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Abstract
A relativistic coupled-cluster version of the Feller-Peterson-Dixon (FPD) composite method has
been used to accurately calculate the first ionization potentials (IP) and electron affinities (EAs)
of the post-d, p-block elements Ga—Rn. Complete basis set (CBS) extrapolations including outer-
core correlation at the CCSD(T) level of theory were combined with contributions from higher
order electron correlation up to CCSDTQ, quantum electrodynamic effects (Lamb shift), and
spin-orbit (SO) coupling including the Gaunt contribution. Several methods for including SO
were investigated, in which all involved the four-component (4c) Dirac-Coulomb (DC)
Hamiltonian. The treatment of SO coupling was the contribution that limited the final accuracy
of the present results. In the cases where 4c-DC-CCSD(T) could be reliably used for the SO
contributions, the final composite IPs and EAs agreed with the available experimental values to
within an unsigned average error of just 0.16 and 0.20 kcal/mol, respectively. In all cases the
final IPs and EAs were within 1 kcal/mol of the available experimental values, except for the
EAs of the group 13 elements (Ga, In, T1), where the currently accepted experimental values
appear to be too large by as much as 4 kcal/mol. The values predicted in this work, which have
estimated uncertainties of £0.5 kcal/mol, are 5.25 (Ga), 7.69 (In), and 7.39 (T1) kcal/mol. For the
EAs of Po and At, which do not have experimental values, the current calculations predict values

of 34.2 and 55.8 kcal/mol with estimated uncertainties of +£0.6 and +0.3 kcal/mol, respectively.
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I. INTRODUCTION

Ab initio thermochemistry calculations, particularly those employing composite
methodologies based on coupled cluster expansions for electron correlation, have demonstrated
accuracies for atomization enthalpies and heats of formation in the kJ/mol or even sub-kJ/mol
range in the case of molecules containing elements in the first few rows of the periodic table.!
For heavier elements, relativistic effects become much more important, and while the
contributions of scalar relativity are straightforward to accurately include by using either the
Douglas-Kroll-Hess (DKH)** or exact 2-component (X2C) spin-free Hamiltonians,>¢ including
the effects of spin-orbit (SO) coupling can be much more challenging. While its importance is
often noted when working with the transition metals and of course the f-block lanthanides and
actinides, it is sometimes neglected in the heavier p-block elements. Of course, even in
molecules containing the lighter 2p and 3p elements, atomic SO is required to describe physical
and chemical properties at or beyond chemical accuracy (~1 kcal/mol) 7-'°. When dealing with
molecules containing the 4p elements and below, the inclusion of SO is mandatory for the
accurate calculation of nearly any thermochemical property !!-14,

Ionization potentials (IP) and electron affinities (EA) are some of the most fundamental
physical properties of atoms and molecules. For the 18 elements of the heavy (post-d) p-block,
the first IPs for all of these elements have been accurately determined by experiment.!>-32

3342 35 well as those for

Experimental values are also available for the EAs of Ga-Kr and In-Xe,
T1 4, Pb *4, and Bi # in the 6p period. The electron affinities of Po and At are currently not
available from experiment, and the most commonly cited values of 44 + 7 and 65 +5 kcal/mol,
respectively, arise from the semiempirical extrapolations of Zollweg.*¢ However, recent coupled
cluster relativistic calculations of Borschevsky et al.*’ put the EA of Po at 33.9 kcal/mol and the
EA of At at 55.6 kcal/mol. Some of the same authors, using a similar relativistic coupled cluster-
based methodology, provided a theoretical value for the IP of At of 214.62 £0.58 kcal/mol that
was in excellent agreement with the spectroscopic measurement reported in the same work of
214.87 kcal/mol.?! Presumably, their theoretical values for the EAs of Po and At should be
considered far more reliable than the previous extrapolated results commonly used.

Debate however also exists over the reported experimental results are for Ga and T1. The

accepted experimental value for the EA of Ga is 9.91 + 0.69 kcal/mol,* although the SO fine-

structure was not resolved in the experiment. Theoretical calculations have predicted much lower



electron affinities of 6.94 and 7.03 kcal/mol using relativistic coupled-cluster singles and doubles
(CCSD)* and multiconfigurational Dirac-Fock (MCDF)* methods, respectively. For the EA of
Tl, the experimentally measured EA of Carpenter® is 8.69 + 0.30 kcal/mol. This was in excellent
agreement with the later relativistic CCSD calculations of Eliav et al.,*® which yielded an EA of
9.22 + 1.15 kcal/mol. However previous calculations using the multireference configuration
interaction singles and doubles (MR-CISD) and MCDF methods predicted EAs of 6.23
kcal/mol*® and 6.71 kcal/mol,* respectively. The large differences in theoretical EAs was
attributed in Ref. *® to correlation of the 5d shell, which was included in their CCSD calculations
but neglected in the MR-CISD and MCDF work. Correlation of the 5d electrons was calculated
in their work to contribute 1.84 kcal/mol to the EA, therefore accounting for the large difference
between theory and experiment. In strong disagreement with previous work, Felfli et al. 3!
calculated a much larger EA for Tl of 55.69 kcal/mol using the complex angular momentum
(CAM) method, claiming the previously measured and calculated values for the EA of TI
corresponded to the binding energy of an excited Tl anion and not the ground state.

In the present work, the first ionization potentials and electron affinities of the heavy p-block
elements Ga-Rn (without EAs for group 18) were calculated using a relativistic coupled-cluster-
based Feller-Peterson-Dixon (FPD) composite approach that includes extrapolations to the
complete basis set (CBS) limits with outer-core electron correlation at the scalar relativistic
CCSD(T) level of theory, contributions of higher level electron correlation up to CCSDTQ,
quantum electrodynamics (QED) contributions of the Lamb shift, and spin-orbit coupling with
inclusion of the Gaunt interaction. Particular attention has been given to the accurate treatment of
SO, investigating several four-component methods ranging from Dirac-Hartree-Fock to

CCSD(T).

II. COMPUTATIONAL METHODS

The Feller-Peterson-Dixon (FPD) approach!-32°3 was used based on the coupled cluster
singles and doubles (CCSD) with perturbative triples, CCSD(T), level of theory>* with a
sequence of correlation consistent basis sets including diffuse functions, aug-cc-pVnZ-PP and
aug-cc-pwCVnZ-PP (n =T, Q, 5),°>* in conjunction with relativistic small-core
pseudopotentials (PPs). These PP-based sets were chosen over the analogous all-electron DKH

sets®? due to the availability of 5Z quality sets in the former, which can be expected to yield more



accurate CBS limits. Open-shell calculations employed restricted open-shell Hartree-Fock
(ROHF) orbitals but the spin-restriction was relaxed in the solution of the CCSD equations, i.e.,
R/UCCSD(T).°12 Additive contributions were then included for core-valence correlation effects
from outer-core electrons, corrections for the pseudopotential approximation, higher levels of
correlation beyond CCSD(T), lowest-order QED effects (Lamb shift), and spin-orbit coupling
including the Gaunt interaction. The spin-orbit coupling calculations were carried out in the
DIRAC16 package,’® while all scalar relativistic CCSD(T) calculations were carried out using
the MOLPRO suite of computational programs.®* The higher order correlation calculations
utilized the MRCC program®’ as interfaced with MOLPRO. The full FPD composite scheme
used in this work was thus

E(FPD) = Ecgs + AEcy + AEpg + AEyc + AE qmp + AEso (1)
The largest component to the composite energy is from the frozen-core CBS limit utilizing
small-core relativistic pseudopotentials for inner core electrons (10 electrons for Ga-Kr, 28
electrons for In-Xe, and 60 electrons for T1-Rn). Using the aug-cc-pwCVnZ-PP sets with n=Q
and 5, the SCF energies were extrapolated to the basis set limit using the two-point Karton-
Martin scheme ¢

ESCF = ESSE + A(n + 1) ()
and the frozen-core (FC) (valence s and p electrons correlated) CCSD(T) correlation energies

were extrapolated separately via®’

B
E;°"" = Ecps + oeD (3)

It should be noted that using the aug-cc-pVnZ-PP basis sets for the latter step showed less than a
0.2 kcal/mol difference in the CBS limits for the IPs. Overall the difference between the
explicitly calculated aug-cc-pwCV5Z IPs and the CBS limits varied from only about 0.1
kcal/mol to up to just under 1 kcal/mol.

Contributions for the correlation of outer-core electrons (AEcv) were calculated using
CCSD(T), also with the aug-cc-pwCVnZ-PP basis sets>® with n=Q and 5. These results were also
extrapolated to the CBS limit using the same scheme as for the frozen core calculations. Since
the same basis sets and CBS extrapolations were used for both the FC and core-valence (CV)

calculations, there is no additivity error due to the separation of these correlation effects, and the



results are presented in this manner purely for assessing the importance of CV correlation. All
electrons not included in the pseudopotential were correlated, which thus defines the outer-core
as the 3s, 3p, 3d electrons for Ga-Kr; 4s, 4p, 4d electrons for In-Xe; and 5s, 5p, 5d electrons for
TI-Rn.

A correction for using the scalar relativistic PPs (AEpk) was included by carrying out all-
electron scalar relativistic calculations using the aug-cc-pwCVQZ-DK basis sets®® for the 4p
elements and the aug-cc-pwCVQZ-DK3 sets * for 5p and 6p elements. Correspondingly the
second order Douglas-Kroll-Hess (DKH2) Hamiltonian was utilized for the 4p elements, while
the third order DKH Hamiltonian (DKH3) was used for the 5p and 6p elements.>*%° Correlation
of the outer-core electrons were included in these calculations, and the final pseudopotential
correction is the difference between the corresponding all electron DKH and pseudopotential
energies. It should be noted that the above choices of DKH2 and DKH3 yield nearly identical
results as those from the eXact-2-Component (X2C) Hamiltonian.>® For instance in the IP of
Th, use of X2C with an uncontracted aug-cc-pwCVTZ-DK3 basis set gave a PP correction that
differed by only 0.02 kcal/mol from the DKH3 value.

Higher order electron correlation effects (AEHC) beyond CCSD(T) were included using
CCSD with full iterative triples (CCSDT)’%72 and quadruples (CCSDTQ).”3-” The triples
correction to the CCSD(T) results was calculated as the difference between CCSDT and
CCSD(T) correlation energies using the aug-cc-pwCVTZ-PP basis sets, while a quadruples
correction was defined as the energy difference between CCSDTQ and CCSDT, but using the
aug-cc-pwCVDZ-PP sets. Both valence and outer-core electrons were correlated in these
calculations.

A contribution due to lowest order QED effects (AELamb), i.€., the vacuum polarization and

self-energy comprising the Lamb shift, was calculated using a local model potential approach
based on the work of Pyykko and Zhao.”® The full model potentials used are given in the
supplementary material. The local potential was added to the 1-electron DKH2 or DKH3
Hamiltonians with the aug-cc-pwCVTZ-DK/-DK3 basis sets and all outer-core and valence
electrons were correlated in CCSD(T) calculations. The resulting energies were compared to the
DKH2 and DKH3 results without the local potential to yield this contribution.

All spin-orbit calculations were carried out using the DIRAC16 package with the default
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finite Gaussian nucleus model.®> The total spin-orbit contribution includes the difference in



energy between a calculation using the 4-component (4-c) Dirac-Coulomb (DC) Hamiltonian
using an approximate contribution to the (SS|SS) Coulomb integrals, see Ref. 77, and that
obtained with Dyall’s spin-free Hamiltonian’®. The Gaunt interaction was also included by
taking the difference between a 4-c Dirac-Coulomb-Gaunt (DCG) Dirac-Hartree-Fock (DHF)
calculation and one with just the DC Hamiltonian. Tests were carried out on the IP of Pb
explicitly including the (SS|SS) integrals, which yielded no change in the Gaunt contribution and
a lowering of the SO contribution by just 0.05 kcal/mol. All open-shell DHF calculations were
based on the average-of-configuration DHF (AoC-DHF) method. Individual DHF energies were
obtained from complete open-shell configuration interaction (COS-CI) calculations.” The all-
electron basis sets were always used completely uncontracted, either aug-cc-pVTZ-DK/-DK3 or
aug-cc-pwCVQZ-DK/-DK 3 60:68.80

Up to four different methods were used to calculate the effects of SO within the 4-c DC
Hamiltonian. These included the AoC-DHF method with a subsequent COSCI step, Kramers-
restricted configuration interaction (KRCI),3!-%* Fock space CCSD (FS-CCSD),* and
CCSD(T).?* Both the KRCI and CCSD(T) calculations used AoC-DHF orbitals while FS-CCSD
used closed-shell DHF orbitals from the required closed-shell reference states. The AoC-DHF
and KRCI calculations utilized the aug-cc-pVTZ-DK/-DK3 basis sets, with the KRCI
calculations including correlation of only the valence electrons with a virtual orbital cutoff of
about 12 a.u. In the coupled cluster calculations, both valence-only correlation with aug-cc-
pVTZ-DK/-DK3 basis sets, as well as valence plus outer-core d electrons correlated calculations
in conjunction with the aug-cc-pwCVQZ-DK/-DK3 basis sets, were carried out. In these coupled
cluster cases, both FS-CCSD and CCSD(T), the virtual orbital cut-off was always set to 600 a.u.
The FS-CCSD calculations were carried out for the ionization potentials of the group 13 and 14
elements by attaching up to two electrons to the closed shell, group 12 reference states and for
the group 17 and 18 elements by ionizing up to 2 electrons from the group 18 reference states. In
regard to electron affinities, these could only be obtained at the FS-CCSD level of theory for the
elements of groups 13, 16, and 17. Finally in the case of CCSD(T), inspection of the AoC-HF
wavefunctions indicated that several of the atoms were very multideterminantal when spin-orbit
coupling was included. Hence accurate spin-orbit corrections for IPs could only be calculated at
this level of theory for the elements of groups 13, 17, and 18, with the addition of the IP for Pb.
Reliable CCSD(T) EAs could be obtained for groups 16 and 17 with the addition of T1. The IPs



of Bi and Po, as well as the EAs of Pb and Bi, were borderline cases, but are preferred in this
work over the KRCI values. In the CCSD(T) cases, calculations including correlation of the
outer-core p electrons, i.e., 3p for Ga-Kr, 4p for In-Xe, and 5p for TI-Rn, were also carried out
using uncontracted aug-cc-pwCVTZ basis sets. Upon comparing these results to analogous
calculations that only correlated the valence+d electrons, this contribution was added to the
CCSD(T)/aug-cc-pwCVQZ valence+d values to obtain the final CCSD(T) spin-orbit effects on
the IPs and EAs.

ITI. RESULTS

A. Ionization Potentials

Table I shows the contributions of spin-orbit coupling, including the Gaunt contributions, to
the ionization potentials of this work using various 4-c methods (AoC-DHF, KRCI, FS-CCSD,
and CCSD(T)). Also included in Table I are the estimated SO effects obtained from J-averaging
the experimental energy levels (where available), as well as the semi-experimental results from
Ref. 12 for the 4p elements (J-average of experiment for 1st-order SO and ab initio for 2nd-
order). Not unexpectedly, the total contribution of SO on the IPs increases down a particular
group and is very significant for the 6p elements, reaching over 30 kcal/mol for the IP of Bi. The
impact of the Gaunt term is relatively small, never reaching more than a few tenths of a kcal/mol
even for the 6p elements. The current Gaunt contributions for Bi, Po, and At (+0.02, -0.16,
and -0.10 kcal/mol) are in good agreement with the full Breit values previously presented by
Borschevsky et al.#’ (0.00, -0.02, and -0.02 kcal/mol). In the course of this work, GRASP2K
calculations®® were also undertaken to calculate the Breit contribution to the IP of Pb with a
result that differed by only -0.03 kcal/mol from the current Gaunt value. In general the use of J-
averaging is accurate to within a few tenths of a kcal/mol for both the 4p and 5p elements, with
the worst differences appearing to occur for the cases of Te and I where differences of more than
1 kcal/mol is observed in comparison with 4c-DC-KRCI or CCSD(T). As shown in Table I, this
approach significantly breaks down for the heavier 6p elements. For the 4p and 5p elements,
electron correlation for the SO contribution is not particularly important, with the largest
correlation effect calculated to be just 0.4 kcal/mol for iodine. Effects on the SO contribution due

to electron correlation becomes much more important for the 6p elements, as much as 5 kcal/mol



for Po, and there is more sensitivity to which correlation method is utilized. In contrast to the
lighter elements, 4c-CCSD(T) could be reliably used in SO calculations for the entire 6p period.

As shown in Table II, outside of SO effects, the largest contribution to the frozen-core
CCSD(T)/CBS IPs is due to the correlation of outer-core electrons, ACV. This contribution,
which ranges from about 1—4 kcal/mol and always increases the IPs of these elements, becomes
larger down each group and slightly decreases across a given period. In the case of the Pb atom,
the effects of correlating the 4f electrons using a fully uncontracted aug-cc-pwCVQZ basis set
and CCSD(T) was found to increase the IP by less than 0.001 kcal/mol. As shown in Table II,
the effect of the PP approximation is nearly negligible in all cases, with the largest difference as
compared to an all-electron DKH3 treatment of just -0.34 kcal/mol for the IP of Tl. Likewise,
electron correlation beyond CCSD(T), as judged by CCSDT and CCSDTQ calculations, is even
less important for these atomic IPs; only two atoms had AHC contributions as large as 0.1
kcal/mol, Ge and Rn. Finally, contributions to the IP due to the Lamb shift were calculated to be
small and positive, ranging from +0.05 kcal/mol for Ga to +0.17 kcal/mol for Pb. The present
ALamb values can be compared to the QED contributions reported by Borschevsky et al.*” for
Bi, Po, and At. For those elements the present calculations result in ALamb contributions of
about +0.17 kcal/mol, which are only slightly larger than their QED values of about +0.14
kcal/mol.

After including SO contributions, including Gaunt, the final composite IPs agree with
experiment to within a mean unsigned error of just 0.19 kcal/mol (standard deviation of 0.24
kcal/mol). The only deviations from experiment above 0.14 kcal/mol for the 4p and 5p elements
occur for As, Se, and Sb, which deviate from experiment by +0.31, -0.22, and +0.78 kcal/mol,
respectively. Note that in each of these cases, frozen-core KRCI calculations had to be used for
the SO contributions. For the 6p elements, the only errors with respect to experiment above 0.21
kcal/mol are found for Pb (-0.66 kcal/mol) and Po (+0.56 kcal/mol). Presumably this is also due
to the SO treatment, even though 4c-DC-CCSD(T) could be used in these cases. It is not
obviously due to additivity errors, however, as indicated by the CBS-extrapolated 4c-DC-
CCSD(T) results shown in Table II, which are nearly identical to the PP-based FPD values. Last,
our final composite results for [ and At can be compared to the 4c-CCSD(T)+Breit results of
Rothe et al.,*! 241.15 and 214.95 kcal/mol from this work compared to 240.44 and 214.63



kcal/mol from theirs. As shown in Table II, the experimental values are 241.01 and 214.87

kcal/mol for I and At, respectively.

B. Electron Affinities

Analogous to the results shown for the ionization potentials discussed above, the SO
contributions to the atomic electron affinities are given in Table III with the FPD component
breakdowns with comparisons to available experiment being shown in Table IV. The Gaunt and
SO results of Table III exhibit very similar trends as those of Table I for the ionization potentials;
the magnitude of the SO effect increases down a group and the Gaunt contribution is generally
very small. Valence electron correlation effects on SO, as judged by the difference between
AoC-DHF and KRCI results, are modest for the 4p and 5p elements where it is generally only a
few tenths of a kcal/mol but is very important for the 6p atoms, particularly TI, Pb, and Bi. As in
the IPs, attempting to correlate the outer-core electrons with the KRCI method did not lead to
accurate results since it tended to strongly overestimate core correlation effects, presumably due
to size extensivity errors. Results using simple J-averaging of the experimental energy levels,
which are only available for the 4p and 5p EAs, appears to be accurate to within a few tenths of a
kcal/mol, except for the EA of Te where comparison to CCSD(T) indicates an error of about 1.4
kcal/mol.

In comparing the FS-CCSD results for SO effects to CCSD(T) in Table III, it is clear that
there is a degradation in accuracy when the calculation involves either the (0,2) or (2,0) sectors,
i.e., when the orbitals employed are obtained from reference atomic states differing by 2
electrons from the state of interest. This is clearly seen in the EA results for T1 (T1™ differs by 2
electrons from the T1" reference state) and particularly the group 17 elements, e.g., Po (neutral
Po differs by 2 electrons from the Po?" reference state), where they differ from the CCSD(T)
values (without (n-1)p correlation) from 0.8 to 2.3 kcal/mol. This can also be observed for the
IPs of Table I, albeit to a lesser extent; the FS-CCSD SO contributions to the IPs of both Pb and
At differ from their CCSD(T) values by -0.6 kcal/mol.

As shown in Table IV, the effects of outer-core electron correlation are much smaller than
for the IPs with the ACV values for the EAs of all atoms calculated to be less than 1 kcal/mol. In
addition, both the PP correction (ADK) and QED effects (ALamb) are calculated to be even

smaller than in the IP cases and are never more than about 0.1 kcal/mol. The effects of electron



correlation beyond CCSD(T) are also relatively small, although they do reach a few tenths of a
kcal/mol for the 3p atoms and the early 4p atoms. After including the SO effects from Table III,
the final FPD EAs are generally in excellent agreement with the available experimental values,
except for the group 13 atoms. Without the group 13 atoms, the FPD EAs differ from experiment
by an unsigned average of just 0.23 kcal/mol with a standard deviation of only 0.24 kcal/mol.
Maximum deviations occur for Sn (0.6 kcal/mol) and Bi (0.7 kcal/mol) and these can be
attributed to the SO treatment. As in the IPs, additivity in the FPD scheme does not limit the final
accuracy as judged by the close agreement of the 4c-DC-CCSD(T)/CBS[T,Q]+AGaunt+AQED
results with the current FPD values.

In the cases of the group 13 elements (Ga, In, T1), the experimental values appear to be too
large — by more than 4 kcal/mol for Ga and over 1 kcal/mol for both In and TI. Particularly for
Ga and In where the SO effects are not strongly influenced by electron correlation (see Table
III), the expected uncertainty in the FPD values are conservatively estimated to be +0.5
kcal/mol. In the case of T1 where the 4c-CCSD(T) calculations of the SO effects appear to be
very reliable based on the magnitudes of the T1 amplitudes and coefficients of the HF
determinants in the AoC-DHF calculations, the uncertainty in the FPD result should also be
better than +0.5 kcal/mol. In the case of Tl most previous calculations also were in similar
disagreement with experiment, but the FS-CCSD calculations of Eliav et al.*® attributed this to a
lack of 5d electron correlation. Table V investigates this further at the 4c-DC-CCSD(T) level of
theory with both the QZ basis sets of this work and the same basis set as Eliav et al., as well as
extrapolations to the CBS limit, and with and without the inclusion of SO effects. In this work
the contribution of 5d correlation to the EA of Tl is calculated to be only about +0.3 kcal/mol at
the CBS limit, while Eliav et al. reported values from +1.8 to +2.3 kcal/mol. The present
calculations, even those also at the FS-CCSD level of theory, do not support such a large 5d
correlation contribution. Hence as in the cases of Ga and In, it is recommended that the
experimental EAs of the group 13 elements be revisited by experiment. It should also be noted in
passing that there were no indications that the ground state of T1™ is not *Po, hence the very large
EA for Tl calculated by Felfli et al.>! is not supported in this work.

As in the IPs, the current FPD values for the EAs of Bi, Po, and At can be compared to the
recent 4¢c-DC-CCSD(T)+Breit+QED results of Borschevsky et al.*’ In each case the EAs differ

by no more than 0.3 kcal/mol, which can be attributed to the different basis sets used and the lack
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of higher electron correlation effects in their work. Quite recently Si and Froese Fischer®’
published extensive multiconfiguration DHF (MCDHF) calculations for the EAs of the group 17
atoms. Their results for Br and I differed from experiment by just 0.10 and 0.11 kcal/mol,
respectively. By comparison, the FPD results of this work differed by 0.06 and 0.02 kcal/mol,
respectively. In the case of the EA of At, however, the MCDHF results of Ref. 87 yielded a value
of 54.72 £ 0.11 kcal/mol, which differs from the present FPD result by 1.11 kcal/mol. It also
similarly differs from the 4c-DC-CCSD(T)+Breit+QED value of Borschevsky et al.*’ The Si and
Froese Fischer result is well outside the uncertainty estimate of the present work, which
recommends an EA for At of 55.8 + 0.3 kcal/mol after attempting to account for all possible

sources of error. It is not clear what the origin of this discrepancy might be.

IV. CONCLUSIONS

The relativistic FPD composite approach has been used to accurately determine the first
ionization potentials and electron affinities for the post-d, p-block elements Ga — Rn. After
extrapolation to the CBS limit, including the effects of outer-core electron correlation at the
CCSD(T) level of theory, higher order electron correlation, QED, and SO effects were included
to yield the final FPD results. Several different methods were investigated for the calculation of
the SO effects on the IPs and EAs, all using 4-component wavefunctions with the Dirac-
Coulomb Hamiltonian. In the cases where 4c-DC-CCSD(T) could be used for the SO
contributions, the final IPs and EAs agreed with the available experimental values with an
unsigned average error of just 0.16 (12 out of 18 cases) and 0.20 (6 out of 10 cases) kcal/mol,
respectively. Otherwise when KRCI was utilized the error increased by several tenths of a
kcal/mol. In all cases, however, the final errors with respect to experiment were below 1
kcal/mol. The exceptions were the EAs for the group 13 elements (Ga, In, TI) where the accepted
experimental values appear to be too large in all three cases. The values predicted in this work,
which have conservative uncertainties of £0.5 kcal/mol, are 5.25 (Ga), 7.69 (In), and 7.39 (TI)
kcal/mol. For the EAs of Po and At, the current calculations predict values of 34.21 and 55.83

kcal/mol with estimated uncertainties of +0.6 and 0.3 kcal/mol, respectively.
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SUPPLEMENTARY MATERIAL

See the supplementary material for the functional form and parameters for the model potentials

used in the QED calculations for each atom.
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Table I. Calculated Gaunt and spin-orbit contributions to the ionization potentials (kcal/mol).

Gaunt SO (Dirac-Coulomb)
J Avg.? Ref. 12 AoC-DHF® | AoC-DHF® KRCI® FS-CCSD! CCSD(T)*f

Ga +1.57 +1.59 -0.09 +1.51 +1.44 +1.55 +1.60
Ge -0.60 -0.46 -0.08 -0.50 -0.44 -0.48 g
As -5.05 -5.09 +0.00 -5.07 -4.90 h g
Se +2.70 +2.58 -0.15 +2.64 +2.51 h g
Br -0.70 -1.32 -0.09 -1.21 -1.27 -1.36 -1.25
Kr -5.12 -5.01 -0.06 -5.10 -4.95 -4.97 -5.05
In +4.22 -0.17 +4.17 +3.90 +4.19 +4.33
Sn -1.05 -0.14 -0.32 -0.01 -0.11 g
Sb -11.90 +0.01 -11.97 -11.59 h g
Te +6.02 -0.20 +5.43 +4.89 h g

I -1.56 -0.10 -3.78 -3.98 -4.49 -4.26
Xe -10.04 -0.09 -9.73 -9.36 -9.36 -9.54
Tl +14.85 -0.39 +15.93  +1490  +15.50 +16.15
Pb 2.47 -0.36 +5.81 +7.26 +6.91 +7.71
Bi -39.75 +0.02 -36.26 -33.82 h -34.17
Po +18.43 -0.16 +6.31 +2.50 h +1.410
At -0.10 -16.41 -16.78 -18.07 -17.65
Rn -0.11 -25.73 -24.61 -24.74 -24.87

a Using the experimental energy levels®® (where available) within the ground state terms.

b Using uncontracted aug-cc-pVTZ basis sets

¢ Valence electrons correlated with uncontracted aug-cc-pVTZ basis sets.

4 Valence plus outer-core d electrons correlated with uncontracted aug-cc-pwCVQZ basis sets.
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¢ CBS-extrapolated results with valence plus outer-core d electrons correlated using aug-cc-
pwCVnZ (n=T, Q) basis sets with Egs. (4) and (5), but Eq (4) used an exponent of 6.57 for the
DHF component.

f Contains CCSD(T)/aug-cc-pwCVTZ(unc) contributions from (n-1)p electron correlation of
+0.02 (Ga), +0.02 (Br), -0.02 (Kr), +0.08 (In), -0.07 (1), -0.06 (Xe), +0.31 (T1), +0.20
(Pb), -0.20 (Bi), -0.24 (Po), -0.20 (At), and -0.14 (Rn) kcal/mol. See the text.

¢ Too multideterminantal for CCSD(T) with spin-orbit included. See the text.

B Not applicable for FS-CCSD (more than 2-electrons from closed shell reference state).

i Borderline cases for reliable CCSD(T) calculations.
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Table II: Contributions to composite FPD lonization Potentials (kcal/mol).

CBS +ACV +ADK +AHC ~ +ALamb Pre-AS0 +ASO* | Final FPD fe-De- Expt.c
Total CCSD(T)°

Ga 134.88 +1.81 +0.02 +0.08 +0.05 136.83 +1.51 138.34 138.60 138.3515
Ge 180.74 +1.77 +0.03 +0.10 +0.05 182.68 -0.52 182.16 182.17'6
As 229.13 +1.68 +0.02 +0.05 +0.06 230.94 -4.90 226.04 225.73(1)"
Se 220.83 +1.27 +0.10 +0.05 +0.06 222.32 +2.36 224.68 224.9018
Br 272.32 +1.22 +0.20 +0.01 +0.06 273.81 -1.34 272.47 272.81 272.4319
Kr 326.72 +1.13 +0.00 -0.05 +0.07 327.86 -5.11 322.75 323.22 322.84%0
In 126.81 +2.24 +0.05 +0.07 +0.09 129.26 +4.16 133.42 133.30 133.4415
Sn 166.85 +2.38 -0.01 +0.07 +0.09 169.37 -0.15 169.22 169.35!
Sb 208.44 +2.37 -0.05 +0.02 +0.09 210.87 -11.58 199.29 198.512
Te 200.92 +1.93 -0.01 +0.02 +0.09 202.95 +4.69 207.64 207.773

I 24333 +1.95 +0.15 -0.02 +0.09 245.51 -4.36 241.15 241.25 241.01%
Xe 287.44 +1.81 +0.11 -0.08 +0.09 289.37 -9.63 279.74 279.93  279.72%526
Tl 121.29 +3.75 -0.34 +0.03 +0.16 124.89 +15.76 140.65 140.55 140.86%
Pb 159.03 +3.61 +0.20 +0.01 +0.17 163.02 +7.35 170.37 170.26 171.03%8
Bi 198.50 +3.39 +0.15 -0.03 +0.17 202.17 -34.15 168.02 168.02 168.01%
Po 190.28 +2.75 +0.16 -0.02 +0.17 193.34 +1.25 194.59 19438  194.03(9)%°
At 229.91 +2.65 +0.03 -0.06 +0.16 232.70 -17.75 214.95 215.30 214.873!
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Rn 270.43 +2.46 -0.04 -0.12 +0.16 272.90 ‘ -24.98 ‘ 247.92 ‘ 247.92 247.87%2

2 Spin-Orbit contributions correspond to the sum of the Gaunt and CCSD(T) values of Table 2, except for Ge-Se and Sn-Te, where the

Gaunt + KRCI results were utilized.
b 4c-DC-CCSD(T)/aug-cc-pwCVTZ and /aug-cc-pwCVQZ results (valence+d correlated) extrapolated to the CBS limit via Eqs (4)

and (5) with the addition of the Gaunt, QED, and (n-1)p SO correlation effects. An exponent of 6.57 was used in Eq. (4) instead of 9,
which is appropriate for a TZ/QZ extrapolation.

¢ Uncertainties less than 0.01 kcal/mol unless otherwise noted.
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Table III. Calculated spin-orbit contributions to the electron affinities (kcal/mol).

Gaunt SO (Dirac-Coulomb)
JAvg® | AoC-DHF® | AoC-DHF®  KRCI° FS-CcCSDY  CCSD(T)*f

Ga -0.44 +0.01 -0.55 -0.50 -0.56 g
Ge 2.77 +0.05 2.75 -2.63 h g
As +1.39 -0.03 +1.45 +1.36 h g
Se -0.53 +0.01 -0.75 -0.77 -1.50 -0.82
Br -3.51 +0.03 -3.45 -3.35 3.42 -3.43
In -1.11 +0.01 -1.34 -0.95 -1.12 g
Sn -7.06 +0.07 -7.01 -6.73 h g
Sb +3.45 -0.06 +3.37 +3.02 h g
Te -1.25 +0.01 2.32 -2.46 -4.03 -2.65
I -7.25 +0.02 -6.85 -6.57 -6.84 -6.75
Tl +0.01 -4.86 -1.12 -1.35 -0.48
Pb +0.17 -23.73 -21.85 h -22.22i
Bi -0.02 +6.85 +3.70 h +3.08
Po +0.05 -10.03 -10.54 -13.52 -11.35
At +0.05 -17.81 -17.10 -17.28 -17.39

a Using the experimental energy levels®® (where available) within the ground state terms.

b Using uncontracted aug-cc-pVTZ basis sets

¢ Valence electrons correlated with uncontracted aug-cc-pVTZ basis sets.

4 Valence plus outer-core d electrons correlated with uncontracted aug-cc-pwCVQZ basis sets.

¢ CBS-extrapolated results with valence plus outer-core d electrons correlated using aug-cc-

pwCVnZ (n=T, Q) basis sets with Egs. (4) and (5), but Eq (4) used an exponent of 6.57 for the
DHF component.
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f Contains CCSD(T)/aug-cc-pwCVTZ(unc) contributions from (n-1)p electron correlation
of -0.02 (Se), -0.02 (Br), -0.05 (Te), -0.05 (I), +0.03 (TI), -0.20 (Pb), -0.09 (Bi), -0.13
(Po), -0.10 (At) kcal/mol. See the text.

¢ Too multideterminantal for CCSD(T) with spin-orbit included. See the text.

B Not applicable for FS-CCSD (more than 2-electrons from closed shell reference state).

i Borderline cases for reliable CCSD(T) calculations.
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Table IV. Contributions to composite FPD Electron Affinities (kcal/mol).

CBS +ACV +ADK +AHC  +ALamb Pre-AS0 +ASO?* | Final FPD fobe Expt.°
Total CCSD(T)°
Ga 7.64 -0.43 -0.01 +0.24 +0.02 7.46 -2.21 5.25 9.45(92)4
Ge 31.03 -0.01 +0.01 +0.17 +0.03 31.23 -2.58 28.65 28.433
As 16.93 -0.16 +0.01 +0.25 +0.03 17.07 +1.33 18.40 18.54%
Se 47.08 +0.08 +0.06 +0.12 +0.04 47.38 -0.81 46.57 46.66 46.603°
Br 80.59 +0.21 +0.08 -0.02 +0.04 80.91 -3.40 77.51 77.76 77.5737
In 9.98 -0.41 +0.01 +0.21 +0.05 9.85 -2.16 7.69 9.32(21)8
Sn 32.49 +0.16 +0.10 +0.12 +0.06 32.93 -6.67 26.26 25.64%°
Sb 20.84 -0.04 +0.06 +0.19 +0.05 21.10 +2.96 24.06 24.15%
Te 47.77 +0.29 +0.03 +0.08 +0.06 48.22 -2.64 45.58 45.66 45.454
I 76.68 +0.49 +0.10 -0.05 +0.06 77.29 -6.73 70.56 70.75 70.54%
Tl 7.36 +0.34 -0.06 +0.13 +0.08 7.86 -0.47 7.39 7.27 8.69(30)*
Pb 29.46 +0.88 +0.05 +0.06 +0.11 30.56 -22.05 8.51 8.47 8.234
Bi 18.58 +0.51 +0.05 +0.13 +0.09 19.38 +3.06 22.44 22.28 21.73%
Po 44.51 +0.81 +0.07 +0.02 +0.10 45.51 -11.30 34.21 34.22 -
At 72.15 +0.95 +0.06 -0.09 +0.11 73.17 -17.34 55.83 55.88 ---

2 Spin-Orbit contributions correspond to the sum of the Gaunt and CCSD(T) values of Table 4, except for Ga-As and In-Sb, where the

Gaunt + KRCI results were utilized.
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b 4c-DC-CCSD(T)/aug-cc-pwCVTZ and /aug-cc-pwCVQZ results (valence+d correlated) extrapolated to the CBS limit via Eqs (4)

and (5) with the addition of the Gaunt, QED, and (n-1)p SO correlation effects. An exponent of 6.57 was used in Eq. (4) instead of 9,
which is appropriate for a TZ/QZ extrapolation.
¢ Uncertainties less than 0.01 kcal/mol unless otherwise noted.

4 Value of Ref. 33 corrected for the anion fine structure. See Ref, 8°
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Table V. Contributions to the electron affinity of Tl from correlating the outer-core electrons

(kcal/mol).

Method Electrons AEAS
correlated

DK3-CCSD(T)/aug-cc-pwCVTZ-DK3®  val+5s5p5d +0.08
DK3-CCSD(T)/aug-cc-pwCVQZ-DK3®  val+5s5p5d +0.29
DK3-CCSD(T)/CBS® val+5s5p5d +0.34
PP-CCSD(T)/aug-cc-pwCVQZ-PP® val+5s5p5d +0.24
PP-CCSD(T)/aug-cc-pwCV5Z-PPP val+5s5p5d +0.30
DK3-CCSD(T)/aug-cc-pwCVQZ-DK3P® val+5d +0.28
X2C-CCSD(T)/Eliav® val+5d +0.36
DC-FS-CCSD/Eliav® val+5d +0.23
Eliav (Scheme 12)¢ val+5d +1.84
Eliav (Scheme 11)¢ val+5d +2.31

2 Change in the EA relative to just correlating the 6s6p valence electrons.

b This work. The TZ, QZ, and 5Z sets include maximum angular momenta of g, h, and 1,
respectively, optimized for 5d5p5d correlation.

¢ From this work using the same basis set as Ref. ¥, which has maximum angular momentum of
i-type.

4FS-CCSD results of Ref. 48,
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