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Abstract

The fascination with superheavy elements (SHE) spans the nuclear physics, astrophysics,

and theoretical chemistry communities. Extreme relativistic effects govern these elements’

chemistry and challenge the traditional notion of the periodic law. The experimental quest

for SHE critically depends on theoretical predictions of these elements’ properties, especially

chemical homology, which allows for successful prototypical experiments with more readily

available lighter homologues of SHE. This work is a comprehensive quantum-chemical

investigation into astatine (At) as a non-intuitive homologue of element 113, nihonium (Nh).

Combining relativistic coupled-cluster and density functional theory approaches, we model the

behaviour of At and AtOH in thermochromatographic experiments on a pristine gold surface.

Insights into the electronic structure of AtOH and NhOH and accurate estimates of At–gold

and AtOH–gold adsorption energies rationalize recent experimental findings and justify the

use of At as a chemical homologue of Nh for the successful design of future experiments on

Nh detection and chemical characterization.
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I Introduction

Long-lived isotopes of superheavy elements (SHEs) discovered in 48Ca nuclear fusion reactions

with actinide targets suggest that the island of particularly shell-stabilised nuclei1 could be within

reach. Recently, attention to superheavy elements (SHE) has extended to astrophysics: new

studies suggest that SHE can be observed in kilonovae, rendering these elements more than

short-lived peculiarities of artificial nucleosynthesis.2,3 While the emergence of new elements is

already a fantastic discovery, the longevity of certain isotopes inspires experimental and theoretical

investigations into these elements’ chemistry, advancing the quest for SHE4,5 as the ultimate

test of the periodic law.6–10 Such investigations resulted in successful chemical identification of

copernicium (element 112, Cn),11 flerovium (element 114, Fl),12,13 and nihonium (element 113,

Nh),14 as confirmed at the fourth IUPAC/IUPAP Joint Working Party.15

Gas thermochromatography on a gold surface16 is a unique SHEs’ chemical detection method.

However, these highly sophisticated and expensive experiments yield only limited information

on the chemical properties of SHEs. Furthermore, the correct and detailed interpretation of the

available experimental data is only possible with preliminary theoretical modelling. Therefore,

the quantitative theoretical prediction of the SHEs’ interactions with a gold surface is integral to

identifying these elements.

Strong relativistic effects suggest dramatic dissimilarities in the chemical behaviour of SHEs

and their formal lighter homologues.17,18 Experiments show that for atomic copernicium (Cn,

Z=112) and flerovium (Fl, Z=114), the temperatures and adsorption enthalpies on a gold surface,

∆HAu
ads are close to each other, −∆HAu

ads(Cn) = 52+4
−3 kJ/mol and −∆HAu

ads(Fl) = 34+54
−11 kJ/mol. For

their respective immediate homologues — mercury and lead — these values are −∆HAu
ads(Hg) =

98± 3 kJ/mol19 and −∆HAu
ads(Pb) = 295 kJ/mol.13 Thus, Fl displays the properties fairly close

to quasi-inert closed-shell Hg and Cn and is drastically dissimilar to its formal homologue Pb.

This is the direct consequence of the strong 7p1/2–7p3/2 spin-orbit splitting and the relativistic

stabilisation of the 7p1/2 shell. The realisation of an almost pure j-j coupling scheme20 gives rise

2

https://doi.org/10.26434/chemrxiv-2024-6nl51-v3 ORCID: https://orcid.org/0000-0002-6221-0009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-6nl51-v3
https://orcid.org/0000-0002-6221-0009
https://creativecommons.org/licenses/by-nc-nd/4.0/


to a closed-shell 6d107s27p2
1/2 lowest-energy configuration of the Fl atom, resulting in the same

1S0 ground state as in Hg (5d106s2) and Cn (6d107s2). Despite manifest deviations in the chemical

properties of SHEs from the trends observed in their lighter formal homologues in the respective

groups of the periodic table, finding chemical homologues is a practically meaningful issue,21–23

especially in light of the ongoing experimental studies of nihonium (Nh, Z=113).24

The theoretically predicted adsorption enthalpy of single Nh atoms on a gold surface (−∆HAu
ads(Nh)=

106± 10 kJ/mol25) differs substantially from the experimentally measured value for its formal

homologue, thallium (−∆HAu
ads(Tl) = 270±10 kJ/mol26). Even though both Tl(5d106s26p1

1/2) and

Nh(6d107s27p1
1/2) are open-shell atoms with the 2P1/2 ground state, the Tl–Nh chemical homology

appears tenuous for calibrating the experiments on Nh.

However, the placement of Nh between two quasi-inert closed-shell Cn and Fl — a unique

feature of the 7th row of the periodic table — allows for an interpretation of the electronic

structure of a Nh atom as a hole in the closed 7p subshell of a Fl atom.27,28 Given the substantial

dissimilarities between Nh and Tl, the next closest realisation of a single p-shell hole is in astatine,

whose 2P3/2 ground state is dominated by the At(5d106s26p2
1/26p3

3/2) configuration. Even despite

different angular distribution functions of 7p1/2 and 6p3/2 spinors,29–31 similarities in the chemical

behaviour of Nh and At transpire in a comparative study of their hydroxide molecules, whose

formation is possible in the presence of oxygen and water.32 Demidov and Zaitsevskii33 estimated

the energy of the hydroxyl group elimination at 0 K at ca. 188 kJ/mol for NhOH, and the respective

values for TlOH and AtOH at 319 and 174 kJ/mol. These estimates reveal that the chemical

properties of Nh are closer to those of At than the formal homologue Tl and suggest At as a pseudo-

homologue of Nh34 and a plausible lighter candidate to optimise the experimental conditions for

further Nh chemistry explorations.

Several theoretical estimates of elemental At adsorption energy on the (111) gold surface

with relativistic density functional theory (DFT) are available: 130± 10 kJ/mol using finite Au

clusters,35 and 175 kJ/mol,36‡ 184 kJ/mol,38 and 189 kJ/mol39 from periodic calculations. The

0‡ Tanudji et al.36 give 138 kJ/mol with respect to At2 in the dissociation limit. We normalise it to atomic At using
De(At2)=75.0 kJ/mol.37
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result derived from thermochromatographic data is 147± 15 kJ/mol.40 Ryzhkov et al.38 ascribe

the discrepancy between their results and those in ref. 35, albeit without supporting numerical data

and despite a better agreement between ref. 35 and experiment,40 to “obvious limitations” of the

cluster model, the neglect of cluster relaxation caused by adsorption, and the use of the DFT model

without a dispersion correction. However, Tanudji et al.36 evaluate the dispersion contribution to

the At – Au (111) adsorption energy at ca. 50 kJ/mol, which is 28% of their total value.

Astatine or nihonium species other than single atoms possibly present in gas thermochro-

matography experiments further complicate the detection of these elements based on measuring

the adsorption energy on a gold surface.32,40 The quantities of astatine species are insufficient for

standard spectroscopic techniques to determine their molecular structure. Thus, any interpretation

of the experimental outcome hinges on testing the hypotheses on the astatine molecular species

in the carrier gas using quantitative predictions of these species’ interactions with gold. The

available thermochromatographic data do not appear to have decisively settled the debate on the

particular AtOxHy molecules observed.32,40 In the most recent online gas thermochromatography

experiments, Chiera et al.32 detect a volatile At species with the adsorption energy on a gold

surface ≥ 90 kJ/mol and argue in favour of AtOH as the most plausible candidate.

Compared to the case of elemental At, an even more significant discrepancy in theoretical

estimates of AtOH – Au (111) adsorption energy exists: 90 ± 1035 vs. 18938 kJ/mol. The

latter estimate is remarkably close to the same authors’ At – Au (111) adsorption energy, and

they attribute its significant difference from the ref. 35 one to the same factors as for elemental At,

also without any numerical details. The estimate in ref. 35 appears in much better agreement with

the experimental data, especially ref. 32. However, exploring the role of dispersion interactions in

AtOH binding with gold remains worthwhile.

This paper presents a comprehensive quantum-chemical investigation into astatine’s potential

chemical homology with superheavy elements. Specifically, we address the chemical reactivity

of AtOH in comparison to TlOH and NhOH, assess computational methodology for modelling At

— Au(111) interactions, and revisit the discrepancies in theoretical estimates of At and AtOH
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adsorption energies on a gold surface. Finally, we suggest a plausible explanation of AtOH

formation and stability on Au(111).

II Computational details

A Relativistic effective core potentials

Scalar and spin-dependent relativistic effects are critically important in modelling the electronic

structure of astatine compounds.41 In all our DFT and ab initio wavefunction calculations

involving Au, Tl, At, or Nh atoms, we incorporate these effects using semi-local versions of

highly accurate42,43 shape-consistent generalised relativistic effective core potentials (RECPs) by

Mosyagin et al.44–46 These RECPs replace 60 core electrons of Au, Tl, and At, and 90 of Nh.

The RECPs for Tl and At also include the lowest-order quantum electrodynamics contributions.47

By employing the RECP Hamiltonian, we economically account for the relativistic effects within

the two-component (2c) formalism without compromising the calculations’ accuracy. We treat all

electrons for O and H atoms explicitly. Because of the insignificance of relativistic effects in O

and H, we use the non-relativistic Coulomb Hamiltonian in the calculations of individual O and

OH species.

B Relativistic coupled-cluster calculations of X-OH (X = Tl, At, Nh) first

excitation and binding energies

The magnitude of the energy gap between the ground and the first excited electronic state, or

the electron promotion energy, which for stable closed-shell systems is usually referred to as the

singlet-triplet gap, tends to negatively correlate with chemical reactivity, thus providing its rough

measure.48 In molecules with atoms as heavy as Tl, At, and especially Nh, spin-states are not well-

defined because of strong spin-dependent relativistic effects (“spin-orbit coupling”). Therefore, the

gap between the relativistic ground and the first excited states is the closest analogy of the singlet-
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triplet gap. Such excited states originate from promoting an electron from the highest occupied

molecular spinor to the lowest virtual Kramers pair.

The relativistic Fock-space coupled-cluster method with single and double excitations (FS

RCCSD)49–51 is an economical alternative to equation-of-motion CCSD yet rigorous approach to

calculating vertical excitation energies to the lowest-lying electronic states. Its typical uncertainty

is ca. 0.1 eV or lower (see review 51 and references therein). We calculate target singly-excited

(“triplet”) states in the one hole and one particle (1h1p) Fock space sector52,53 with respect

to the closed-shell ground state considered as the Fermi vacuum. Model spaces comprise the

determinants obtained by single excitations of electrons occupying 4 (TlOH), 5 (AtOH) and 7

(NhOH) Kramers pairs of the highest occupied molecular spinors (HOMS) to 15 (TlOH), 11

(AtOH) and 14 (NhOH) Kramers pairs of the lowest unoccupied molecular spinors (LUMS).

The apparent variability of the chosen active spaces reflects noticeable, albeit unsurprising,

differences in the spinors’ energy spectra, even for presumed chemical homologues. Assuming a

reasonable core–valence separation to be of a few eV, we choose active holes counting from the

HOMS down until we encounter such a gap. We find these gaps to be 6.1 eV between HOMS−3

and HOMS−4 in TlOH, 8.3 eV between HOMS−4 and HOMS−5 in AtOH, and 3.2 eV between

HOMS−6 and HOMS−7 in NhOH. As expected, the energy spacing is much smaller across low-

lying unoccupied spinors. We require the energy gap between active and virtual particles to exceed

0.5 eV. This criterion results in the following active–virtual particles separations: 0.8 eV between

LUMS+14 and LUMS+15 in TlOH, 0.7 eV between LUMS+10 and LUMS+11 in AtOH, and

0.9 eV between LUMS+13 and LUMS+14 in NhOH. Our a posteriori analysis indicates that this

choice generates active spaces substantially larger than is necessary to include the determinants

that dominate in the first excited states, thus ensuring convergence with respect to the active-space

size. We enclose sample output files of these calculations in ESI.

To bypass the intruder-state problem, we use the intermediate Hamiltonian formulation of

FS RCCSD for incomplete main model spaces recently proposed by Zaitsevskii et al.47 and

implemented in the EXP-T program.54,55 This FS RCCSD code relies on one-electron spinors
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and transformed molecular integrals from the DIRAC19 program package.56,57 We use quadruple-

zeta quality basis sets for Tl, At, and Nh from refs. 58,59 adapted for the chosen RECP model,60

and aug-cc-pVQZ-DK61 basis sets for H and O.

To calculate hydroxyl group elimination energies D0, we apply the single-reference relativistic

2c-CCSD(T) method62 as implemented in the DIRAC19 program56,57 and the same basis sets as

in FS RCCSD calculations. We also apply counterpoise correction to compensate for the basis-set

superposition error and include zero-point energy (ZPE) from harmonic vibrational frequencies

calculated at the DFT/B88P86 level by Demidov and Zaitsevskii.33 The analysis of these results

in Sec. A also serves as an additional assessment of the DFT approaches’ quality.

C Relativistic density functional theory calculation of adsorption properties

With relativistic coupled-cluster methods becoming prohibitively demanding for polyatomic

molecules or clusters, we resort to two-component relativistic density functional theory (2c-RDFT)

to simulate the adsorption of At, AtOH, O, and OH on a gold surface. In 2c-RDFT calculations, we

employ the collinear version of the method in NWCHEM 63 for preliminary geometry-optimisation

calculations. However, we derive the ultimate results reported in this work from the more

rigorous non-collinear approach implemented in TURBOMOLE 64,65 and (identically) in an older

TURBOMOLE-based stand-alone programme.66 In these calculations, we use the two-electron

integrals cutoff 1.0 ·10−16 and the finest DFT quadrature grid ($grid 7). We apply the convergence

criterion of 1.0 ·10−7 a.u. to energies and 1.0 ·10−4 a.u. to gradients.

Choosing an appropriate XCF approximation for relativistic electronic-structure calculations

of heavy-element species is a lingering problem67 that persists in the case of At compounds.68 In

the absence of relativistic XCFs suitable for molecular quantum-chemical modelling,69 we base

our choice on previously documented successes and additional reliability tests in the present work.

Based on the first ionisation potential (IP) and electron affinity (EA) of At, EA of O, the OH

group elimination energy from AtOH, and the bond dissociation energies (De) of AtO, AtO+,

and AtAu, a practically non-empirical hybrid XCF PBE074,75 is a well-justified choice overall.
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Table 1: Calculated and experimental values for the first ionisation potential and the electron
affinity of astatine, the electron affinity of oxygen, and bond dissociation energies of astatine
compounds. In all DFT calculations, we use the largest DFT-specific basis sets for At (PSO-Lc+g)
and Au (RDFT+g, see main text below) and the aug-pcseg-2 sets for H and O. All energy values
are in kJ/mol.

B88P86 PBE0 LRC-ωPBEh Theor. Exptl.
At, IP 897 886 884 89870 89970

At, EA 230 221 214 23371 23371

O, EA 181 136 143 14172 14173

AtOH, De
a 203 174 173 18033 –

AtO+, De
b 273 186 185 22437 –

AtO, De 260 193 187 201c –
AtAu, De 192 182 163 18637 –

a The dissociation energy here is De = E(At)+E(OH)−E(AtOH).
b The dissociation energy here is De = E(At+)+E(O)−E(AtO+).

c The 2c-CCSD(T)/CBS value in present work is calculated as in ref. 37.

O−Au4 AtOH−Au4 OH−Au4 At−Au4

Figure 1. Small X–Au4 (M = O, AtOH, OH, At) cluster models used for benchmarking in
Sections D–E.

We also present the results for the long-range corrected version of PBE0, LRC-ωPBEh.76 This

approximation uses a fraction of Hartree–Fock exchange in the short range and transitions to 100%

Hartree–Fock exchange in the long range, thus recovering the correct asymptotic behaviour and

minimising the delocalisation error. A related version of this XCF, LC-ωPBE,77–79 has already

been found a promising Ansatz for adjusting the approximation’s parameters for heavy-element

chemistry.80 Given that LRC-ωPBEh combines the strengths of both PBE0 and LC-ωPBE, it

unsurprisingly yields consistently good results. A popular B88P8681,82 approximation must be

used with caution as its success is only serendipitous.

We rely on cluster models to simulate adsorption sites on gold’s most stable (111) surface and

estimate the effects of surface relaxation caused by the adsorbed species, non-covalent interactions,
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O−Au10 AtOH−Au10 OH−Au16 At−Au16
hollow-3 hollow-3 bridge bridge

Figure 2. The types of adsorption complexes considered in the present work. The position of a
single adsorbed O atom and the At atom in an adsorbed AtOH molecule is directly above the Au
atom in the third layer from the surface (“hollow-3”). The O atom in an adsorbed OH radical and
a single adsorbed At atom occupy the bridge position above the middle of chemical bonds of gold
atoms of the first layer of the Au(111) surface.

and finite-size effects. To minimise basis-set errors and isolate them from those of the exchange-

correlation functional (XCF) approximations, we rely on sufficiently large DFT-specific basis sets:

polarisation-consistent aug-pcseg-2 sets for H and O83 and bespoke in-house sets for At and Au

developed for the chosen RECP model. The At basis set is PSO-Lc+g comprised of the large

PSO-Lc84 basis with the g-function from def2-QZVP.85 For Au, we use the RDFT+g basis made

of RDFT25 and the g-function from def2-QZVP,85 the original RDFT25 basis, and RDFT−p,

which is the RDFT25 basis without the most diffuse p-function. We choose the At and Au

basis sets depending on the cluster size to keep the computation time reasonable and avoid linear

dependencies and the ensuing convergence problems. Because PSO-type basis sets for Tl and Nh

are not available yet, in Sec. A, we resort to using uncontracted RDFT-specific basis sets developed

in refs. 25,59 and available online.86 To bring these basis sets to the same formal composition as

the At one, we expand both sets with an extra g-function. These functions are taken from the

def2-QZVP85 basis for Tl and E113:GVTZ one for Nh.86 These sets are also available in ESI.

To quantify the basis-set error and to decide upon the importance of the counterpoise correction

in RDFT calculations, we apply the standard Boys–Bernardi procedure87 and evaluate the basis-

set superposition error (BSSE) at the PBE0 level for AtAu4 and OAu4 cluster models (Fig. 1)

9

https://doi.org/10.26434/chemrxiv-2024-6nl51-v3 ORCID: https://orcid.org/0000-0002-6221-0009 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-6nl51-v3
https://orcid.org/0000-0002-6221-0009
https://creativecommons.org/licenses/by-nc-nd/4.0/


fragmented into Au4 and the adatom, and for the AtOH molecule fragmented into At and OH.

The largest BSSE is found for OAu4 with the smallest RDFT−p basis for Au, where its value is

−4.98 ·10−4 a.u., or −1.3 kJ/mol. Given that 1.3 kJ/mol is only 0.31 kcal/mol, which is below the

“chemical accuracy” threshold of 1 kcal/mol, the basis sets used in RDFT calculations are virtually

complete for the purpose of this work. Therefore, we find it appropriate to consider BSSE only as

part of the uncertainty evaluation in Sec. IV.

To minimise the cluster model’s finite-size effects on the adsorption energies, we perform a

series of calculations with gold clusters progressively increasing from 10 to 69 atoms. These clus-

ters represent the most stable (111) gold surface with Au–Au distances kept at their experimental

values for the Fm3m crystal structure. We calculate X−Aun binding energies Eb(X−Aun) as

−Eb(X−Aun) = E(X−Aun)−E(X)−E(Aun), (1)

where E(X) is the energy of the adatom or the isolated molecular adsorbate taken at its equilibrium

geometry, E(Aun) is the energy of the fixed Aun cluster, and Eb(X−Aun) is the energy of the

adduct optimised with the Aun geometry frozen. To ensure reliable convergence of the binding

energies with respect to the cluster size, we additionally monitor the net Bader charge88,89 on the

adsorbate (cf. ref. 25). The reliability and accuracy of the computational procedure employed

in the present work were previously demonstrated in refs. 33,90. In the discussion section, we

report binding energies, equilibrium distances between adsorbates and the surface layer of gold

clusters, and Bader charges as a function of the inverse cluster size, which we define as 1
n1/3 , where

n is the number of Au atoms in the cluster model. Given the size of the largest clusters in these

progressions, we use a smaller RDFT−p basis set for Au.

Santiago-Rodriguez et al.91 found that the tetrahedral threefold hollow (“hollow-3”) adsorption

position is preferable energetically for O atoms on the Au (111) surface. At the same time,

the bridge one is only slightly more preferable for OH groups. According to Demidov and

Zaitsevskii,35 the bridge position delivers the global minimum for an At atom adsorbed on
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the Au(111) surface, although the energy difference from the “hollow-3” local minimum is

insignificant. In the same work,35 they found the lateral position of the AtOH molecules above

the Au(111) surface with the astatine atom located in the “hollow-3” site to be the most stable. We

illustrate these optimal positions in Fig. 2 and use them throughout this work.

Our final results for the adsorption energies, which are summarised in Table 6, include zero-

point energies (ZPE). The harmonic frequencies required for the ZPE evaluation are calculated

using the same cluster models as the underlying electronic structure calculations. In Table 6, we

single out the new frequency that results from the formation of the chemical bond between an

adsorbate and the Au(111) surface and gives rise to the leading contribution to ZPE correction to

the binding. However, all vibrational frequencies are used in the ZPE evaluation.

To quantify the role of non-covalent forces in At and AtOH, as well as O and OH interactions

with a gold surface, we use the DFT-D3(BJ)92 and DFT-D493,94 dispersion-correction schemes

from the Grimme group, as implemented in TURBOMOLE for standard XCFs, such as PBE0. For

the LRC-ωPBEh functional, we employ user-defined D4 parameters from ref. 95. Because of the

rapid decay of dispersion interaction with the interatomic distance, we found it sufficient to use

an Au10 cluster to evaluate their contribution to adsorption energy on Au(111). These corrections,

calculated using RDFT Au and PSO-Lc+g At basis sets, are given in Table 2.

To estimate the surface-relaxation effect on the adsorption energy, we choose a model based

on the Au4 cluster, as shown in Fig. 1. Because the equilibrium interatomic distances in an Au4

cluster significantly differ from those in solid gold, we isolate the relaxation effects caused by

the adsorbate as follows. First, we apply constraints to find the (locally) optimal tetrahedral Au4

geometry and its energy to serve as E(Aun) in Eq. 1. Then, with an adsorbate X added, we

perform two optimisation calculations: one with Au4 kept frozen at its previous geometry and

only the adsorbate’s coordinates relaxed, and another with Au4 relaxed as well while preserving

its pyramidal shape. The difference in the resulting E(X−Au4) values yield adsorbate-specific

relaxation effects on Au4. We summarise the results obtained with PBE0-D3(BJ) and RDFT+g

(Au), PSO-Lc+g (At), and aug-pcseg-2 (H, O) basis sets in Table 4 and analyse them in Secs. B–E.
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(a) Binding energies and the
Bader net charges
for adsorbates in hollow-3 posi-
tion.

(b) Binding energies and the
Bader net charges
for adsorbates in the bridge po-
sition.

(c) Equilibrium distances be-
tween adsorbates and the sur-
face layer of the gold clusters
for both hollow-3 and bridge ad-
sorption sites.

Figure 3. Binding energies, the Bader net charges, and equilibrium distances of adsorbates with
the gold clusters of various sizes. All values are calculated with the 2c-RDFT/PBE0/RDFT−p
(Au), PSO-Lc+g (At), aug-pcseg-2 (H, O) approach.

III Results and discussion

In this section, we discuss the properties of adsorbates and our estimates of their adsorption

energies in the context of available theoretical and experimental data. Based on these results, we

offer a plausible explanation of the outcomes of the recent thermochromatographic experiments.

A Electronic structure and chemical reactivity of the TlOH, AtOH and

NhOH molecules

The comparison of the first excitation (1st EE) and the OH-group elimination (D0) energies for

AtOH in Table 3 allows us to surmise that this closed-shell molecule’s “promotion” to a reactive

triplet-like state, in which it can form a chemical bond, is achievable without dissociation. The

NhOH molecule’s D0 is very close to that of AtOH. Still, its 1st EE is 85 kJ/mol higher, suggesting

its lower reactivity and, consequently, higher volatility and potential tendency to physisorb on a
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Table 2: Dispersion corrections ∆D3(BJ) and ∆D4 to binding energies (in kJ/mol) of At, AtOH,
OH, and O with the Au10 cluster calculated. ∆D3(BJ) is evaluated with PBE0, and ∆D4 with PBE0
and LRC-ωPBEh, all using RDFT (Au), PSO-Lc+g (At), and aug-pcseg-2 (H, O) basis sets.

PBE0 PBE0-D3(BJ) ∆D3(BJ)
At 178 206 28
AtOH 77 107 29
OH 170 182 12
O 192 201 9

PBE0 PBE0-D4 ∆D4
At 178 205 27
AtOH 78 106 28
OH 170 183 13
O 192 203 11

LRC-ωPBEh LRC-ωPBEh-D4 ∆D4
At 172 202 34
AtOH 69 93 24
OH 184 198 14
O 208 220 12

gold surface. The TlOH molecular properties are in stark contrast to those of AtOH and NhOH

in much larger 1st EE and D0, indicative of its chemical inertness and the likely capacity for

physisorption only. Interestingly, unlike AtOH and TlOH, 1st EE of NhOH lies in a relatively

convenient optical range (ca. 21000 cm−1), and it is, in principle, possible to detect these

molecules adsorbed on a surface through laser spectroscopy.

Finally, the juxtaposition of 2c-CCSD(T) and RDFT data further validates PBE0 and LRC-

ωPBEh accuracy for AtOH and adequacy for TlOH, especially in combination with the D4

dispersion correction. A somewhat inferior agreement for NhOH may be offset by the D4

correction when it becomes available.

B Adsorption of atomic oxygen

Our 2c-RDFT/PBE0 computations with RDFT−p (Au) and aug-pcseg-2 (O) basis sets give the

following results. The equilibrium distance between the gold surface and the O atom, which we put

in the preferred hollow-3 position,91 varies in the 1.21–1.40 Å range and stabilises at Re = 1.28 Å

in O−Au37 and O−Au69 adsorption complexes (see Figure 3c for details). The corresponding
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Table 3: Excitation energies to the first excited open-shell state (1st EE, kJ/mol) for TlOH, AtOH,
NhOH monohydroxides calculated at the FS RCCSD level and their hydroxyl group elimination
energies D0 (kJ/mol), obtained at the relativistic 2c-CCSD(T) (with counterpoise correction) and
2c-RDFT levels. The D4 correction to DFT energies is given in square brackets when available.
Optimal geometries are taken from ref. 33. Hydroxyl group elimination energies include ZPE
contributions33 (6 kJ/mol for TlOH and AtOH, 7 kJ/mol for NhOH). The BSSE contributions are
given in parentheses.

D0

Molecule 1st EE 2c-CCSD(T) CCSD(T)+∆SO
33 PBE0 LRC-ωPBEh Exptl.96

TlOH 340 313(−13) 319 299[+3] 297[+4] 330±30
AtOH 163 167(−10) 174 164[+3] 160[+4] –
NhOH 248 170(−1) 188 156 150 –

equilibrium distance between O and the nearest gold atom is 2.10 Å. For all cluster model sizes

studied, the Bader charge on the O adatom is negative and converges to O−0.8. The binding energies

for O−Au37 and O−Au69 complexes equal to 206 kJ/mol and 244 kJ/mol, respectively.

The D4 correction to the binding energy is 11 kJ/mol (Table 2) and ZPE contribution −8 kJ/mol

added to 244 kJ/mol for O−Au69 bring our final estimate of the O−Au(111) adsorption energy

to 247 kJ/mol. This result agrees with the 234±33 kJ/mol experimental value97 reasonably well.

The calculated vibrational frequency of the O−Au(111) stretch on the hollow-3 site is 427 cm−1,

which differs from the experimental result98 (380 cm−1) by less than 50 cm−1.

C Adsorption of OH radicals

The chemistries of hydroxyl radicals and atomic halogens bear some similarities,99 thus making it

conceivable to benchmark the adsorption of elemental atomic At on the Au(111) surface against

that of OH.

We first consider the properties of the Au−OH bond in molecular gold hydroxide. Our 2c-

RDFT/PBE0 estimate using RDFT (Au) and aug-pcseg-2 (H, O) basis sets for hydroxyl group

elimination energy for AuOH is 207 kJ/mol, which agrees with a previously reported advanced

result of 195 kJ/mol100 reasonably well. Interestingly, the latter value is quite close to De(AtAu)

= 186 kJ/mol,37 supporting the hypothesis that At and OH behave similarly in their interaction
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with gold. The Bader net charge distribution in an AuOH molecule is Au+0.40O−0.98H+0.59,

corresponding to a −0.40 charge transfer from Au to OH.

According to ref. 91, the preferred adsorption site for isolated hydroxyl groups is the bridge.

Starting from the Au16 cluster (the inverse cluster size 1
n1/3 = 0.397), we find that the equilibrium

distance between the gold surface and the O atom varies slightly with the size of the cluster model

and stabilises at Re = 1.70 Å (see Figure 3c for details). This value corresponds to the equilibrium

distance of 2.23 Å between O and the nearest gold atom. As expected, the Bader charge on the OH

moiety is negative for all cluster model sizes; it stabilises at −0.57. Our converged 2c-RDFT/PBE0

(RDFT−p (Au) and aug-pcseg-2 (H, O) basis sets) estimate of the OH − Aun binding energy

equals 118 kJ/mol. Adding the D4 correction (11 kJ/mol from Table 2) and ZPE contribution

(−12 kJ/mol), we estimate the isolated hydroxyl group adsorption energy on the Au(111) surface

to be 119 kJ/mol. The calculated vibrational frequencies of the OH – Au(111) stretch on the bridge

site and the stretching mode of the adsorbed OH group are 317 and 3885 cm−1, respectively. The

latter frequency agrees with the experimental value101 of 3750 cm−1.

D Adsorption of atomic astatine

To address significant discrepancies in theoretical At–Au(111) binding energies estimates35,36,38

attributed by Ryzhkov et al.38 to possible shortcomings of the cluster model used in ref. 35,

we first consider the potential effects of Au(111) relaxation. To this end, we calculate the At–

Au4 binding energies, Eb(At−Au4) using the 2c-RDFT/PBE0-D3(BJ) and 2c-RDFT/PBE0-D4

approach outlined in Section C. As shown in Table 4, the Au4 relaxation effect on Eb(At−Au4)/2c-

RDFT/PBE0-D3(BJ) is 3.6 kJ/mol. Given that Eb(At−Au4) = 188 kJ/mol, this effect is negligible.

We apply the same scheme to estimate the relaxation effect for other adsorbates: AtOH, O,

and OH. Our results, also presented in Table 4, indicate that only the largest effects observed in

O and OH adsorption rise above the “chemical accuracy” threshold of 1 kcal/mol ever so slightly,

while for AtOH, the effect practically vanishes. Based on these estimates, we find it reasonable to
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Table 4: Binding energies (in kJ/mol) of At and O species with the Au4 cluster and the cluster
relaxation effects calculated at the PBE0-D3(BJ) level with RDFT+g (Au), PSO-Lc+g (At), and
aug-pcseg-2 (H, O) basis sets. PBE0-D4 predicts indistinguishable results, which appear in
parentheses.

Adsorbate Aun frozen Aun relaxed Relaxation effect
At 184.1 (183.6) 187.7 (187.1) 3.6 (3.5)
AtOH 119.6 (119.4) 120.9 (120.6) 1.2 (1.2)
O 210.1 (211.1) 219.3 (220.4) 9.2 (9.3)
OH 131.8 (132.4) 139.2 (139.8) 7.3 (7.4)

consider relaxation effects solely as part of the results’ uncertainty estimate in Sec. IV.

Previous calculations35 indicate that the At atom’s preferable binding site on the Au (111)

surface is the bridge position. From Au16 on, i.e., for 1
n1/3 ≤ 0.398, the equilibrium distance

between the gold surface and the At atom varies only slightly with the cluster size, as illustrated in

Figure 3c. It stabilises at Re = 2.57 Å, corresponding to the equilibrium distance of 2.95 Å between

At and the nearest gold atom. For Au7 ( 1
n1/3 = 0.523) and larger clusters, the net Bader charge on

the At atom practically disappears, indicating that the At–Au(111) adsorption does not involve

charge transfer. The 2c-RDFT/PBE0 estimate of the At − Au52 complex binding energy is

137 kJ/mol, which agrees with the earlier estimate of 130± 10 kJ/mol35 quite well. With the

D4 correction (+27 kJ/mol) added from Table 2 and ZPE contribution (−7 kJ/mol), the final

value becomes 157 kJ/mol. This theoretical result is in excellent agreement with the experimental

estimate of 147± 15 kJ/mol.40 The calculated frequency of the At – Au(111) stretch vibrational

mode at the bridge site is 122 cm−1.

The final Eb(At−Au(111)) = 157 kJ/mol value is smaller than Eb(At−Au4) = 188 kJ/mol in

the At–Au4 model employed at the beginning of this section to evaluate the effect of adsorption-

induced Au(111) relaxation. This observation allows us to infer that the actual At–Au(111)

interaction is even less capable of causing meaningful relaxation effects. The dispersion correction

to Eb(At − Au(111)) is indeed found to be significant. However, its inclusion in the present

work further justifies the validity of our cluster model instead of revealing its purported “obvious

limitations,”38 especially in light of the available experimental data.40
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E Adsorption of AtOH molecules

Relative to the At–Au(111) case, the discrepancies in the available theoretical estimates of AtOH–

Au(111) adsorption energies are even more significant,35,38 with At–Au(111) and AtOH–Au(111)

binding energies being virtually indistinguishable in ref. 38. As with At–Au(111), Ryzhkov

et al.38 also attribute the stark contrast between their Eb(AtOH −Au(111)) = 189 kJ/mol and

90±10 kJ/mol by Demidov and Zaitsevskii35 to the deficiencies of the cluster model employed in

the latter work. To revisit this controversy, especially in light of the newest experimental data,32

we first apply the smallest Au4 cluster model and summarise the results in Table 5.

Table 5: Binding energies (in kJ/mol) of At with the Au4 cluster. These energies include the
effects of Au4 relaxation.

System PBE0-D4 LRC-ωPBEh-D4
At–Au4 187.1 176.3
AtOH–Au4 120.6 104.0
AtOH∆At 66.5 72.3

The 2c-RDFT/PBE0-D4 AtOH–Au4 binding energy is 120.6 kJ/mol, which is AtOH∆At =

66.5 kJ/mol smaller than 187.1 kJ/mol for At–Au4, where both energies include the Au4 cluster

relaxation. Analogous LRC-ωPBEh-D4 calculations give a similar result (see Table 5). As

outlined in the previous section for atomic At, surface-relaxation effects are minuscule. They

cannot compromise the ability of the cluster model to elucidate marked differences in At and

AtOH interactions with Au(111).

The 2c-RDFT/PBE0 binding energy of the AtOH molecule (in the preferred lateral position,

see Fig. 2) with the Au69 gold cluster is 98 kJ/mol and becomes 117 kJ/mol with the D4

(+28 kJ/mol) and ZPE (−9 kJ/mol) corrections added to it. This value is in good agreement with

the experimental result 100+20
−10 kJ/mol40 and compatible with the detection of a volatile species,

most likely AtOH, with the adsorption energy’s lower bound estimated at 90 kJ/mol.32 In this

adsorption position, the astatine atom is located at the hollow-3 site, with the equilibrium distance

from the surface layer of gold equal to 2.61 Å (see Figure 3c for details). In all cluster models,

AtOH binding with the Au(111) surface remains consistently and meaningfully weaker than that
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of atomic At with AtOH∆At stabilising at ca. 40 kJ/mol.

The At − O bond length in the AtOH − Aun adsorption complex (2.18 Å) is only slightly

larger than in the isolated AtOH molecule (2.13 Å). In the adsorbed state, our estimates of the

At – OH bending and stretching modes are 828 cm−1 and 358 cm−1, respectively. These values

are red-shifted by ca. 160 cm−1 relative to the same modes in the isolated AtOH molecule33

(985 cm−1 and 519 cm−1, respectively). The O–H stretching mode in the adsorbed AtOH molecule

(3850 cm−1) remains the same as in isolated AtOH. Therefore, it is reasonable to conclude that

the adsorption of AtOH on the Au(111) surface does not cause the At–O bond dissociation. In

contrast, such dissociation can be inferred from Fig. 6 in ref. 38 (see ESI for the logic behind this

inference).

F Reactions on a gold surface

The mechanism of AtOH formation in thermochromatographic experiments remains to be estab-

lished. However, heterogeneous chemical reactions can occur even on gold’s most stable Au(111)

surface. For example, previous studies102,103 demonstrate that hydroxyl groups adsorbed on the

Au (111) surface are unstable via the recombination reaction 2:

2OHads → Oads +H2O. (2)

This reaction is noticeably exothermic: our 2c-RDFT/PBE0-D4 estimate gives Erxn =−58 kJ/mol.

This reaction is practically irreversible if the gas flow immediately carries the water molecules

away from the surface.

Our re-evaluation of the At, AtOH, O, and OH interactions with the Au(111) surface has led

us to propose the following explanation of the AtOH formation when At atoms and OH radicals

are simultaneously present in the carrier gas. The adsorption energy of At atoms (157 kJ/mol)

exceeds that of OH groups (119 kJ/mol). Thus, in a thermochromatographic experiment, At atoms

adsorb on a gold surface at a higher temperature and before OH radicals. However, the OH radical
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adsorption energy (119 kJ/mol) is close to our estimate of the OH group elimination energy from

adsorbed AtOH, which is 127 kJ/mol in the AtOH−Au69/2c-RDFT/PBE0-D4-ZPE adsorption

complex model. Therefore, it is conceivable that the adsorbed At atoms act as precursors to the

formation of AtOH molecules:

Atads +OH → AtOH. (3)

According to our 2c-RDFT/PBE0-D4-ZPE model, reaction 3 proceeds almost isoenergetically:

Erxn = −3 kJ/mol. Of all species involved (except for H2O, whose adsorption energy on the

Au(111) surface is about 14.5 kJ/mol104), AtOH molecules are most volatile as they require the

lowest energy to desorb from the gold surface. If we hypothesise their formation via reaction 3

at the temperature of At atoms’ adsorption, these AtOH molecules will immediately desorb from

the gold surface. They can re-adsorb further down the thermochromatographic column at lower

temperatures, thus explaining the detection of a volatile species in refs. 32,40.

IV Conclusions

We present an exhaustive theoretical study of At and AtOH in light of the outcomes of the most

recent thermochromatographic experiments on a gold surface and in the context of revealing the

chemical homology of superheavy elements. Our relativistic coupled-cluster investigation into the

electronic structure of TlOH, AtOH, and NhOH demonstrates that while Tl and Nh are Group 13

elements, the energy gaps between the ground and first excited states of these molecules — 340

kJ/mol in TlOH, 163 kJ/mol in AtOH, and 248 kJ/mol in NhOH — suggest chemical reactivity

of NhOH is closer to that of AtOH than TlOH. The OH group elimination energies — 313, 167,

and 170 kJ/mol for, respectively, TlOH, AtOH, and NhOH — indicate that chemical homology

between Nh and At is much more plausible than between Nh and Tl.

Considering the potential of At as a chemical homologue of Nh and the preparations for future

Nh detection and chemical characterisation, we have employed a meticulously assessed relativistic
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DFT approach to model the behaviour of the species in thermochromatographic experiments with

astatine on the Au(111) surface with a high degree of precision. Our revised estimates of O, OH,

At, and AtOH adsorption energies on the Au(111) surface are 247 kJ/mol, 119 kJ/mol, 157 kJ/mol,

and 117 kJ/mol, respectively. The sources of our 2c-RDFT/PBE0-D4-ZPE results’ uncertainty

include the choice of the exchange-correlation functional (up to 15 kJ/mol between PBE0 and

LRC-ωPBEh), cluster-relaxation effects (less than 4 kJ/mol), and the basis set superposition error

(about 1 kJ/mol). Therefore, we can reasonably ascribe a ±10 kJ/mol uncertainty range to our

theoretical data. These values agree with the values derived from the experimental data:40,97 234±

33 kJ/mol for O, 147± 15 kJ/mol for At, and 100+20
−10 kJ/mol for AtOH, thus corroborating the

correctness of our results and the viability of the quantum-chemical approaches employed. Most

notably, we confirm that the adsorption energy of AtOH on the Au(111) surface is significantly

lower than that of At (by ca. 40 kJ/mol), contrary to the most recent theoretical study.38 Our

model of O, OH, At, and AtOH interaction with Au(111) allows us to propose a heterogeneous

reaction on the gold surface responsible for the formation of the experimentally detected AtOH

and set the stage for predicting the behaviour of superheavy elements in thermochromatographic

experiments.
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[Xe] 4f⁹ 6s²

158.93 65
+4
+3
+1

565.8

Dy
DysprosiumDysprosium
[Xe] 4f¹⁰ 6s²

162.50 661.22573.0

Bk
Berkelium
[Rn] 5f⁹ 7s²

(247) 97
+4
+3

1.30601.0

Cf
Californium
[Rn] 5f¹⁰ 7s²

(251) 981.30608.0

Ho
Holmium
[Xe] 4f¹¹ 6s²

164.93 67
+3

1.23581.0

Er
Erbium
[Xe] 4f¹² 6s²

167.25 68
+3

1.24589.3

Es
Einsteinium
[Rn] 5f¹¹ 6s²

(252) 991.30619.0

Fm
Fermium
[Rn] 5f¹² 7s²

(257) 1001.30627.0

Tm
Thulium
[Xe] 4f¹³ 6s²

168.93 691.25596.7

Yb
Ytterbium
[Xe] 4f¹⁴ 6s²

173.05 70603.4

Md
Mendelevium
[Rn] 5f¹³ 7s²

(258) 1011.30635.0

No
Nobelium
[Rn] 5f¹⁴ 7s²

(259) 1021.30642.0

Lu
Lutetium
[Xe] 4f¹⁴ 5d¹ 6s²

174.97 71
+3

1.27523.5

Lr
Lawrencium
[Rn] 5f¹⁴ 7s² 7p¹

(262) 103
+3

470.0

Praseodymium

+3
+2

+3
+2

+4
+3
+1

+3
+2

+3
+2

+3
+2

+3
+2

+3
+2

+3
+2

alkali metals alkaline earth metals post-transition metalstransition metalslanthanides

actinides

unknown properties noble gasesreactive nonmetalsmetalloids

radioactive elements have
masses in parenthesis

Fe
Iron
[Ar] 3d⁶ 4s²

55.845 26
+6
+5
+4
+3
+2
+1
−1
−2

1.83762.5
atomic number

1st ionization energy electronegativity

oxidation states

standard atomic weight

chemical symbol

name
electron configuration

most common are bold

in kJ/mol

or most stable mass number

3

2

1
Group

Period

1

2

3

4

5

6

7

s d p
f

Electron configuration blocks

Notes
• 1 kJ/mol ≈ 0.0103636 eV 
• all elements are implied to have an oxidationstate of zero.

Cl

Ti
Titanium
[Ar] 3d² 4s²

47.867 22
+4
+3
+2
+1
−1

1.54658.8

V
Vanadium
[Ar] 3d³ 4s²

50.942 23
+5
+4
+3
+2
+1
−1

1.63650.9

Zr
Zirconium
[Kr] 4d² 5s²

91.224 40
+4
+3
+2
+1

1.33640.1

Nb
Niobium
[Kr] 4d⁴ 5s¹

92.906 41
+5
+4
+3
+2
−1

1.60652.1

Hf
Hafnium
[Xe] 4f¹⁴ 5d² 6s²

178.49 72
+4
+3
+2

1.30658.5

Ta
Tantalum
[Xe] 4f¹⁴ 5d³ 6s²

180.95 73
+5
+4
+3
+2
−1

1.50761.0

Rf
Rutherfordium
[Rn] 5f¹⁴ 6d² 7s² [Rn] 5f¹⁴ 6d³ 7s²

(261) 104
+4

580.0

Db
Dubnium

(262) 105
+5

Cr
Chromium
[Ar] 3d⁵ 4s¹

51.996 24
+6
+5
+4
+3
+2
+1
−1
−2

1.66652.9

Mn
Manganese
[Ar] 3d⁵ 4s²

54.938 25
+7
+6
+5
+4
+3
+2
+1
…
−3

1.55717.3

Mo
Molybdenum
[Kr] 4d⁵ 5s¹

95.95 42
+6
+5
+4
+3
+2
+1
−1
−2

2.16684.3

Tc
Technetium
[Kr] 4d⁵ 5s²

(98) 43
+7
+6
+5
+4
+3
+2
+1
−1
−3

1.90702.0

W
Tungsten
[Xe] 4f¹⁴ 5d⁴ 6s²

183.84 74
+6
+5
+4
+3
+2
+1
−1
−2

2.36770.0

Re
Rhenium
[Xe] 4f¹⁴ 5d⁵ 6s²

186.21 75
+7
+6
+5
+4
+3
+2
+1
−1
−3

1.90760.0

Sg
SeaborgiumSeaborgium

(266) 106
+6

Bh
Bohrium

(264) 107
+7

Fe
Iron
[Ar] 3d⁶ 4s²

55.845 26
+6
+5
+4
+3
+2
+1
−1
−2

1.83762.5

Co
Cobalt
[Ar] 3d⁷ 4s²

58.933 27
+5
+4
+3
+2
+1
−1
−2

1.91760.4

Ru
Ruthenium
[Kr] 4d⁷ 5s¹

101.07 44
+8
+7
+6
+5
+4
+3
+2
+1
−2

2.20710.2

Rh
Rhodium
[Kr] 4d⁸ 5s¹

102.91 45
+6
+5
+4
+3
+2
+1
−1

2.28719.7

Os
Osmium
[Xe] 4f¹⁴ 5d⁶ 6s²

190.23 76
+8
+7
+6
+5
+4
+3
+2
+1
−2

2.20840.0

Ir
Iridium
[Xe] 4f¹⁴ 5d⁷ 6s²

192.22 77
+6
+5
+4
+3
+2
+1
−1
−3

2.20880.0

Hs
Hassium

(277) 108
+8

Mt
Meitnerium

(268) 109

Ni
Nickel
[Ar] 3d⁸ 4s²

58.693 28
+4
+3
+2
+1
−1

1.88737.1

Cu
Copper
[Ar] 3d¹⁰ 4s¹

63.546 29
+4
+3
+2
+1

1.90745.5

Pd
Palladium
[Kr] 4d¹⁰

106.42 46
+4
+2

2.20804.4

Ag
SilverSilver
[Kr] 4d¹⁰ 5s¹

107.87 47
+3
+2
+1

1.93731.0

Pt
Platinum
[Xe] 4f¹⁴ 5d⁹ 6s¹

195.08 78
+6
+5
+4
+2

2.28870.0

Au
Gold
[Xe] 4f¹⁴ 5d¹⁰ 6s¹

196.97 79
+5
+3
+2
+1
−1

2.54890.1

Ds
Darmstadtium

(271) 110

Rg
RoentgeniumRoentgenium

(272) 111

Zn
Zinc
[Ar] 3d¹⁰ 4s²

65.38 30
+2

1.65906.4

Ga
Gallium
[Ar] 3d¹⁰ 4s² 4p¹

69.723 31
+3
+2
+1

1.81578.8

Cd
Cadmium
[Kr] 4d¹⁰ 5s²

112.41 48
+2

1.69867.8

In
Indium
[Kr] 4d¹⁰ 5s² 5p¹

114.82 49
+3
+2
+1

1.78558.3

Hg
MercuryMercury
[Xe] 4f¹⁴ 5d¹⁰ 6s²

200.59 80
+4
+2
+1

2.001007.1

Tl
Thallium
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p¹

204.38 81
+3
+1

1.62589.4

Cn
Copernicium

(285) 112

Nh
Nihonium

(284) 113

Ge
Germanium
[Ar] 3d¹⁰ 4s² 4p²

72.630 32
+4
+3
+2
+1
−4

2.01762.0

As
Arsenic
[Ar] 3d¹⁰ 4s² 4p³

74.922 33
+5
+3
+2
−3

2.18947.0

Sn
Tin
[Kr] 4d¹⁰ 5s² 5p²

118.71 50
+4
+2
−4

1.96708.6

Sb
Antimony
[Kr] 4d¹⁰ 5s² 5p³

121.76 51
+5
+3
−3

2.05834.0

Pb
Lead
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p²

207.2 82
+4
+2
−4

2.33715.6

Bi
Bismuth
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p³

208.98 83
+5
+3
−3

2.02703.0

Fl
FleroviumFlerovium

(289) 114

Mc
Moscovium

(288) 115

Se
Selenium
[Ar] 3d¹⁰ 4s² 4p⁴

78.971 34
+6
+4
+2
−2

2.55941.0

Br
Bromine
[Ar] 3d¹⁰ 4s² 4p⁵

79.904 35
+7
+5
+4
+3
+1
−1

2.961139.9

Te
Tellurium
[Kr] 4d¹⁰ 5s² 5p⁴

127.60 52
+6
+5
+4
+2
−2

2.10869.3

I
Iodine
[Kr] 4d¹⁰ 5s² 5p⁵

126.90 53
+7
+5
+3
+1
−1

2.661008.4

Po
Polonium
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p⁴

(210) 84
+6
+4
+2
−2

2.00812.1

At
Astatine
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p⁵

(210) 85
+1
−1

2.20890.0

Lv
Livermorium

(292) 116

Ts
Tennessine

117

Kr
Krypton
[Ar] 3d¹⁰ 4s² 4p⁶

83.798 363.001350.8

Xe
Xenon
[Kr] 4d¹⁰ 5s² 5p⁶

131.29 542.60

Rn
Radon
[Xe] 4f¹⁴ 5d¹⁰ 6s² 6p⁶

(220) 861037.0

Og
OganessonOganessonOganesson

(294) 118

B
Boron
1s² 2s² 2p¹

10.81 5
+3
+2
+1

2.04800.6

Al
Aluminium
[Ne] 3s² 3p¹

26.982 13
+3
+1

1.61577.5

C
Carbon
1s² 2s² 2p²

12.011 6
+4
+3
+2
+1
−1
−2
−3
−4

2.551086.5

N
Nitrogen
1s² 2s² 2p³

14.007 7
+5
+4
+3
+2
+1
−1
−2
−3

3.041402.3

Si
Silicon
[Ne] 3s² 3p²

28.085 14
+4
+3
+2
+1
−1
−2
−3
−4

1.90786.5

P
Phosphorus
[Ne] 3s² 3p³

30.974 15
+5
+4
+3
+2
+1
−1
−2
−3

2.191011.8

O
Oxygen
1s² 2s² 2p⁴

15.999 8
+2
+1
−1
−2

3.441313.9

F
Fluorine
1s² 2s² 2p⁵

18.998 9
−1

3.981681.0

S
Sulfur
[Ne] 3s² 3p⁴

32.06 16
+6
+5
+4
+3
+2
+1
−1
−2

2.58999.6

Chlorine
[Ne] 3s² 3p⁵

35.45 17
+7
+6
+5
+4
+3
+2
+1
−1

3.161251.2

Ne
Neon
1s² 2s² 2p⁶

20.180 102080.7

Ar
Argon
[Ne] 3s² 3p⁶

39.948 181520.6

He
Helium
1s²

4.0026 22372.3

1170.4
+8
+6
+4
+2

+2

6
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54 7 8 9 10 11 12

13 14 15 16 17
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*

[Rn] 5f¹⁴ 6d⁴ 7s² [Rn] 5f¹⁴ 6d⁵ 7s² [Rn] 5f¹⁴ 6d⁶ 7s² [Rn] 5f¹⁴ 6d⁷ 7s² [Rn] 5f¹⁴ 6d⁸ 7s² [Rn] 5f¹⁴ 6d⁹ 7s² [Rn] 5f¹⁴ 6d¹⁰ 7s² [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p¹ [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p² [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p³ [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p⁴ [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p⁵ [Rn] 5f¹⁴ 6d¹⁰ 7s² 7p⁶

At
At

OH

Nh vs. Tl?

Nh vs. At!
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Table 6: Equilibrium distances Re between the adatom and the surface layer of gold, adsorption
energies Eads, and vibrational frequencies ωe for the adsorption complexes calculated with the
2c-RDFT/PBE0(-D4) method. Our Eads values include ZPE contributions. Other theoretical and
experimental data are also presented when available in the literature.

System Method Re (Å) −Eads (kJ/mol) ωe cm−1

O–Au(111) PBE0 1.28 244 427
PBE0-D4 1.28 255
PBE0-D4-ZPE 1.28 247
Theory91a 1.30 211 382
Experiment97,98 – 234±33 380

OH–Au(111) PBE0 1.70 118 317b

PBE0-D4 1.70 131
PBE0-D4-ZPE 1.70 119
Theory91a 1.73 114 332

At–Au(111) PBE0 2.57 137 122b

PBE0-D4 2.57 164
PBE0-D4-ZPE 2.57 157
Theoryc 36 2.57d 179
Theory38 2.56d 184
Theory39 189
Experiment40 – 147±15

AtOH–Au(111) PBE0 2.61 98 114b

PBE0-D4 2.61 126
PBE0-D4-ZPE 2.61 117
Theory38 185
Experiment40 – 100+20

−10 –
a Relativistic effects and the Grimme dispersion correction (D3 or D4) are not taken into account.

b The O – Au(111) and At – Au(111) stretching modes make the leading ZPE contributions to binding
energies.

c The At atom is in the hollow-3 adsorption position.
d For consistency, we convert the distances between At and the nearest Au atom (2.952 Å36 and 2.94 Å38)

to the distances between At and the plane of the closest layer of Au atoms.
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