of possible low-lying molecular states is much
larger than in the case of the palladium dimer, Pd,. In the latter
case, the molecular 3% ground state can be rationalized, in a
simplified description, as a combination of a 4d'° ground-state
atom and a partner atom promoted to 4d°5s';*” in a molecular
picture, this means that 19 electrons populate the 10 molecular
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TABLE 7: Orbital Occupations and Resulting
Scalar-Relativistic States for Pt, That Have Been
Investigated in This Work®

orbital occupation states
lo21at16¢1641 722021 02 35, 1A, 21T
lozlailoi10im2021 0, °’m,, ',

102171011041 7/207 Do
lozlatl 641631732021 02 o, 2°I1,, '®,, 2'T1,

lo171031 6120210} A 2'A,
lo21a1831831 7202102 T, 2, 12
lo21a1631631 720k 10} PO
lozlail 63104 20210} A,

“The specified molecular orbitals are combinations of atomic 5d
and 6s orbitals.
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Figure 1. Pt;: The equilibrium distance 7. as a function of basis set
size. Results from CCSD(T) calculations using the cc-pwCVnZ basis
set series.

orbitals that are linear combinations of atomic 4d orbitals and
one electron occupies the bonding o, orbital that results from
the linear combination of the atomic 5s orbitals. For Pt,, the
combination of two 5d%6s! ground-state atoms leads to the more
complicated situation where only 18 electrons occupy the 10
molecular orbitals that are linear combinations of the atomic
5d orbitals and consequently to more states that are close in
energy. Table 7 lists the states that we investigated and their
orbital occupations. A number of states are accessible to
CCSD(T) calculations as they are either high-spin states (°Z;,
ML, 3A,, 2°%), and A,) or closed-shell states ('=J); for the
other high-spin states ®,, and 2°T1, as well as T, and *Z}), a
single-reference treatment investigates the average over both
states as both states are identical in orbital occupation and
multiplicity. Still, this treatment leads to reliable results as the
T, diagnostic remains ~0.025 for the larger basis sets; for the
cc-pwCVDZ basis set, the T, diagnostic becomes larger than
0.03, and this basis set is too small to accurately describe states
with angular momenta as high as A = 4 (cf. Figure 1—-3). In
all CI calculations necessary for the simulation of coupled-
cluster energies for those states which cannot directly be treated
by CCSD(T) calculations, the coefficients of the SCF reference
functions remain larger than 0.92; this observation also supports
the validity of our single-reference treatment of Pt,.

The CCSD(T) results at the cc-pwCVnZ basis set limit are
shown in Table 8 in connection with the deviations of the PP
results from all-electron results at the cc-pwCVTZ level. The
latter amount to only £0.2—0.3 pm in 7, and ~1 cm™! in w,
and thus are as small as for the nitrides discussed earlier. The
vertical excitation energies T, show larger errors of ~200 cm™!,
which may be due to the fact that these energies are differences
between two values that may have errors with different signs;
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series.

TABLE 8: Scalar-Relativistic CCSD(T) Results at the
cc-pwCVnZ Basis Set Limit for the Spectroscopic Constants
of the Lowest Electronic States of Pt,"

state Te e T.
32; 229.36 (—0.28) 252.57 (0.21) 0 (0
11, 230.47 (—0.20) 246.88 (0.19) 1515 (71)
‘Z;“ 232.24 (0.14) 236.54(—1.09) 3531 (342)
12 x C®, + 2°I1,) 235.34(—0.33) 230.24 (1.10) 4916 (196)
3Ag 236.08 (—0.26) 228.63 (0.87) 4807 (92)
172 x CT, + 3=u +) 248.60(—0.11) 198.98 (0.02) 5944 (227)
235F 245.51 (0.05) 200.31(—0.28) 6669 (180)
A, 243.61 (—0.31) 209.40 (1.05) 9350 (140)

“The deviations of the PP results from all-electron DK2 results
at the cc-pwCVTZ level are shown in parentheses. Values are given
in pm for r, and cm™! for w, and T..

still, the differences between PP and AE results are smaller than
the basis set effects for T, as going from the triple- level to
the CBS can lead to changes of up to £600...700 cm™". Table
9 shows the CCSD(T) or simulated CCSD(T) (cf. section 2)
results for all states; it is clear that an assignment of the
experimental data (Q = 0, ry = 233.297 pm, w. = 222.46
cm™1)*#3% to a scalar-relativistic state cannot be accomplished
from the scalar-relativistic data alone as the differences between
the scalar-relativistic states are small.

The results for the lowest relativistic levels are shown in Table
10. The ground-state results for r. and w. differ from the
experimental values only by 3 pm and 1 cm™', respectively,
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TABLE 9: Scalar-Relativistic CCSD(T) Results at the
cc-pwCVnZ Basis Set Limit for the Spectroscopic Constants
of the Lowest Electronic States of Pt,"

state Te We T.

32; 229.4 252.6 0
11, 230.5 246.9 1515
‘Z;r 232.2 236.5 3531
3P, 235.3 230.6 3875
1, 230.2 248.1 4514
3Ag 236.1 228.6 4807
‘Ag 229.7 250.1 5383
2°11, 235.4 229.7 5909
T, 248.6 199.0 5940
SO 248.6 199.0 5947
2’=F 245.5 200.3 6669
> 248.6 196.0 6766
P, 235.7 228.4 8877
A, 243.6 209.4 9350
212g+ 230.0 247.4 10427
2'T1, 2359 227.3 11031
2‘Ag 237.5 221.5 12020
> 243.0 205.9 20200

“For low-spin open shell states or states with identical orbital
occupation and multiplicity, CCSD(T) results have been simulated
by an energetic shift of CISD results (see the text). Values are given
in pm for r, and cm™! for w, and T..

TABLE 10: Spectroscopic Constants of the Lowest SO
Coupled States of Pt, from MRCISD Calculations Using the
cc-pVQZ Basis Set”

state Te W, T.
4, (89% 3®,, 11% °T,) 236.4 221.6 0
5.(99% °T,) 248.5 198.9 1706
0F (88% 355, 12% 2'S5) 2283 273.6 2156
0, (48% '=,, 45% =) 248.7 198.2 2161
exp 233.3% 222.5¢ 0

“The diagonal elements of the SO matrix have been substituted
by the results at the cc-pwCVnZ basis set limit. Values are given in
pm for 7, and cm™! for w, and T.. * ro; ref 38. ¢ Ref 39.

and are therefore very satisfactory; however, a major disagree-
ment arises for the symmetry of the ground states. The
calculations result in a 4, ground state, whereas the experimental
investigations indicate a 0 or 0, ground state.*®3* The lowest
SO coupled state originates mainly from the scalar-relativistic
3@, state, although the latter is the fourth to lowest scalar-
relativistic state. The strong lowering of the relativistic level is
mainly due to the coupling between the two space degenerate
3@, states, which is as large as ~6300 cm™' near the equilibrium
distance of this level. The 5, and the 0, levels exhibit even
larger SO couplings of ~7900 cm™! (between both space
degenerate °T’, states) and of ~7300 cm™! (between the 'Z;
and the % states), respectively; for the 05 level, the coupling
between the %, and the 2'S; states is smaller and amounts to
~4300 cm™! near the equilibrium geometry. For all cases, the
large SO couplings arise between states that have identical
orbital occupation (cf. Table 7). Although the SO couplings are
as large as the term energies between scalar-relativistic states,
the three lowest relativistic levels are dominated by one scalar-
relativistic state each; this shows that an investigation starting
from one-component orbitals is in principle applicable, even if
a two-component investigation may be desirable. An earlier ab
initio investigation*” used basis sets of triple- size in first-order
CI calculations; although the resulting 0F ground state showed
the right symmetry, the results for r. (245.6 pm) and w. (189
cm™!) deviated by 12 pm and 33 cm™! from the experimental
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data. A relativistic density functional study*' reproduced the
experimental data much better with deviations of 1—3 pm in r,
and 3—15 cm™' in . using different relativistic density
functionals; in that study, the ground state was found to be a
closed shell system. This disagrees with our results as the closed
shell '=7 state does not interact very strongly with other states
and thus does not result in a low-lying relativistic level after
the inclusion of SO coupling.

5. Conclusion

Benchmark calculations with newly developed MCDHF
adjusted energy-consistent PPs and series of correlation-
consistent polarized valence and core—valence n-G basis sets
have been performed for the diatomics HfO, TaO, WO, ReN,
OsN, and IrN. At the CBS limit, scalar-relativistic CCSD(T)
calculations including metal 5sp core correlation consistently
underestimate bond lengths by ~1 pm and overestimate
harmonic wavenumbers by ~30 cm™!. With corrections for SO
effects, multireference treatment, and PP errors, the deviations
can be reduced to 0.3 pm for r, and 17 cm™! for w,. In particular,
contributions from correlating the closed 4f shell are non-
negligible for the early 5d elements.

An investigation of Pt, showed that SO couplings between
states of identical orbital occupation are of the same order of
magnitude as the term energies between scalar-relativistic states.
Therefore, the investigation of Pt, requires extensive calculations
or should be two-component from the onset. The experimental
ground-state spectroscopic data could be reproduced in PP
calculations with deviations of 3 pmin r. and 1 cm™! in w.. A
disagreement in the symmetry of the ground state between
theory and experiment may advise further theoretical and
experimental studies.
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