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Fully relativistic ab initio Dirac-Coulomb Fock-space coupled cluster calculations were performed on Tl and
element 113. The calculated polarizabilty of element 113, 29.85 au, is the smallest in group 13, except for B.
The estimated atomic and van der Waals radii of element 113 are also the smallest among these elements.
Using the calculated atomic properties and an adsorption model, adsorption enthalpies of elements Al through
113 on inert surfaces, such as Teflon and polyethylene, are predicted. The trends in the atomic properties and
∆Hads in group 13 were found to reverse from In to element 113, reflecting the strong relativistic contraction
and stabilization of the outer np1/2 orbital, which are largest for element 113. The small values of ∆Hads for
element 113 on Teflon (14 kJ/mol) and polyethylene (16 kJ/mol) guarantee its transport from the target chamber
to the chemistry set up, and the 6 kJ/mol difference relative to Tl values makes possible the separation and
identification of the superheavy element on the inert surfaces.

I. Introduction

Chemical studies of the heaviest elements are the most
fundamental type of studies.1 They seek to probe the bottom of
the periodic table, where nuclei become unstable and relativistic
effects on the electronic shells are extremely strong.

The heaviest element whose chemical properties have been
experimentally studied is 283112, with t1/2 of 3.8 s.2 Its adsorption
behavior on a gold surface was investigated and compared with
that of the nearest homologue, Hg, using gas phase chroma-
tography.3 Element 112 was found to be rather reactive under
the experimental conditions, and predictions of its likeness to
rare gases were not supported. It exhibited similar behavior
(though somewhat less reactive) to that of Hg, confirming its
position in group 12 of the periodic table. Similar experiments
are under way to study the chemical behavior of element 114,
whose isotopes 287114 and 288114 have t1/2 ) 0.5 and 0.8 s,
respectively.4

The odd element 113 has an isotope (A ) 284) with t1/2 )
0.48-0.17

+0.58 s, which makes it suitable for chemical studies. This
isotope is obtained5 by R-decay of the 288115 isotope, produced
in the nuclear reaction of a 48Ca beam with a 243Am target. Its
adsorption behavior may be investigated by gas chromatography,
as was done in the element 112 studies: the 113 isotope will be
adsorbed on silicon detectors of the chromatography column
covered with a gold layer. Feasibility experiments are underway,
studying the adsorption behavior of the nearest homologue, Tl.6

Prediction of the adsorption enthalpy, ∆Hads, and temperature,
Tads, of element 113 on a gold surface is very important for the
planned experiments. Information about adsorption on inert
surfaces such as Teflon and polyethylene is also valuable, as
these materials are used as transport capillaries from the target
chamber to the detection system in the experimental setup.

The fundamental chemical properties of element 113 were
predicted as early as 1970 by Keller et al.,7 using Dirac-Fock

atomic calculations and extrapolations in group 13. Some recent
studies8-10 include relativistic calculations for the simple
molecules (113)H, (113)F, and (113)X3 (X ) H, F, and Cl).
The stability of 113F5 has also been considered.8

In earlier works we predicted ∆Hads and Tads of elements 112
and 114 on various surfaces - on metals using results of the
fully relativistic density functional theory calculations,11 and on
inert surfaces using results of atomic ab initio Dirac-Coulomb
(DC) calculations and adsorption models.12 Here we present
atomic property calculations of Tl and element 113, using
advanced relativistic ab initio methods. On the basis of these
calculations we predict adsorption enthalpies of these and other
group 13 elements on Teflon and polyethylene. An analysis of
trends in the properties for the entire group 13 elements,
including element 113, is also presented.

The methodology and details of the calculations are described
in the next section. Section III presents the results of the
calculations and discusses atomic properties. Adsorption is
considered in section IV, and conclusions are given in sec-
tion V.

II. Methodology and Calculation Details

A. Energy Calculations. Calculations of heavy element
properties must take into account relativistic effects and explicit
electron correlation. The core electrons, which experience the
largest effects of relativity, contribute little to the electronic
response properties of the atom. However, these properties
experience indirect relativistic effects through the contraction
of the valence orbitals, which might be significant.

Energy calculations were performed using the DIRAC04
package.13 The Dirac-Coulomb Hamiltonian is employed, with
an external electric field added. The DC Hamiltonian is

HDC )∑
i

hD(i)+∑
i<j

1/rij (1)

with
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hD ) cR · p + �c2 +Vnuc (2)

r and � are the four-dimensional Dirac matrices, and Vnuc is
the nuclear attraction operator, with the nucleus modeled as a
finite-size charge. Only the one-electron terms in the DC
Hamiltonian are relativistic, while the two-electron repulsion
terms remain in the nonrelativistic form.

The ground states of Tl and element 113 have one electron
in the np1/2 shell. The Fock space coupled cluster (FSCC)
method with sectors (0,0) and (0,1) was used. The closed-shell
cation served as reference, and the (0,1) sector was constructed
with the np1/2 valence orbitals (n ) 6 for Tl and n ) 7 for
element 113). The Faegri basis set14 with 26s24p18d13f5g2h
uncontracted Gaussian-type orbitals was taken for both atoms.
For Tl, 44 electrons were correlated and virtual orbitals above
30 au were omitted. For element 113, 46 electrons were
correlated, and virtual orbitals above 100 au were omitted.

B. Atomic Polarizabilities. Atomic polarizabilities were
calculated in the same way as in ref 12. In brief, for a uniform
electric field F acting in the z direction only (Fx ) Fy ) 0 and
Fz ) F), the polarizability becomes

R)- ∂
2E(F)

∂
2F

F)0 (3)

To obtain R of the elements under study, we calculated the
energy E(F) of the atomic ground states for different values of
external electric field, F ) 0, 0.0005 and 0.001 au. For atoms
the dipole moment is zero because of parity, and the energy
may be expressed as

E(F))E(0)+ 1
2

F2 · ∂
2E(F)

∂F2 F)0 + · · · (4)

The energies E(F) are plotted as a function of F2, and the
derivative is obtained by numerical differentiation. As eq 3
shows, the negative value of the derivative, multiplied by two,
gives the static dipole polarizability R.

C. Ionization Potentials and Electron Affinities. Ionization
potentials (IP) and energy levels of the neutral through the 5+
ionized states, as well as electron affinities (EA) of Tl and
element 113, were calculated previously using the Dirac-
Coulomb-Breit (DCB) Hamiltonian and relativistic coupled
cluster single double excitations method for correlation.15 Very
large basis sets were used, with l up to 6 (See ref 15 for details).
Here we calculate the IPs using the DIRAC04 program13 and
the same basis set14 as for the polarizabilities (section II.A).

D. Atomic and van der Waals Radii. The atomic (AR) and
van der Waals (RvdW) radii of element 113 are obtained from
the radius, Rmax, of the outer np1/2 maximum charge density,16

using correlations with the known in group 13 values. See below
for details.

III. Atomic Properties

A. Electronic Configurations and Stability of Oxidation
States. The chemistry of element 113 will be defined by the
valence 7p1/2 orbital, which is relativistically stabilized and
contracted. The 7s electrons, with even stronger stabilization,
are less accessible for bonding, as indicated by their energies,
E, and Rmax (see Table 1 and Figures 1a and 2a). The principal
oxidation state of this element will therefore be 1+, as indicated
by consecutive IPs.15 Molecular calculations8-10 have also shown
that the stability of the 1+ oxidation state with respect to the
3+ state increases with Z in group 13. The stability of the 1+
oxidation state with respect to the neutral atom, however,
decreases from Tl to element 113, so that the latter will be less
reactive than Tl. Thus, the standard redox potential E°(1131+/
113) is 0.6 V, compared to -0.34 V8 for E°(Tl1+/Tl). The
possibility of a 5+ oxidation state and formation of 113F6

- was
discussed in ref. 8, due to the involvement of the relativistically
destabilized 6d AOs in bonding.

B. Ionization Potentials and Electron Affinities. The results
of DCB RCC15 and present DC FSCC calculations of the first
IPs are presented and compared with experiment17 in Table 1.
The DC values reported here are very close to the earlier DCB
results,15 obtained with a better Hamiltonian and larger basis,
confirming the good accuracy of the present calculations. The
DCB RCC EAs15 of Tl and element 113 are also shown; note
the close agreement with the experimental18 EA of Tl, measured
several years after the calculations. The l > 4 basis functions
have been shown15 to change the EA by 0.01 eV or less, and
the Breit term has similar effect on transitions not involving f
electrons.

The first three IPs15 of element 113 are higher than those of
Tl, reflecting the relativistic stabilization of the 7p1/2 and 7s AOs,
and predicting a reduced reactivity of the heavier element. The
larger EA of element 113 is also indicative of the relativistically
stabilized 7p1/2 AO. Figure 1 shows the np1/2 orbital energies
and first IPs of Al through element 113. The decrease observed
from Al to In is reversed to Tl and element 113, reflecting their

TABLE 1: Atomic Properties: Maxima of the Radial Charge Density Rmax (in Å) and Energies E (in eV) of the Outer ns and
np1/2 AOs, Ionization Potentials IP (in eV), Electron Affinities (EA) (in eV), Polarizabilities r (in au), van der Waals RvdW (in Å)
and Atomic Radii AR (in Å) of Tl and Element 113

property Tl method ref 113 method ref

Rmax(np1/2) 1.459 DF 16 1.287 DF 16
Rmax(ns) 1.133 DF 16 1.091 DF 16
E(np1/2) 5.751 DF 16 7.223 DF 16
E(ns) 12.22 DF 16 16.00 DF 16
IP 6.108 DCB RCC 15 7.306 DCB RCC 15

6.096 DC FSCC this work 7.420 DC FSCC this work
6.110 exp 17 7.4 DF 7

EA 0.40(5) DCB RCC 15 0.68(5) DCB RCC 15
0.377(13) exp 18

R 51.3 DC FSCC this work 29.9 DC FSCC this work
51(7) exp 17

RvdW 1.90 correlation this work 1.84(1) correlation this work
1.96 exp 19

AR 1.38 correlation this work 1.22 correlation this work
1.90 exp 20
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relativistic stabilization. The same trend is observed in the
subsequent IPs15 due to the relativistic stabilization of the ns
AOs.

C. Polarizabilities. Table 1 shows the polarizabilities of Tl
and element 113, derived from the DC-FSCC energy calcula-
tions as described in section II.B. The calculated R(Tl) agrees
very well with experiment17 (Tables 1 and 2), and similar
accuracy is expected for element 113. Data for all group 13
elements are shown in Table 2 and Figure 2b. Experimental
values are given when available;17 the number for Ga is
calculated,17 with an expected accuracy of 2%, and our DC

FSCC result is listed for element 113. A reversal of the trend is
observed beyond In, similar to that of Rmax(np1/2). Element 113
shows the lowest R in the group (except B), a result of the large
relativistic contraction and stabilization of the 7p1/2 orbital.

D. Atomic and van der Waals Radii. Empirical van der
Waals19 and atomic radii20 are available for some of the group
13 atoms (see Table 2). The unknown or uncertain values may
be estimated using a correlation between the known values and
Rmax of the np1/2 AOs.16 The correlation between Rmax(np1/2) and
RvdW, using the experimental radii19 for In, Ga and Tl, is shown
in Figure 3(a). It gives RvdW(Al) ) 1.90 Å and RvdW(113) )
1.85 Å. Tl lies rather far from the correlation line, and another
correlation, using only the Ga and In points, is shown in Figure
3(b). The estimated values of RvdW are now 1.89 Å for Al, 1.90
Å for Tl, and 1.83 Å for element 113. RvdW of element 113 is
therefore taken as 1.84(1) Å. Calculations of adsorption enthal-
pies below show that RvdW(Tl) ) 1.90 Å is a better value than
the 1.96 Å (ref 19) and is, therefore, recommended. The RvdW

values used in the calculations of adsorption enthalpies are
summarized in Table 2.

The AR20 of B through In are very close to the corresponding
Rmax(np1/2), while AR(Tl) ) 1.90 Å (ref 20) is much too large.
Using a linear correlation between AR and Rmax(np1/2) (Figure
4), the AR values were obtained for Tl and element 113 (Table

Figure 1. (a) Energies (E) of the ns and np1/2 AOs16 and (b) the first ionization potentials (IP) of group 13 elements. The IP for Al through Tl are
experimental values (filled symbols),17 for element 113 (open symbol)sour calculations.

Figure 2. (a) Radii of the maximum charge density of the np1/2 AOs16 and (b) polarizabilities of group 13 elements. The R for Al through Tl are
experimental, except for Ga, which is calculated;17 the element 113 value is from present calculations.

TABLE 2: Selected Values of the Group 13 Element
Properties: Ionization Potentials IP (in eV), Electron
Affinities EA (in eV), Polarizabilities r (in au), Atomic (AR)
and van der Waals Radii RvdW (in Å)

element IPa EAb Ra ARc RvdW
d

Al 5.98577 0.43283(5) 45.889 1.25 1.89
Ga 5.999301 0.43(3) 54.796 1.30 1.87
In 5.78636 0.404(9) 68.833 1.55 1.93
Tl 6.108194 0.377(13) 51.287 1.38e 1.90e (1.91c)
113 7.306f 0.68(5)f 29.85e 1.22e 1.84 ( 0.01e

a Reference 17. b Reference 18. c Reference 21. d Reference 19.
e This work. f Reference 15.
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1, Figures 4 and 5). The AR and RvdW of Al through element
113 are given in Table 2 and shown in Figure 5 along with
Rmax(np1/2). The RvdW values for In and Tl are in excellent
agreement with those of 1.98 Å and 1.91 Å, respectively,

obtained from the ab initio calculations21 for the model [M(Cp)]2

systems. Both types of the radii exhibit a trend reversal beyond
In, due to the relativistic contraction of the outer np1/2 AOs.
RvdW and AR of element 113 are, therefore, the smallest in the
series.

A summary of the atomic properties used in the calculations
of the adsorption enthalpies is presented in Table 2.

IV. Adsorption on Inert Surfaces

It was shown12,22 that the dispersion interaction energy of an
atom with a solid surface can be rather accurately calculated
via the following equation, derived from a model of an
atom-slab interaction23

E(x))- 3
16(ε- 1

ε+ 2) Rat

( 1
IPslab

+ 1
IPat

)x3
)-

C3

x3
(5)

Here IPslab and IPat are the ionization potentials of the surface
material and adsorbed atom, respectively, Rat is the polarizability
of the adsorbed atom, ε is the dielectric constant of the surface
material and x is the adatom-surface distance. It was also
shown12,24 that x can be well approximated by RvdW of the
adsorbed species.

The properties of the inert materials of interest are the
following: for Teflon ε ) 2.04 and IP ) 10.12 eV;12 for
polyethylene (PE) ε ) 2.26 and IP is in the range 9.6-9.8 eV.25

Using these values and the atomic IP, R and RvdW of Table 2,
the C3 coefficients and adsorption enthalpies ∆Hads ) -E(x)
were calculated by eq 5. The resulting values are shown in Table
3 and in Figure 6.

The calculated ∆Hads of group 13 elements on Teflon are
somewhat smaller than those on PE. An inversion of trend
beyond In is observed for both surfaces (Figure 6). The inversion
is caused by the drastically decreasing atomic polarizabilities,
as seen by comparing the polarizability graph, Figure 2b, with
that of ∆Hads, Figure 6. The smaller R is not compensated by a
decrease of x or RvdW in eq 5; the latter is nearly the same for
all these elements (Figure 5). E(x) of element 113, which has
the smallest R, is therefore the lowest, making this element the
most volatile in group 13, and there should be no problem with
its transport from the target chamber to the chromatography
setup.

Figure 3. Correlation between Rmax(np1/2) and RvdW: (a) values for Ga, In and Tl are experimental,19 those for Al (1.90 Å) and element 113 (1.85
Å) are present calculations; (b) values for In and Ga are experimental,19 those for Al (1.89 Å), Tl (1.90 Å) and element 113 (1.83 Å) are present
calculations.

Figure 4. Correlation between Rmax(np1/2) and AR: The values for B,
Al, Ga, and In are experimental,20 and those for Tl (1.38 Å) and element
113 (1.22 Å) are from present work.

Figure 5. Maximum of the radial charge density (Rmax, diamonds) of
the np1/2 orbitals,16 atomic radii (AR, squares) and van der Waals radii
(RvdW, triangles) of group 13 elements. The filled symbols are
experimental data,19,20 open symbols are present estimates.
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V. Conclusion

The static dipole polarizabilities and ionization potentials for
Tl and element 113 were calculated using the DC FSCC method.
The calculated R(Tl) agrees very well with experiment. The DC
FSCC IP for Tl is also very close to experiment, and the IP of
element 113 agrees with the most accurate DCB RCC calcula-
tions. Atomic and van der Waals radii of Tl and element 113
were estimated from the radius Rmax of the outer valence electron
distribution. The atomic properties served to calculate the
adsorption enthalpies of elements Al through 113 on the inert
surfaces Teflon and polyethylene.

The atomic properties and adsorption enthalpies for Al
through element 113 exhibit trend reversal beyond In. This is
caused by the strong contraction and stabilization of the outer
np1/2 orbitals of Tl and element 113. The effect is strongest for
element 113, resulting in the smallest polarizability and atomic
and van der Waals radii in group 13 (except B), while the
ionization potential and electron affinity are the largest. The
extremely small R of element 113 is the main reason for its
low adsorption enthalpy on inert surfaces. The calculated ∆Hads

of 14 kJ/mol on Teflon and 16 kJ/mol on polyethylene will allow

easy transport of element 113 from the target chamber to the
chemistry set up. These adsorption enthalpies are about 6 kJ/
mol weaker below corresponding Tl values, making possible
the separation and identification of the heavier element by the
use of inert surfaces.
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TABLE 3: Calculated C3 Coefficients and Adsorption
Enthalpies ∆Hads of Group 13 Atoms on Teflon and
Polyethylene (PE), Where the ∆Hads for Tl Is Calculated
with RvdW ) 1.90 Å

Teflon PE

C3 ∆Hads C3 ∆Hads

element eV · au3 eV kJ/mol eV · au3 eV kJ/mol

Al 8.325 0.170 17.28 9.420 0.203 19.54
Ga 9.959 0.226 21.78 11.264 0.255 24.63
In 12.226 0.252 24.32 13.835 0.285 27.51
Tl 9.429 0.203a 19.65a 10.660 0.230b 22.22b

113 6.100 0.145 14.00 6.899 0.164 15.83

a ∆Hads ) 0.18 eV or 17.90 kJ/mol for RvdW ) 1.96Å; b ∆Hads )
0.21 eV or 20.24 kJ/mol for RvdW ) 1.96Å.

Figure 6. Calculated adsorption enthalpies, ∆Hads, of group 13
elements on Teflon (solid line) and polyethylene (dashed line). RvdW )
1.90 Å was taken for Tl.
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