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A segmented basis set of quadruple zeta valence quality plus polarization functions (QZP) for H through Xe was de-
veloped to be used in conjunction with the ZORA Hamiltonian. This set was augmented with diffuse functions to describe
electrons farther away from the nuclei adequately. Using the ZORA-CCSD(T)/QZP-ZORA theoretical model, atomic ion-
ization energies and bond lengths, harmonic vibrational frequencies, and atomization energies of some molecules were
calculated. The addition of core-valence corrections has been shown to improve the agreement between theoretical and
experimental results for molecular properties. For atomization energies, a similar observation emerges when considering
spin-orbit couplings. With the augmented QZP-ZORA set, static mean dipole polarizabilities of a set of atoms were cal-
culated and compared with previously published recommended and experimental values. Performance evaluations of the
ZORA and Douglas—Kroll-Hess Hamiltonians were made for each property studied.

Keywords: QZP-ZORA and AQZP-ZORA basis sets, elements from H to Xe, CCSD(T) method, atomic and

molecular properties
PACS: 31.15.ae, 31.15.aj, 31.15.ap, 31.15.eg

1. Introduction

To select a basis set to perform atomic and/or molecular
calculations, two criteria such as size and precision are consid-
ered. In addition, this basis set should belong to a hierarchical
sequence of sets that systematically approach the limit of the
complete basis set (CBS).

Ahlrichs et al.''-31 developed several contracted basis sets
for the elements from H to Kr. Almlof and Taylor*! found
that natural orbitals, generated from correlated atomic calcu-
lations, produce excellent molecular property results. Dunning
et al.’=8 presented the correlation-consistent polarized va-
lence (cc-pVXZ, X =D, T, Q, 5, and 6) basis sets for the H-Ar
and Ga—Kr elements. Unlike Dunning et al., who used the gen-
eral contraction scheme proposed by Raffenet,®! Jorge et al.

101 to construct

used Dunning’s segmented contraction scheme!
basis sets of double,!''=131 triple,[1*-16] and quadruple!'*!7]
zeta valence qualities plus polarization functions (XZP, X =D,
T, and Q) for H-Xe elements. To accurately describe electrons
distant from the nuclei, these latter sets were augmented with
diffuse functions and then designated as AXZP.[!1-18-221 What
all of these sets have in common is that they describe all the
electrons in the system.

Some effects are not included in conventional calcula-
tions of the electronic structures of atoms, molecules, and
clusters. Among them, we cannot fail to mention relativistic
effects. Certainly, the Dirac equation naturally incorporates
these corrections, however, this equation gives rise to four-

fCorresponding author. E-mail: francisco.jorge @ufes.br
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component wave functions, which makes their use in medium
and large-sized molecules prohibitive. To reduce the computa-
tional cost, some approximations have been proposed. Among
them, two of them, namely, the zero-order regular approxima-
tion (ZORA)[?3 of the Dirac Hamiltonian and the Douglas—
Kroll-Hess (DKH) unitary transformation, have been used
extensively.[>*2%] Perturbation theory is usually used to esti-
mate spin—orbit (SO) coupling.

De Jong et al.”>”) found that the conjunction of the DKH
Hamiltonian with a non-relativistic basis set can produce un-
desirable results, especially for molecules containing elements
from the second row of the periodic table onwards. To get
around this problem, they used the DKH Hamiltonian to re-
contract the values of the contraction coefficients of the non-
relativistic cc-pVXZ (X =D, T, Q, and 5) basis sets for H, He,
B-Ne, Al-Ar, and Ga—Br. To incorporate scalar relativistic ef-
fects, Jorge et al. used the second-order DKH (DKH2) Hamil-
tonian to recontract the values of the contraction coefficients
of the XZP (X = D, T, and Q) basis sets for H-Xe. These
sets have been called XZP-DKH!'316:17.28] and ysed by sev-
eral research groups.l?°=* Other basis sets for all-electrons
generated from the DKH2 or third-order DKH (DKH3) Hamil-
tonian have also been reported in literature. Roos et al.[3337]
have developed ANO basis sets for Li-Rn, which are specific
for DKH2 calculations, whereas Noro et al. presented a hierar-
chical sequence of Sapporo-DKH3 basis sets for K-Xe.*¥! To
assess the quality of relativistic pseudopotentials, Peterson et
al. constructed DKH basis sets of different qualities for Sc—Zn
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and Y-Pd. 39401

Recently, Canal Neto et al. 41 showed that undesirable
results can occur when using a specific basis set for DKH2
calculations together with the ZORA Hamiltonian. While the
number of basis sets for all electrons specific to ZORA calcu-
lations is scarce in literature, the number of programs (DIRAC,
ORCA, ADF, NWChem, etc.) that use this Hamiltonian is
not. We are aware of the ZORA basis sets available in the
ADF program, however, it is worth mentioning that these sets
were generated from Slater-type functions, while most quan-
tum chemistry programs can handle Gaussian-type functions
(GTFs). A family of ZORA basis sets for Hf—Hg, which use
GTFs, have been reported by Pantazis et al.[**! To include a
larger number of atoms from the periodic table, Jorge et al.
developed accurate and compact XZP-ZORA (X =D and T)
basis sets for H-Xe.[41:43]

To reduce the truncation error of the basis set, in this arti-
cle, we decided to introduce the QZP-ZORA basis set for H-
Xe. To this set, diffuse functions were added, giving rise to the
AQZP-ZORA set. Using the ZORA-CCSD(T) method, the ef-
ficacy of the QZP-ZORA set was tested by calculating atomic
ionization energies and bond lengths (r.), atomization ener-

gies (Dy), and harmonic vibrational frequencies (®.) of a set
of molecules, while that of the AQZP-ZORA set in calculat-
ing static mean dipole polarizabilities of some atoms. We also
evaluated the performances of the DKH and ZORA Hamilto-
nians for each property studied.

2. Constructing ZORA basis sets

The procedure used to develop the QZP-ZORA basis set
for elements H through X is similar to that in Refs. [41,43].
For each atom in the ground state, we started with the
non-relativistic QZP basis set, and then the contraction co-
efficients of this set were reoptimized using the minimum
ZORA-ROHEF (restricted open-shell HF) energy criterion. In
this process, the digit-by-digit optimization method of non-
linear parameters,** which was coupled to the ORCA 4.0
program,[*3! was employed. It should be noted that the expo-
nents of the GTFs and the segmented contraction schemes of
the original QZP basis set were not altered in this optimization
process. For Hf-Hg, it is worth remembering that Pantazis et
al. also reoptimized only the contraction coefficients of a non-
relativistic basis set to generate sets that have been designated
as SARC-ZORA.[#!

Table 1. Details regarding the QZP-ZORA and AQZP-ZORA basis sets for H-Xe.

Set Uncontracted set Contracted set
H. He QZP- ZORA (6s3p2d1f) [4s3p2d1f]
AQZP-ZORA (7s4p3d2f) [Ss4p3d2f]
Li-Ne QZP-ZORA (11s7p3d2flg) [6s4p3d2flg]
AQZP-ZORA (12s8p4d3f2g) [7s5p4d3f2g]
Na—-Ar QZP-ZORA (14s11p3d2flg) [9s6p3d2flg]
Na AQZP-ZORA (15s11p4d3f2g) [10s6p4d3f2g]
Mg-Ar AQZP-ZORA (15s12p4d3f2g) [10s7p4d3f2g]
K. Ca QZP-ZORA (17s14p3d2fl1g) [10s7p3d2flg]
AQZP-ZORA (18s15p4d3f2g) [11s8p4d3f2g]
Sc—Kr QZP-ZORA (17s14p7d3f2glh) [10s7p4d3f2g1h]
Sc, Mn—Ni, Zn—Kr AQZP-ZORA (18s15p8d4f3g2h) [11s8p5d4f3g2h]
Ti—Cr, Cu AQZP-ZORA (18s14p8d4f3g2h) [11s7p5d4£3g2h]
Rb. Sr QZP-ZORA (21s17p8d2flg) [10s8p4d2flg]
AQZP-ZORA (22s18p9d3f2g) [11s9p5d3f2g]
Y-Nb, Pd QZP-ZORA (21s16p10d3f2g1h) [10s7p5d3f2glh]
Y AQZP-ZORA (22s16p11d4f3g2h) [11s7p6d4f3g2h]
Zr AQZP-ZORA (21s16p11d4f3g2h) [10s7p6d4f3g2h]
Nb, Pd AQZP-ZORA (22s17p11d4£3g2h) [11s8p6d4f3g2h]
Mo, Tc, Te QZP-ZORA (20s17p10d3f2g1lh) [10s8p5d3f2g1h]
Mo, Tc, Te AQZP- ZORA (21s18p11d4f3g2h) [11s9p6d4f3g2h]
Ru, Rh, Ag-Sb, I, Xe QZP-ZORA (21s17p10d3f2g1h) [10s8p5d3f2g1h]
Ru, Rh AQZP-ZORA (21s18p11d4f3g2h) [10s9p6d4f3g2h]
In AQZP-ZORA (22s17p11d4f3g2h) [11s8p6d4f3g2h]
Ag, Cd, Sn, Sb, I, Xe AQZP-ZORA (22s18p11d4f3g2h) [11s9p6d4f3g2h]

To obtain reliable results of some atomic and/or molecu-
lar properties, such as electron affinity, polarizability, optical
rotation, negative ions, and hydrogen bonds, it is necessary to

correctly describe the electrons furthest from atomic nuclei.

Diffuse functions of symmetries s, p, d, etc. are added to the
basis set. Therefore, to our QZP-ZORA basis set, we add a
diffuse function to each atomic symmetry s, p, d, f, g, and
h to give rise to the AQZP-ZORA set. These diffuse func-
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tions were taken directly from our non-relativistic AQZP basis
set.[1821.22] 1 Table 1, the sizes of the QZP-ZORA and AQZP-
ZORA uncontracted and contracted basis sets of each element
from H to Xe are displayed. It may be noted that for some
symmetries of some elements it was impossible to add diffuse
functions because the QZP-ZORA set already has functions
with this characteristic.

3. Results and discussion

All calculations were performed using the ZORA-
CCSD(T) method available in the ORCA 4.0 code.[*’! Ex-
cept for polarizability, all electrons were correlated, and the
other properties were obtained using the frozen core approxi-
mation for electron correlation. Initially, the geometries of the
molecules were optimized and then atomization energies and
harmonic vibrational frequencies were calculated from these
geometries.

3.1. Atomic ionization energy

Table 2 lists the experimental ionization energies!*’!

as well as those calculated with the DKH2-CCSD(T)/QZP-
DKH,!'7-28]  ZORA-CCSD(T)/QZP-ZORA, and ZORA-
CCSD(T)/x2c-QZVPall-2c theoretical procedures.

As is expected, within each row of the periodic table, the
lowest and highest ionization energies occur for the alkalines
(Li and K) and noble gases (He, Ne, Ar, Kr, and Xe), respec-
tively. In addition, the ionization energies decrease from top
to bottom through group 18 due mainly to increased shield-
ing of the nuclei by electrons. It may be noted that for the
elements of groups 13—18, in general, the ionization energies
grow from left to right through a row. For the 3d and 4d tran-
sition elements, except for a few cases, the ionization energies
also grow from left to right.

Except for K and Zr, the QZP-DKH ionization energies
are very close to the corresponding QZP-ZORA, with the
largest difference of 8.4% occurring for Zr. For K, the QZP-
ZORA value is in better agreement with the experimental one
than the QZP-DKH, while for Zr, the theoretical results are ap-
proximately equidistant from the experimental value. This is
not the first time (see Refs. [41,43,48]) that the DKH2 method
underestimates the experimental value. To improve the ion-
ization energy of K, it is necessary to use higher theory levels
(DKH3, DKH4, etc.). However, this type of correction is be-
yond the purpose of this work.

Overall, the agreement between theoretical and experi-
mental results is good. Proof of this statement is in the low
values of the mean absolute deviations (MADSs) of the theo-
retical ionization energies concerning the experimental data,
with slight decreases in MADs going from the QZP-DKH set
(0.150) to the QZP-ZORA (0.135) and from the QZP-ZORA

to the x2c-QZVPall-2¢ (0.105). The reason why the x2c-

QZVPall-2c all-electron set!*0] gives the smallest MAD is ow-
ing to the fact that it has many more functions than the other
two. For example, for the elements Ne, Ar, Kr, and Xe, the
numbers of GTFs used to construct the x2¢c-QZVPall-2¢ un-
contracted set were 77, 108, 163, and 225, respectively, while
for the non-contracted QZP-ZORA set these numbers decrease
to 70, 85, 144 and 172, respectively. Indeed, this means that
the number of two-electron integrals to be calculated with the
QZP-ZORA set is smaller than that with the x2c-QZVPall-2¢
set. Considering the x2c-QZVPall-2c and QZP-ZORA con-
tracted sets, these numbers are equal to 57, 70, 83, and 112
and 56, 65, 101, and 109, respectively. These last numbers in-
dicate that the dimensions of the diagonalizable matrices of
the x2c-QZVPall-2c set are greater than those of the QZP-
ZORA set. In summary, the computational time to perform an
x2¢-QZVPall-2c¢ calculation is significantly greater than QZP-
ZORA.

Since the QZP-DKH and QZP-ZORA sets are identical in
size and the resulting MADs are very close to each other, we
decided that a statistical error analysis should be performed.
Initially, considering the experimental ionization energy of
each atom, the relative absolute error (RAE) through each
theoretical model [DKH2-CCSD(T)/QZP-DKH and ZORA-
CCSD(T)/QZP-ZORA] was calculated, and histograms were
constructed (see Fig. 1). These histograms are normalized and
thus the total area under each curve is equal to one, represent-
ing an empirical estimate for the density function of the RAEs.
Figure 1 shows the density distributions as a function of RAEs
and one note that the density distributions are skewed to the
right and that the performance of the ZORA-CCSD(T)/QZP-
ZORA theoretical model is better than that of the DKH2-
CCSD(T)/QZP-DKH procedure, due to the fact that the RAEs
calculated with the first model are more concentrated on the
left side of the histogram. This finding is not different from
that predicted by the MAD:s.

40
&30 DKH2-CCSD(T)/QZP-DKH
Z 20
5]
A 10
—]—h —)
0= T T T ]
0.00 0.02 0.04 0.06 0.08
Relative absolute error
o 40
e ZORA-CCSD(T)/QZP-ZORA
12}
g 20
: .
0

I T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Relative absolute error
Fig. 1. Histograms of the relative absolute errors for the ionization

energies calculated with the DKH2-CCSD(T)/QZP-DKH and ZORA-
CCSD(T)/QZP-ZORA theoretical models.
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Table 2. Theoretical and experimental ionization energies (in eV) of some elements.

QZP-DKH* QZP-ZORAP x2¢-QZVPall-2¢¢ Expt.d
He ('S) — He™ (3S) 24.560 24.562 24.564 24.58739
Li 3S) — Lit (IS) 5.342 5.349 5.376 5.39171

Be ('S) — Be™ (3S) 9.294 9.233 9.298 9.3227
C(CP)— C* (%P 11.201 11.201 11.200 11.2603
N (#S) = N* (P) 14.484 14.847 14.486 14.53414
0(P)— O (*S) 13.474 13.475 13.475 13.61806
F (*P) - F* °P) 17.296 17.299 17.294 17.42282
Ne('S) — Net (2P) 21.481 21473 21.464 21.56454
Mg ('S) — Mg* (3S) 7.536 7.605 7.615 7.64624
Al PP) — AlT ('S) 5.963 5.963 5.960 5.98577
Si (P) — Sit (2P) 8.127 8.128 8.126 8.15169
P (*S) = P* (P) 10.488 10.491 10.489 10.48669
SCP) — St (*S) 10.216 10.226 10.230 10.36001
Cl1 (?P) — CIT CP) 12.854 12.859 12.861 12.96764
Ar ('S) — Art (2P) 15.696 15.699 15.701 15.75961
K(2S) =Kt ('s) 4.022 4.325 4.321 4.34066
Ca('S) - Cat (3S) 5.896 6.021 6.086 6.11316
Sc (3D) — Sct (’D) 6.389 6.546 6.539 6.56149
Fe (°D) — Fet (°D) 7.791 7.596 6.758 7.90247
Ni CF) — Nit D) 7.403 7.489 7.624 7.63988
Cu (38) — Cut (1S) 7.555 7.614 7.726 7.72638
Zn ('S) — Zn* (%S) 9.249 9.297 9.382 9.39420
Ga (®P) — Ga™ ('S) 5.742 5.745 5.933 5.99930
Ge CP) — Ge* (P) 7.763 7.767 7.916 7.89944
As (*S) = AsT (°P) 9.821 9.831 10.005 9.78855
Se CP) — Se™ (*S) 9.255 9.263 9.552 9.75237
Br (*°P) — Br* (°P) 11.520 11.531 11.784 11.81381
Kr (!S) — Krt (2P) 13.960 13.669 14.129 13.99961
Sr('S) — srt (2S) 5.442 5.630 5.678 5.69487
Zr CF) — Zrt (*F) 6.403 6.941 6.564 6.63413
Nb (°D) — Nb* (°D) 6.805 6.921 6.787 6.75885
Ru CF) — Rut (*F) 7.166 7.369 7.394 7.36050
Rh (*F) — Rh" CF) 7.304 7.494 7.490 7.45890
Pd ('S) — Pd* (3D) 8.336 8.309 8.342 8.33684
Ag (3S) — Agt ('S) 7.432 7.582 7.584 7.57623
Ccd ('S) — Ccd* (3S) 8.820 8.934 8.985 8.99382
Sn (P) — Sn™ 3P) 7.193 7.197 7.3081 7.34392
Sb (*S) — Sbt (3P) 9.022 9.031 9.1162 8.60839
Te CP) — Tet (4S) 8.530 8.539 8.689 9.00981
I1(P) =TIt CP) 10.289 10.305 10.5445 10.45126
Xe (IS) — Xet (?P) 12.045 12.068 12.454 12.12984

MAD¢® 0.150 0.135 0.105 -

4Refs. [17,28]. The DKH2-CCSD(T) method together with the frozen core approach for electron correlation was
used in the calculations. PPresent investigation. Basis set generated in this work. The ZORA-CCSD(T) method
together with the frozen core approach for electron correlation was used in the calculations. “Present investigation.
Basis set generated in Ref. [46]. The ZORA-CCSD(T) method together with the frozen core approach for electron
correlation was used in the calculations. 9Ref. [47]. Mean absolute deviation from the experimental data.

3.2. Static mean dipole polarizability

It is known that the deformation of the electron cloud due
to the presence of an external electric field is related to the
mean dipole polarizability and that this property is sensitive to
the theoretical approach used to evaluate it. Therefore, it will
be a good test for the AQZP basis set.

Table 3 shows the static mean dipole polarizabilities
DKH2-CCSD(T)/AQZP-DKH and ZORA-CCSD(T)/AQZP-
ZORA. Recommended and experimental values reported in
Ref. [49] were also included.

A behavior opposite to that of ionization energies is ob-
served for polarizabilities, i.e., for the elements of columns
13-18 of each row they decrease from left to right. For the
3d and 4d transition metals, a decrease in the mean dipole po-
larizabilities from left to right can also be noted. Again, this
tendency is the exact opposite to that of ionization energies.
In summary, the behaviors of ionization energies and mean
dipole polarizabilities for the elements studied herein corre-
spond to what is predicted based on chemistry.

The results computed with the AQZP-DKH and AQZP-
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ZORA sets are similar, with the largest difference of 5.7% oc-
curring for Ni. Except for a few cases, the theoretical results
are within the uncertainty bars of the recommended and/or ex-
perimental values. Regarding the recommended values, the
MADs obtained with the DKH2-CCSD(T)/AQZP-DKH and
ZORA-CCSD(T)/AQZP-ZORA theoretical models are equal
to 2.046 a.u. and 1.849 a.u., respectively. Considering the ex-
perimental data, these deviations increase to 4.483 a.u. and

4.741 au. Considering that some experimental values are

not very reliable, the MADs calculated concerning the recom-
mended values are very small, since the mean dipole polar-
izabilities of several elements exceed 100 a.u., and can reach
320 a.u. Thus, these results indicate that the performance of
the AQZP-ZORA basis set appears to be promising in deter-
mining the property that depends on an accurate description
of electrons distant from the nuclei. Once again, the perfor-
mances of the DKH2 and ZORA Hamiltonians proved not to
be much different.

Table 3. Static mean dipole polarizabilities for the ground states of some elements. All values are in a.u.

Atom AQZP-DKH? AQZP-ZORAP Recommended value® Expt.d
He 1.35397 1.35382 1.38375 +0.00002 1.383746 +0.000007
Be 37.958 38.390 37.74+£0.03 37.8
C 11.553 11.491 11.3+£0.2 11.87708
N 7.249 7.227 7.4+£0.2 7.6+£04
(¢} 5.153 5.157 5.3+£0.2 52+04
Mg 72.256 75.155 71.2+0.4 71.5+£3.5
Al 58.855 58.280 57.8+£1.0 55.3£55
P 25.106 25.123 25+1 24.49648
Cl 14.617 15.127 14.6+0.1 14.71139
K 291.735 288.370 289.7+0.3 292.9+6.1
Ca 163.500 164.247 160.8 £4.0 169+ 17
A% 85.071 88.925 87410 68.2+54
Cr 82.921 82.812 83+10 60 £24
Ni 50.763 48.026 49+3 -

Zn 37.199 37.176 38.67+0.30 38.8+0.8
Ga 51.336 50.969 50+3 46.6+4.0
Ge 39.852 39.670 40+1 -

As 29.505 29.435 30+1 -

Br 20.477 20.711 21+1 20.58244
Kr 16.506 16.648 16.78 £0.02 16.766 +0.008
Rb 326.574 323.619 319.8+0.3 319.2+6.1
Sr 206.616 205.094 197.24+0.2 186+ 15
Nb 104.741 104.897 98+8 97.9+74
Mo 84.504 83.848 87+6 87.1+6.1
Rh 57.824 59.494 66+ 10 -
Ag 49.738 49.582 55+8 459+74
Cd 44.986 44910 46+2 453+1.4
In 67.305 66.089 65+4 62.1+6.1
Sn 58.145 55.577 53+6 67.5+8.8
Sb 42.605 42.427 4342 -

Te 37.370 37.113 38+4 -

I 31.563 31.534 329+1.3 329+1.3

MAD*® 2.046 1.849 - -

MADf 4.483 4.741 - -

2Present investigation. Basis set generated in Refs. [18,21,22]. The full DKH2-CCSD(T) method was used in the calculations.
PPresent investigation. Basis set generated in this work. The full ZORA-CCSD(T) method was used in the calculations.
CRef. [49]. YTaken from Ref. [49]. *Mean absolute deviation from the recommended values. fMean absolute deviation from

the experimental data.

3.3. Bond length

Table 4 presents geometric parameters, atomization ener-
gies, and harmonic vibrational frequencies of some molecules
in the ground states computed with the QZP-DKH and QZP-
ZORA basis sets. As a benchmark, experimental datal>%->!]
were also included.

For SO,, the bond angles obtained with the DKH2-
CCSD(T)/QZP-DKH and ZORA-CCSD(T)/QZP-ZORA pro-
cedures lead to similar results and in excellent agreement with

the experimental data. The previous theoretical models as well
as the experiments show an increase in bond lengths going
from KF to RbF, from As; to Sby, from SnSe to SnTe, and
from IF to ICIL. This was already expected due to the increase
in atomic radii along the columns of alkali metals, pnictogens,
chalcogens, and halogens. Also notably, the main reason why
the bond length of CuH is shorter than that of ZnH is that the

4s orbitals of Cu and Zn have 1 and 2 electrons, respectively.
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Table 4. Theoretical and experimental bond lengths (re in A), atomization energies (Do
in kcal/mol), and harmonic vibrational frequencies (@, in cm’l) of some molecules in
the ground states.

QZP-DKH? QZP-ZORA® Expt.©
Co, (%)) Te 1.1623 1.1623 1.1600
Dy 375.684 374.505 381.752
@ 670.45 668.68 672
1351.27 1350.43 1351
2394.64 2392.99 2396
SO, ('Ay) Te 1.4439 1.4435 1.4308
0. 118.608 118.623 119.329
Dy 239.101 238.832 249.484
0N 524.73 537.88 526
1172.66 1169.22 1168
1384.27 1357.28 1381
KF ('x%) re 22681 2.1681 2.1715
Dy 111.257 111.506 118.940.6
®, 415.34 426.26 433.23
CuH ('z*) Te 1.4470 1.4411 1.4626
Dy 62.369 63.103 62.955
e 1969.96 1993.55 1940.77
Cup ('Z)) Te 22266 22161 22197
Dy 43.803 44.498 46.813
@ 260.96 263.97 264.55
ZnH (PX*) Te 1.5813 1.5733 1.5949
Dy 20.076 20.083 20.540.5
@ 1634.6 1661.81 1607.6
GaCl ('z+) Te 22061 2.2039 2.2017
Dy 112 112.019 11443
@ 366.28 364.23 365.67
Ga, (1,) Te 2.6519 2.6518 -
Dy 27.593 27.587 26.441.7
0N 174.8 17272 178.2
Ge, (%) Te 2.4099 2.4078 2.3689
Dy 62.357 62.204 623+1.7
@ 283.9 285.58 287.91
Asy ('Z)) re 2.1242 2.1219 2.103
Dy 79.450 79.265 90.557
10N 4244 423.44 429.6
Ses (%) Te 2.1660 2.1642 2.1662
Dy 80.777 80.486 78.6
@ 405.5 406.98 386.6
BrO (3II) re 1.7146 1.7156 1.7172
Dy 58.389 58.055 552404
@ 710.2 682.54 732.9
Bry (%)) Te 2.2680 2.2660 2.2810
Do 51.162 50.923 45.44
0N 344.9 342.60 3253
RbF ('ZF) Te 2.4121 2.2702 227033
Do 111.574 112.477 1153
0N 366.38 373.84 376
SrH () Te 2.237 2.1787 2.1456
Dy 38.097 35.624 <383
@ 1172.14 1167.54 1206.2
Zr0 ('Z) Te 1.7411 1.7145 1.7116
Dy 177.294 182.431 181
e 950.55 984.55 969.8
InCI ('T+) Te 2.4065 2.4063 24012
Dy 106.445 106.442 102.389
e 317.03 313.56 317.39
In; CI1,) Te 2.984 3.0042 -
Dy 25.227 25.053 23.291
0N 121.44 121.31 -
SnSe ('£*) Te 2.3090 23048 2326
Do 108.449 108.361 95.890+ 1.4
@ 326.36 327.79 3312
SnTe ('£F) Te 2.4990 2.4927 2.52280
Dy 99.909 100.067 85.994
@ 257.27 258.73 259.5
Sby ('z) re 2.4961 2.4906 2.476
Do 64.856 64.896 69.065
e 276.41 276.11 269.62
IF ('T+) Te 1.8967 1.8965 1.9098
Do 70.259 69.877 65.3+0.9
@ 640.89 640.13 610.24
ICI ('x) Te 2.3023 2.3015 2.3209
Dy 57.927 57.728 49.64+0.03
10N 409.21 406.21 384.29
MAD¢ Te 0.0282 0.0135 -
MAPE® Dy 6.049 6.024 -
10N 2.01 2.18 -

“Refs. [17,28]. The DKH2-CCSD(T) method together with the frozen core approach
for electron correlation was used in the calculations. ®Present investigation. Basis set
generated in this work. The ZORA-CCSD(T) method together with the frozen core
approach for electron correlation was used in the calculations. °Refs. [50,51]. ‘Mean
absolute deviation from the experimental data. “Mean absolute percentage error from
the experimental data.

Except for molecules containing alkali metals and alka-
line earth metals, the prediction of the bond lengths of all
the others is similar. For KF, RbF, and SrH, the QZP-ZORA
results are closer to the experimental values than the QZP-
DKH and should be decisive in the calculations of deviations.
It is worth noting that to improve the bond lengths of these
three molecules, it is necessary to use relativistic corrections
of higher orders (DKH3, DKH4, etc.). Overall, the MADs of
the DKH2-CCSD(T)/QZP-DKH and ZORA-CCSD(T)/QZP-
ZORA theoretical models concerning the experimental data
are 0.0282 A and 0.0135 A, respectively. The latter value
is less than half of the former and its reduced magnitude
shows the excellent performance of the ZORA approxima-
tion in determining bond lengths. Due to this difference be-
tween MADs, we decided to perform a statistical error analy-
sis again. The RAEs of the DKH2-CCSD(T)/QZP-DKH and
ZORA-CCSD(T)/QZP-ZORA bond lengths relative to the ex-
perimental data were calculated and histograms of these errors
were then constructed (see Fig. 2). The histograms were nor-
malized so that their total areas were equal to one. Again, the
curves resulting from the densities as a function of the RAEs
show distributions skewed to the right. In addition, since the
RAEs obtained from the ZORA-CCSD(T)/QZP-ZORA pro-
cedure are closer to the origin of the coordinate system than
those computed with DKH2-CCSD(T)/QZP-DKH, this shows
a better performance of the first model. This is in line with the
prediction made through the MADs.

60
. DKH2-CCSD(T)/QZP-DKH
Z
‘w40
=
o)
A 20 ‘]
0 [ |
T T T T T T T 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Relative absolute error
2160 ZORA-CCSD(T)/QZP-ZORA
n
= 100
a
” % [ ]
0 I | I
T T T T 1
0.000 0.005 0.010 0.015 0.020
Relative absolute error
Fig. 2. Histograms of the relative absolute errors for the bond

lengths calculated with the DKH2-CCSD(T)/QZP-DKH and ZORA-
CCSD(T)/QZP-ZORA theoretical models.

3.4. Atomization energy

Our findings reveal that there is an increase in the bond
lengths from As; to Sby, from SnSe to SnTe, and from IF to
ICl, meanwhile, the dissociation energies decrease. The rela-
tionship between bond lengths and dissociation energies has
already been extensively explored in the literature (see, e.g.,
Ref. [52]). The dissociation energy from CuH to ZnH de-
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creases due to the increase in bond length and the number of
electrons in the 4s orbital.

Except for the SrH and ZrO molecules, one notes that
the calculated atomization energies are very close to each
other. For the SrH molecule, the dissociation energies ob-
tained from the QZP-DKH theoretical model and the exper-
iment are practically identical, while for ZrO, the QZP-ZORA
dissociation energy is closer to the experimental value. From
these observations, it is expected that the deviation magni-
tudes obtained based on theoretical procedures will not be
very different. Overall, the mean absolute percent errors
(MAPEs) of the DKH2-CCSD(T)/QZP-DKH (6.049%) and
ZORA-CCSD(T)/QZP-ZORA (6.024%) make the experimen-
tal data confirm our qualitative prediction made earlier, with a
slight advantage for the ZORA Hamiltonian. To reduce these
MAPEgs, it is necessary to consider mainly the SO couplings,
which are not negligible for some molecules studied in this
work.

3.5. Harmonic vibrational frequency

The harmonic vibrational frequency decreases from KF
to RbF due to increases in bond length and molecular weight.
Similar reasons explain the decreases in harmonic vibrational
frequencies going from As; to Sb,, from SnSe to SnTe, and
from IF to ICl. From CuH to ZnH, the dominant factor as-
sociated with a significant decrease of 20.5% in harmonic vi-
brational frequency is a 9.3% increase in bond length, while
molecular weight increases only 2.9%.

The harmonic vibrational frequencies computed with the
two theoretical models are very close to each other, with the
largest difference of 4.1% occurring for BrO. A more detailed
analysis shows that, in general, the QZP-ZORA results are far-
ther from the experimental data than the QZP-DKH. There-
fore, it is expected that the deviations will not be much differ-
ent and that the one obtained from the QZP-DKH set will be
slightly smaller. Overall, considering the experimental data,
the MAPEs obtained with the DKH2-CCSD(T)/QZP-DKH
and ZORA-CCSD(T)/QZP-ZORA procedures are 2.01% and
2.18%, respectively.

Although the ZORA results presented in this article are,
in general, slightly closer to the experimental values than
the DKH2, it is hasty to state that the ZORA Hamiltonian
is more accurate than the DKH2, since these Hamiltonians
only consider the scalar relativistic correction. It is known
that there is a lot of “missing physics” in these calculations
when compared to experiments, namely, core correlation ef-
fects, higher order correlation, SO coupling, and so on. Fur-
thermore, it would be necessary to study a much larger number
of molecules. This means that it is difficult to know whether,

for example, the ZORA correction is systematically too large

and exceeds the true extent of a relativistic correction. In any
case, answering the question of which of these two Hamilto-
nians is the best, considering the desired precision, is certainly
outside the scope of this investigation.

3.6. Core-valence correction and spin-orbit coupling

The basis sets generated in this work are highly accurate
in atomic and molecular property calculations. To improve the
agreement between the properties obtained from theory and
experiment, we added to the QZP-ZORA spectroscopic results
the SO couplings and/or the core-valence (CV) electron corre-
lation found in the literature.

For InCl, Inp, and Sb,, the atomic SO coupling cor-
rections were extracted from the experimental dissociation
energies. 93] Comparing the values resulting from this op-
eration (109 +2, 26.169, and 69.032 kcal/mol) with the QZP-
ZORA (106.442, 25.053, and 64.896 kcal/mol) listed in Ta-
ble 4, a significant improvement in the agreement between
theory and experiment can be observed. For IF and ICl
molecules, adding the ZORA-CCSD(T)/QZP-ZORA dissoci-
ation energies (see Table 4) the SO couplings and the CV cor-
rections, estimated in Ref. [54], we found 64.177 kcal/mol
and 51.828 kcal/mol, respectively. These results are in good
agreement with the experimental values for IF (65.3 £0.9)
and ICl (49.64 £ 0.03) molecules.®!! For BrO molecule, the
SO couplings and CV corrections on re, Do, and @, were re-
ported in Ref. [55]. Regarding these corrections in the ZORA-
CCSD(T)/QZP-ZORA calculations, we found re = 1.7087 A,
Dy = 55.955 kcal/mol, and @, = 690.84 cm~!, which agree
very well with the experimental data of 1.7172 A, (55.2 +
0.4) kcal/mol, and 732.9 cm™ respectively.

Table 5 shows the bond lengths, dissociation energies,
and harmonic vibrational frequencies obtained by QZP-ZORA
and QZP-ZORA + CV for some molecules, as well as exper-
imental data. The CV corrections were taken from Refs. [39,
56], whereas for Ga,, Ge,, Se,, and Br, molecules, SO cou-
pling corrections were extracted from the experimental disso-
ciation energies.[70->1-57-38]

Regarding the QZP-ZORA results with the inclusion of
the CV corrections and experimental data, one notes a bet-
ter corroboration between them. The agreement between
the QZP-ZORA + CV dissociation energies and experimen-
tal data without SO corrections is very good. For CuH, Gay,
and Br, molecules, these dissociation energies are almost the
same. For Ge;, considering the uncertainty bars of the ex-
perimental dissociation energy, the agreement with the QZP-
ZORA + CV result is good. The accuracies achieved with the
QZP-ZORA + CV approximation for the bond lengths of Cuy,
Ge,, and As; and the harmonic vibrational frequencies of Cus,
Gay, Gej, and As, are impressive, since they are very close to
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the experimental values. The dissociation energy of the arsenic
dimer was calculated without SO corrections on the atom and
molecule. For Asj, Table 5 shows that the inclusion of CV
correction improves the agreement between theory and exper-

iment, but is still not sufficient to produce a satisfactory energy
value. To overcome this problem, it is necessary to use larger
basis sets,>! or to use a full potential curve*®! for the ground
state of that molecule.

Table 5. Theoretical and experimental bond lengths (7. in A), dissociation energies (Dy in kcal/mol), and
harmonic vibrational frequencies (@, in cm™!) of some molecules in the ground states.

QZP-ZORA* QZP-ZORA +CV® Expt.©
CuH ('T%) re 1.4411 1.4425 1.4626
Dy 63.103 62.773 62.955
@e 1993.55 1.990.05 1940.77
Cuy ('5f) re 22161 22163 22197
Dy 44.498 44.248 46.813
@ 263.97 264.47 264.55
Ga, (1) re 2.6518 25784 -
Dy 27.587 28.787 (28.391+1.697)¢
o 172.72 178.92 178.2
Ge; (%) e 2.4078 23716 2.3689
Dy 62.204 63.704 (67.667 +1.697)¢
@ 285.58 291.78 287.91
Asy ('2)) re 2.1219 2.0982 2.103
Dy 79.265 81.565 90.557
o 423.44 432.94 429.6
Ses (CZg) re 2.1642 2.1484 2.1662
Dy 80.486 81.486 (83.960)
[0 406.98 411.78 386.6
Br, ('%]) re 2.2660 2.2533 2.2810
Dy 50.923 51.123 (52.376)
o 342.60 346.00 325.3

#Present investigation. Basis set generated in this work. The ZORA-CCSD(T) method together with the frozen
core approach for electron correlation was used in the calculations. PThe core-valence corrections were taken
from the Refs. [39,56]. “Refs. [50,51]. 9In parentheses are the experimental dissociation energies without SO

corrections, [43:44-52.59]

4. Conclusions

The QZP-ZORA basis set for the elements from H to Xe
developed herein, together with the DZP-ZORA[*3! and TZP-
ZORA,*!l forms a hierarchical sequence of basis sets of in-
creasing size. The main goal of this family is to reduce the
truncation error of basis sets. It was augmented with diffuse
functions, giving rise to the set designated as AQZP-ZORA,
to describe electrons distant from atomic nuclei appropriately.
Even though these basis sets have quadruple zeta valence qual-
ity, they are compact enough to be applied to medium-sized
molecules. In addition, their number of primitive functions is
smaller than that of any other set of similar quality published
in the literature. Recall that the number of primitive functions
is associated with the number of two-electron integrals to be
calculated. The applications carried out in this work confirm
the good performance of both sets.

The following are some specific conclusions associated
with the results of this study.

(1) Regarding the experimental ionization energies, the
MAD of 0.135 eV shows the excellent performance of the
ZORA-CCSD(T)/QZP-ZORA procedure and it is slightly
lower than that obtained with the DKH2-CCSD(T)/QZP-DKH

model.

(2) Bearing in mind that the mean dipole polarizabilities
of various elements are greater than 100 a.u. and can reach
300 a.u., the MAD AQZP-ZORA of 1.849 a.u., relative to
the recommended values,*°! is small and again lower than the
AQZP-DKH.

(3) The agreements between the bond lengths and har-
monic vibrational frequencies QZP-ZORA and the experi-
mental values are good, since the MAD and MAPE are only
0.0132 A and 2.18%, respectively. As for the atomization
energies, the agreement is satisfactory, considering that the
MAPE is 6.024%. The main reason for this value is due to
the neglect of the SO couplings of some molecules. Except
for the bond lengths, where the MAD QZP-DKH is approxi-
mately twice that of the QZP-ZORA, the performance of the
two basis sets for the other spectroscopic properties is about
the same.

(4) For InCl, In,, Sby, IF, ICI, and BrO, it has been shown
that when SO couplings are somehow taken into account, the
agreement between the ZORA-CCSD(T)/QZP-ZORA and ex-
perimental dissociation energies improves significantly.

(5) It can be seen that a high level of accuracy is achieved
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when CV corrections are added to the QZP-ZORA results
and the SO couplings are removed from the experimental dis-

sociation energies. Various values of bond lengths, disso-

ciation energies, and harmonic vibrational frequencies QZP-
ZORA + CV practically coincide with the experimental data.

This work clearly showed that when the necessary correc-
tions are added to results obtained with an accurate theoretical
model and/or to experimental data, i.e., the closer we get to
the actual description of an electron system, there will always
be an improvement in the agreement between theoretical and
experimental values.

All parameters of the QZP-ZORA and AQZP-ZORA sets
are available on the following website https://qcgv.ufes.br
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