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Abstract

Multiconfiguration relativistic Dirac-Fock (MCDF) values were
calculated for the first five ionization potentials of element 105
(unnilpentium) and of the other group 5b elements (V, Nb, and
Ta). Some of these ionization potentials in electron volts (eV)
with uncertainties are: 105(0), 7.4+0.4; 105(1+), 16.3+0.2;
105(2+), 24.3+0.2; 105(3+), 349+0.5; and 105(4+),
44.9+0.1. Ionization potentials for Ta(l1+), Ta(2+), and
Ta(3+) were also calculated. Accurate experimental values for
these ionization potentials are not available. Ionic radii are pre-
sented for the 2+, 3+, 44, and 5+ ions of element 105 and
for the +2 ions of vanadium and niobium. These radii for
vanadium and niobium are not available elsewhere. The ioniza-
tion potentials and ionic radii obtained are used to determine
some standard electrode potentials for element 105. Born-Haber
cycles and a form of the Born equation for the Gibbs free energy
of hydration of ions were used to calculate the standard electrode
potentials.

1. Introduction

In a recent paper [1] the first four ionization potentials
and parameters for the radii of the corresponding ions
were presented for element 104. These results were
obtained from multiconfiguration Dirac-Fock
(MCDF) calculations [2, 3]. In a second [4] paper
these results were used to predict some thermodynamic
properties of selected compounds and aqueous solu-
tions of element 104. This paper presents ionization
potentials and ionic radii for element 105. These results
on element 105 were also obtained by MCDF calcu-
lations.

The first five ionization potentials of element 105
are presented here. Values for these have not been
published elsewhere. Practical MCDF calculations of
the type discussed here [3] yield values of the MCDF
ionization potentials which have uncertainties associ-
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ated with them. The size of these uncertainties were
reduced by using an extrapolation procedure which is
based on the periodic law of the chemical elements.
The procedure also yielded values for the ionization
potentials of three ions of tantalum. Only the first
and fifth ionization potential of tantalum have been
accurately determined by experiments [6, 7, 8]. Radii
for the ions involved were also obtained.

A main motivation for the work presented here
was to obtain ionization potentials and ionic radii
which were accurate enough to be used to predict some
chemical properties of element 105. Such predictions
are usually based on a particular Born-Haber cycle [9,
10, 11]. The predictions involve heats and entropies of
sublimation, ionization potentials, heats and entropies
of formation, and heats and entropies of solution. The
heats of formation and solution depend on ionic radii.

A significant amount of experimental results have
been obtained [12, 13,14] for element 105. These results
are mostly concerned with the properties of various
salts and aqueous solutions of the element. Experi-
mental studies of bromide and fluoride complexes of
element 105 have been performed {12, 13]. One con-
clusion from the experiments is that the + 5 oxidation
state is the most stable oxidation state in aqueous
solution [14]. The rate of production of element 105
that has been achieved is one atom at a time and the
half-life of the longest lived isotope is 40 seconds.
This makes the experimental results difficult to obtain.
Theoretical results such as those presented in this
article should help in the planning of experiments and
in the interpretation of data.

In section II the technique used to obtain ioniza-
tion potentials and ionic radii is presented. In section
III values for ionization potentials, ionic radii, and
standard electrode potentials are presented. Some con-
clusions are presented in section IV.

2. Method

Ionization potentials and parameters for the ionic
radii were obtained from solutions of the Dirac-Fock
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Table 1. Configurations in the non-relativistic nomenclature used in MCDF calculations for positive parity states®

Configurations for Charge (q)

plus [Core?]
0) (+1) (+2) (+3) (+4) (+5)
(n—1)d’ns? (n—1)d?ns? (n—1)dns* (n—Dd* (n—1)d
(n—Dd*ns (n—1)d®ns (n—1)d%ns (n—1)dns ns
En—ggz ) (nz—1ga’4 En—gj ) n522
n—1)d*np ns*np n—1)dnp np
(n—1Ddnsnp? (n— Vdnsnp* nsnp*
(n—1)dns’np? (n—1)d*np?
(n—1)dnp* np*
nsnp*
J=1/2; 88° J=0;29 J=1/2; 13 J=0;5 J=1/2; 1 J=0:1
J=3/2: 142 J=1.45 J=3/2:21 J=1.3 J=3/2:1
J=2;70 J=2;7

) >

® nis the principal quantum number (4, 5, 6, and 7 for V, Nb, Ta, and element 105, respectively).
® Core = Ar for V; Kr for Nb; Xe (4/)!* for Ta; Rn (5/)!* for element 105.
¢ The number of configurations included in the calculation follows the associated J values.

Table 2. Configurations in the non-relativistic nomenclature used in MCDF calculations for negative parity states®

Configuration for Charge (q)
plus [Core?)

(0) (+1) (+2) (+3) (+4) (+5)°
(n—1)d*np (n—Dd°np (n—Dd*np (n—1)dnp np
(n—1Ddnsnp (n—Dd*nsnp (n—)dnsnp nsnp
(n—1)d*ns*np (n—1)dns*np ns*np
(n—1)d*np® (n—1)dnp® np®
(n—1)dnsnp® nsnp®
ns*np?
np®
J=1/2; 88° J=0;20 J=1/2;13 J=0;2 J=1/2;1 J=0;1
J=3/2; 145 J=1;53 J=3/2;22 J=1;5 J=3/2;1
J=2;65 J=2;5

>

3

® nis the principal quantum number (4, 5, 6, and 7 for V, Nb, Ta, and element 105, respectively).
® Core = Ar for V; Kr for Nb; Xe(4f)!* for Ta; Rn(5f)!* for element 105.
¢ The number of configurations included in the calculations follows the associated J value.

equation of quantum mechanics. The general theory
of the Dirac-Fock equation is presented elsewhere [2,
3]. This equation was solved using the computer pro-
gram of J.-P. Desclaux [5]. To obtain results of suf-
ficient accuracy, an extrapolation procedure was used.
This procedure involves the MCDF and experimental
ionization potentials for the three elements of group
5b in the periodic table of the chemical elements that
are above element 105. These three elements are va-
nadium, niobium, and tantalum.

The basis functions used are linear combinations of
Slater determinants. Each basis state (a configuration
state function [15]) is an eigenfunction of both the
square and the z-component of the total angular mo-
mentum operators. The single particle wavefunctions
which build up the Slater determinants are four
component spinors where each component is a prod-
uct of spherical harmonics and radial functions. The
Breit interaction was included by perturbation. The
two radial functions (large and small components)

together with the expansion coefficients of the con-
figuration state functions were obtained by solving the
Dirac-Fock equations in an iterative procedure such
that the system is self-consistent.

Solutions of the MCDF equation were found by
iteration from initial functions for the radial part of
the single particle wave functions. The initial radial
part of the single particle wave functions were the
solutions obtained for a specific single configuration
solution of the Dirac-Fock equation for the 2+
charged ion of the atom of interest. For vanadium,
niobium, tantalum, and element 105, these single
configurations were [Ar](3d)'(4s)'(4p)!, [K1]
(4d)! (55)'(5p)!, [Xel(4/)'*(54)'(65)'(6p)!, and [Rn]
(5NH1*6d)1(75) (7p)?, respectively. For these specific
single configurations, solutions for the 2+ charged
ions were found by iteration using Thomas-Fermi
radial functions as the initial functions [5] with both
the total angular momentum and z-component of the
total angular momentum equal to 3/2.
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Table 3. Calculated electronic ground states for V, Nb, Ta, and element 105 in the charge states 0 to +5

Element no. of Angular Dominant conf. and Total energy
conf. momentum weights in percent ineV
and
parity

\% 142 3/2+ [Ar]

(3d)*(4s)* 91.7

Bd)y*(4p)? 7.3 —25791.379
Nb 142 324 [Kr]

(4d)’(55) 89.4

(4d)’(sp)? 6.3

(4d)*(55)'(5p)* 2.4

(4d)*(5s)! 1.8 —103803.108
Ta 142 3/2+ [Xel(4H*4

(5d)3(6s)* 88.6

(5d)*(6p)* 4.9

(5d)(6s)" (6p)? 3.9

(5d)*(6s)* 2.1 —424240.531
105 142 3/2+ [Rn](5H**

(6d)>(75)? 87.1

(64)°(75)"(7p)” 44

6d)°(7p) 38

(6d)*(7s)! 2.4

o -

. —1077521.550

V({1 +) 45 1+ [Ar]

(3d)*(4s)* 100.0 —25784.801
Nb(1+) 29 0+ [Kr]

4d)* 99.6 —103796.933
Ta(1+) 45 14 [Xel(4nH*

(5d)*(6s5)! 99.6 —424233.709
105(1+) 70 2+ [Rn](5/)**

(6d)*(7s5)? 93.0

(6d)3(7s)* 34

(6ad)* 1.5

(6d)*(7p)? 0.9 —1077515.450
V(2+) 21 32+ [Ar]

(3dy® 100.0 —25771.186
Nb(2+) 21 3/2+ [Kr]

4dy® 100.0 —103783.846
Ta(2+) 21 3/2+ [Xel(aH'*

(5d)® 98.9

(5d)*(6s)* 0.8 —424219.598
105(2+) 21 3/2+ [Rn}(5H**

(6d)® 75.0

(64)*(7s)! 16.2

(6d)' (7s)* 7.3

(6d)'(7p)? 1.3 —1077500.631
V(i3+) 7 24 [Ar]

(3d)* 100.0 —25742.987
Nb(3+) 7 2+ [Krj

(4d)? 100.0 —103759.642
Ta(3+) 7 24 [Xel(a)*+

(5d)* 99.7

(5d)! (6s)* 0.3 —424196.539
105(3+) 7 24 [Rn](5H'*

(6d)? 90.4

6d)*(7s)! 9.6 —1077476.858
V{4+) 1 372+ [Ar]

3a)! 100.0 —25697.187
Nb(4+) 1 32+ [Kr}

“ad” 100.0 —103722.900
Ta(4+) 1 32+ [Xel4f)*#

(5d)? 100.0 —424161.513
105(4+) 1 32+ [Rn](5H)**

(6d)* 100.0 —1077444.121
V(5+) 1 0+ [Ar] 100.0 —25632.948
Nb(5+) 1 0+ [Kr] 100.0 —103673.400
Ta(5+) 1 0+ [Xel(aH+ 100.0 —424114.389
105(5+) 1 0+ [Rn)(5H** 100.0 —1077400.555
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Table 4. Promotion energies of selected atoms and ions
Atom Transition between ground and MCDF Exp. Difference
or excited configuration energy energy (MCDF-Exp)
ion (eV) (eV) eV)
V(0) (BdP4s)*(J=3/2+) — BdY’(ds)*(J=1/2+) 1.70 1.18 0.52
V(1+) B @s)'(J=1+) — Bd’@s)'(J=2+) 0.01 0.01 0.00
V(2+) BdP(I=32+) — BH*(J=1/2+) 1.83 1.39 0.44
V(3+) B (I=2+) — BdJ=0+) 2.05 1.63 0.42
V{4+) Bd'(JI=312+) — @D'J=1]2+) 18.21 18.36 —0.15
Nb(0) a3 (552 (I=3/2+) — @D*5s)'(I=1/2+) 0.16 —0.14 0.30
Nb(1+) Ad*(J=0+) — (4d)*(Ss)'(J=1+) 0.11 0.29 —0.18
Nb(2+) @dy*(J=3/2+) — @d*(J=1/2+) 1.36 - -
Nb{(3+) @ (J=2+) — 4d*(J=0+) 1.50 1.20 0.30
Nb(4+) @ (J=324+) — 5)'(J=1/2+) 9.32 9.41 —0.09
Ta(0) (5 (6s)°(J=3/2+) — (5d)*(65)*(J=1/2+) 0.96 0.75 0.21
Ta(1+) Gy 6y (J=1+) — (5 (6s)*(J=2+) 0.32 0.39 —0.07
Ta(2+) (Bd3(I=3/2+) — 5d*(T=1/2+) 1.10 - -
Ta(3+) G*(I=2+) — (5*(J=0+) 1.59 - -
Ta(4+) (S (JI=3/2+) — (65)'(J=1/2+) 5.86 — -
105(0) 6*(1)*(J=3/24) — (64)*(Ts)*(J=1/2+) 1.00 - —
105(1+) 6> (7s)*(J=2+) — (6ad)*(1s)*(J=0+) 0.76 — —
105(2+) 6 (1s)*(J=3/2+) — (6d*(Ts)'(J=1/2+) 1.90 - -
105(3+) 6d*(J=2+) — (6 (1s)'(J=1+) 0.48 — —
105(4+) 6D (I=3/2+) — (Is)'(J=1/2+) 1.90 — —

The basis sets used to find solutions to the Dirac-
Fock equation are given in Tables 1 and 2. Table 1 is
for even parity states and Table 2 is for odd parity
states. In these tables the charge state is at the top
of each column of basis functions. Below the basis
function, the angular momentum eigenvalues used
along with the number of configurations used in the
calculation are given. The MCDF calculations include
all possible configuration state functions which can
be constructed from the relativistic ns, np,,, nps;2,
(n—1)ds;,, and (n—1)ds,, single particle wavefunc-
tions for a specific total angular momentum,
z-component of the total angular momentum, and
parity. Examination of the expansion coefficients for
the configurations used to find solutions of the MCDF
equation shows that some configurations make a small
contribution to the wave functions, but the configura-
tions used were not chosen on the basis of the signifi-
cance of their contributions to the wave functions but
on the basis of completeness. For convenience, the
z-component was always set equal to the total angular
momentum in the calculations. Table 1 lists the six
possibilities employed for positive parity states for the
neutral to 54 ions. Column I lists all combinations of
the single particle wavefunctions in the non-relativistic
nomenclature for the MCDF calculations on the neu-
tral group 5b elements where 5 electrons are distrib-
uted in the valence orbitals; columm II lists the single
1onized species with 4 active electrons; etc.

In Table 3, for each atom and charge state the
number of configurations in the calculation, the angu-
lar momentum eigenvalue, the parity, the dominant
configurations and corresponding weights, and the
energy are given for the lowest electronic states
obtained by MCDF calculations using basis sets given
in Tables 1 and 2. Except for Nb(0) and V(1+) the

Table 5. Experimental single ionization potentials for group 5b

elements

Element Experimental Experimental Reference

ionization ionization

potential potential

in inverse ineVvV?

centimeters

V(0) 54400 6.74 6
Nb(0) 55511 6.8825 6
Ta(0) 63600 7.89 6
V(i+) 118200 14.65 6
Nb(1+) 115500 14.32 6
Ta(1+) 123000 £ 2420 152 +0.3 7
V@2 +) 236400 29.310 19
Nb(2+) 202000 25.04 6
Ta(2+) — -
V(3+) 376730 46.709 6
Nb(3+) 308600 38.26 6
Ta(3+) - -
V(d+) 526532 65.2822 19b
Nb(4+) 407700 50.55 6
Ta(4+) 389340 48.272 8

2 8065.5410 inverse centimeters = 1 eV.

ground state configurations presented in Table 3 are
in agreement with experimental results [6]. The ground
state found experimentally for V(1 +) has a (34)* con-
figuration and a total angular momentum eigenvalue
of zero. The MCDF ground state for V(1+4) has a
(3d)® (4s)! configuration and a total angular momen-
tum of one. The MCDF ground state for V(1 +) is
0.34 electron volts lower in energy than the MCDF
state with a (3d)* configuration and a total angular
momentum of zero. The ground state found experi-
mentally for Nb(0) has a (4d)* (5s)! configuration and
a total angular momentum eigenvalue of 1/2. The
MCDF ground state for Nb(0) has a (4d)3 (55) con-
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Table 6. Single ionization potentials for group 5b elements. The values in parentheses are estimates

Change Element Transition between MCDF Exp. Alpha Beta
in state @ configurations IP in IP in
(see Table 3) eV eV
O)y—(1+) V(0) (Bd)*(4s)*(J=3/2+)—(3d)’*@s)' (J=1+) 6.58 6.74 0.16
Nb(0) @S5I =3/2+)—(dd*(I=0+) 6.18 6.8825 0.70 0.54
Ta(0) (5d)2(65)2(J=3/24+)—(5d)*(6s) ' (J=1+) 6.82 7.89 1.07 0.37
105(0) 6} (75)*(J=3/2+)—(6d)*(Ts)*(J=2+) 6.10 (7.37) 1.27) (0.20)
1+)—2+) V(1+) Bd (@) (J=1+)=(Bd)*(J=3/2+) 13.62 14.65 1.03
Nb(1+) @)*JI=0+)—(@d)>*(I=3/2+) 13.09 14.32 1.23 0.20
Ta(1+) (5D 69)' (J=1+)—(5d)*(J=3/2+) 14.11 (15.48) (1.37) (0.137)
105(1+) 64 (Ts)*(J=2+)—(6d)*(J=3/2+) 14.82 (16.26) (1.44) (0.074)
2+)—-(3+) V(Z+) Gd}JI=3/2+)—(Bd*(JI=2+) 28.20 29.310 1.11
Nb(2+) (Ady*(J=3/2+)—(dd*(J=2+) 24.20 25.04 0.84 —0.27
Ta(2+) (5dP(JI=3/2+)—(5d)*(J=2+) 23.06 (23.72) (0.66) (—0.185)
105(2+) (6d>*(J=3/2+)—(6d)*(J=2+) 23.77 (24.33) (0.56) (—0.100)
B+)—@+) V(3+) GBH*(JI=2+)—(BDHJI=3/2+) 45.80 46.709 0.91
Nb(3+) @ I =2+)—[@dd)'(J=3/2+) 36.74 38.26 1.52 0.61
Ta(3+) 5 (J=2+)—(Bd) ' (J=3/2+) 35.03 (36.97) (1.94) (0.418)
105(3+) 6D (J=2+)—(6d)'(J=3/2+) 32.74 (34.90) (2.16) (0.226)
@+)—06+) V{4+) (3 (J=3/2+)—[Core}(J=0+) 64.24 65.2822 1.04
Nb(4+) (4d)'(J=3/2+)—[Core)(J=0+) 49.50 50.55 1.05 0.01
Ta(4+) (53d)(J=3/2+)—[Core}l(J=0+) 47.12 48.282 1.15 0.10
105(4+) (6d)!(J=3/2+)—[Core}(J=0+) 43.57 (44.91) (1.34) (0.19)

figuration and a total angular momentum of 3/2. The
MCDF ground state for Nb(0) is 0.16 electron volts
lower in energy than the MCDF state with a (4d)*
(5s)! configuration and a total angular momentum of
1/2. The MCDF ground states of element 105 differ
from other elements in the group. The element 105
ground states have more s and p;, electron character.
This change results from relativistic effects [16, 17].
This effect is clearly seen for the 105(1+), 105(2+),
and 105(3+) ions.

Table 4 gives some excitation energies that were
obtained by MCDF calculations. For each neutral
atom or ion, a specific electronic excitation is given
along with the corresponding MCDF energy of exci-
tation. In most cases the corresponding experimentally
obtained energy of excitation and difference between
the MCDF and experimental excitation energies are
given. The double energy differences given in Table 4
probably indicate the size of the uncertainty in the
extrapolated ionization potentials that are presented
in the next section, because these ionization potentials
were obtained by using a similar double energy differ-
ence.

The solutions to the Dirac-Fock equation used did
not yield ionization energies which were as accurate
as desired. The accuracy of results was increased by
using an extrapolation procedure. The extrapolation
procedure used is based on ideas from finite difference
methods in numerical analysis [18]. The independent
variable is the principal quantum number and the
function of interest of the principal quantum number
1s the quantity alpha. The value of the principal quan-
tum number for vanadium, niobium, tantalum, and
element 105 are 3, 4, 5, and 6, respectively and the
quantity alpha for a specific atom or ion is equal
to the experimental value of the ionization potential

Table 7. Single ionization potentials for element 105 in electron
volts

Column I: MCDF calculations.

Column II: Extrapolated values.

Element | 1I

105 6.10 (7.4)+0.4
105(1+) 14.82 (16.3)+0.2
105(2+) 23.77 (24.3)+0.2
105(3+) 32.74 (34.9)+0.5
105(4+) 43.57 (44.9)+0.1

minus the value of the MCDF ionization potential.
Two assumptions were used to obtain the extrapolated
ionization potentials of element 105 that are presented
in Table 6. The first assumption is that alpha is a
quadratic function of the principal quantum number.
This assumption implies that [beta(m)-beta(m+ 1)] is
the same for m equal to 4 or 5 where m is the value of
the principal quantum number. The quantity beta(m)
is equal to [alpha(m)-alpha(m —1)]. The second as-
sumption is that for m equal to 3, 4, and 5 the ratio of
beta(m) for one charge state to beta(m) of another
charge stage is equal to the ratio of corresponding
values of [beta(m)-beta(m + 1)]. An assumption of this
sort is necessary, because no accurate experimental
values for the ionization potentials of Ta(l+),
Ta(2+), and Ta(3+) are available. The first assump-
tion is based on the periodic law of the chemical el-
ements. The second assumption is justified when un-
certainties of suitable size are associated with the
ionization potentials obtained by extrapolation. The
uncertainty is assumed to be equal to one-half of the
absolute value of beta(4) plus one-half of the absolute
value of [beta(4)-beta(5)].
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Table 8. Multiple ionization potentials for group 5b elements. The values in parentheses are estimates
Change Element Transition between MCDF Exp. Alpha Beta
in @ configurations IP in IP in
states (see Table 3) eV eV
©—-1+) V@O (Ba*@s)*(J=3/2+)—-(3d)*¢@s)'(J=1+) 6.58 6.74 0.16
Nb(0) @a)*(5s)*(J=3/2+)~(dD*(J=0+) 6.18 6.8825 0.70 0.54
Ta(0) (5d)3(65)*(J =3/2+) — (5d)3(6s)}(J=1+) 6.82 7.89 1.07 0.37
105(0) (6d)>*(75)2(J=3/2+)— (6 (Ts)X(J=2+) 6.10 (7.37) 1.27) (0.20)
0)-2+) VO (3d)*@s)*(J=3/2+)—(Bd)>*(J=3/2+) 20.20 21.39 1.19
Nb(0) (Ad)3(55)2(J=3/2+)— (4d)*(J=3/2+) 19.27 21.20 1.93 0.74
Ta(0) (5d)3(65)*(J =3/2+)— (5d)*(J=3/2+) 20.93 (23.37) (2.44) (0.507)
105(0) (6d)*(1s)2(J=3/2+)~(6d)*(J=3/2+) 20.92 (23.63) Q.71) (0.274)
0—(G+)  V(0) By 4s)2(J=3/2+)— Bdy*(T=2+) 48.40 50.70 2.30
Nb(0) (Ad}(55) (=32 +)—(dd)*(J=2+) 43.47 46.24 2.77 0.47
Ta(0) (5d)3(65)2(J=3/2+)— (5 (T=2+) 43.99 (47.08) (3.09) (0.322)
105(0) 64> (1s)2(J=3/2+)— (6d)*(J=2+) 44.69 (47.96) (3.27) 0.174)
©0)—@4+)  V(0) (3d)3(4s)2(J=3/2+) - B (J=3/2+) 94.20 97.41 3.21
Nb(0) (AdP(55)X (I =324 ) — (4d) ' (J=3/2+) 80.21 84.50 4.29 1.08
Ta(0) (5 (65)(J=3/2+)~ (5D (J=3/2+) 79.02 (84.05) (5.03) (0.740)
105(0) (6d)*(T9)H(J =3/2+)—(6d)}(J=3/2+) 77.43 (82.86) (5.43) (0.400)
O—-G+) V(O (3d)*(4s)*(J=3/2+)—[Corel(J=0+) 158.43 162.69 4.26
Nb(0) (4d)*(55)4(J =3/2+)—[Core](J=0+) 129.71 135.05 5.34 1.08
Ta(0) (5d)*(65)(J =3/2+)—[Core](J=0+) 126.14 (132.22) (6.08) (0.740)
105(0) (6d)3(75)*(J =3/2+)~[Core](J=0+) 121.00 (127.48) (6.48) (0.400)
3. Results Table 9. Multiple ionization potentials for element 105 in elec-

In Table 5 some experimental values for ionization
potentials of group 56 elements are presented [6, 19].
Accurate values of the ionization potential of tantalum
are available only for the neutral atom and for Ta(4+).
The table gives the ionization potentials in inverse
centimeters and in electron volts. References for the
values given are also presented.

Single ionization potentials for element 105 are
presented in Table 6. The table gives the change in
charge state, the dominant initial and final electron
configuration along with total angular momentum
eigenvalue, the MCDF ionization potentials, the ex-
perimental or extrapolated ionization potentials, and
alpha and beta values for the atoms and ions of in-
terest. Table 6 illustrates the extrapolation procedure
for the determination of ionization potentials. The
MCDF ionization potentials were obtained from re-
sults in Table 3. The ionization potentials are energy
differences between ground states. For example, the
MCDF ionization potential of vanadium was
obtained by subtracting the ground state energy of
V, —25791.379 eV, from the ground state energy of
V(1 +), —25784.801 eV. This gives 6.58 eV. Table 7
presents the MCDF and extrapolated ionization po-
tentials for element 105. The uncertainties in the ex-
trapolated ionization potentials are also included.

Multiple ionization potentials for element 105 are
presented in Table 8. The table gives the change in
charge state, the change in electronic state, the MCDF
ionization potentials, the experimental or extrapolated
ionization potentials, and alpha and beta values for
the atoms and ions of interest. Table 8 illustrates the
extrapolation procedure for the determination of mul-
tiple ionization potentials. The experimental multiple

tron volts
Column [: MCDF calculations.
Column II: Extrapolation values.

Change in I 11
charge

O)—-{1+) 6.10 (74)+04

®—2+) 20.92 (23.6)+0.5

©0)—3G+) 44.69 (48.0)+0.4

0)—(4+) 77.43 (82.9)+0.8

O)—-0G+) 121.00 (127.5)+0.8

ionization potentials were obtained by the addition of
the relevant single ionization potentials that are given
in Table 5. Note that the value for Ta(l+) was not
used in the extrapolations because of the relatively
large uncertainty associated with this value. Table 9
presents the MCDF and extrapolated multiple ioniza-
tion potentials with uncertainties for element 105.

Values for the ionic radii of element 105 presented
here were obtained by using the location of the
maximum of the charge density [20, 21], RMAX, in
the mp orbitals of vanadium, niobium, tantalum, and
element 105 and an extrapolation procedure [4]. The
extrapolation procedure is very similar to that used to
obtain extrapolated values of the ionization potentials.
Some of the assumptions in the two procedures differ.
The quantity RMAX is the location of the maximum
in 2 R(r)* where R(r) is the radial part of the
wavefunction for the mp orbital and r 1s the distance
from the origin. The values of RMAX for V, Nb, Ta,
and element 105 for neutral atoms and for ions of
charge +1 to +5 are given in Table 10.
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Table 10. Determination of the ionic radii in nanometers of the neutral atoms and of the +1, +2, +3, +4, and + 5 charged ions of
element 105 by extrapolation of the radii of maximum charge density of mp orbitals. The value of m is equal to 3, 4, 5, and 6 for
vanadium, niobium, tantalum, and element 105, respectively. The values in parentheses are estimates

Element Charge RMAX Atomic or Alpha Beta
ionic radius

\ 0 0.0451 —

Nb 0 0.0598 -

Ta 0 0.0613 -

105 0 0.0694 -

\Y +1 0.0451 -

Nb +1 0.0601 —

Ta +1 0.0613 —

105 +1 0.0693 —

v +2 0.0451 0.079 0.0339

Nb +2 0.0599 (0.0870) (0.0271) (0.0068)

Ta +2 0.0613 (0.0868) (0.0255) (0.0016)

105 +2 0.0692 (0.0983) (0.0291) (—0.0036)

A% +3 0.0447 0.0640 0.0193

Nb +3 0.0595 0.072 0.0125 0.0068

Ta +3 0.0611 0.072 0.0109 0.0016

105 +3 0.0691 (0.0836) (0.0145) (—0.0036)

v +4 0.0452 0.058 0.0128

Nb +4 0.0591 0.068 0.0089 0.0039

Ta +4 0.0608 0.068 0.0072 0.0017

105 +4 0.0688 (0.0765) (0.0077) (—0.0005)

A% +5 0.0435 0.054 0.0105

Nb +5 0.0586 0.064 0.0054 0.0051

Ta +5 0.0604 0.064 0.0036 0.0018

105 +5 0.0685 (0.0736) (0.0051) (—0.0015)

The extrapolation procedure used to obtain radii
of ions of element 105 is illustrated in Table 10. In
Table 10 an alpha value is equal to the difference be-
tween the corresponding values of the ionic radius and
RMAX. The value of beta is equal to [alpha(m —1) —
alpha(m)]. Beta values for element 105 were obtained
by extrapolation of these values for niobium and tan-
talum. Experimental values for the radii of neutral
atoms and of ions with a charge of 41 are not avail-
able for any of the group 55 elements [22]. Also, ionic
radii for the ion of niobium and tantalum with a charge
of +2 are not available [22]. Experimental values for
the radii of ions presented in Table 10 were obtained
from reference 22.

Two assumptions were used to obtain the radii
of element 105 ions presented in Table 10. The first
assumption is that alpha is a quadratic function of the
principal quantum number. This assumption was also
used to obtained extrapolated values for the ionization
potentials. The second assumption is that beta(m) for
the +2 charged state is the same as beta(m) for the
+ 3 charged state. The assumptions are justified when
uncertainties of suitable size are associated with the
radii obtained by extrapolation. The values of the
uncertainties for the radii were obtained in the same
manner in which they were obtained for ionization
potentials. The values in parentheses in Table 10 are
estimates. In Table 11 values of RMAX and radii
along with uncertainties are presented for the +2, +3,
+4, and + 5 charged ions of element 105.

Table 11. Ionic radii in nanometers for the +2, +3, +4, and
+ 5 ions of element 105
Column I: Extrapolated values for the ionic radii.

Ton RMAX I
1052 +) 0.0692 0.098 +0.006
105(3+) 0.0691 0.084+0.006
105(4+) 0.0688 0.077+0.004
105(5+) 0.0685 0.074+0.005

The ionization potentials given in Table § and the
ionic radii given in Table 11 were used to determine
some standard electrode potentials for element 105.
These determinations were based on Born-Haber
cycles [23]. The standard electrode potential, E°, for
the following reaction

Mt + [(n—m)2H, = M™" + (n—m)H™
for n greater than m is
E® = —AG°[[(n—m)F]

where AG? is the standard Gibbs free energy change
for the reaction and F=96.5220 kJ/mole-volt. The
above reaction is denoted in Table 12 by M"* /M™*,
Here M denotes element 105.

The Born-Haber cycles used require the enthalpy
of sublimation, the first five ionization potentials, and
the Gibbs free energy of hydration of several ions of
element 105. The value of the enthalpy of sublimation
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Table 12. Standard electrode potentials in volts at 298.15 K for
element 105 from the Born-Bjerrum equation and the Bratsch-
Lagowski equations

Column I: Born-Bjerrum equation.
Column II: Bratsch-Lagowski equations.

Electrode ! II
(105)2* /(105) 3.04 3.03
(105)**/(105) 0.87 1.38
(105)**/(105) —0.14 0.80
(105)**/(105) —0.73 —
(105)**/(105)** —3.47 —1.92
(105)** /(105)** -3.17 —0.94
(105> * /(105)** —3.09 -

used for element 105 was 795 kJ/mole. This value was
given in reference 24. The sum of the first two, first
three, first four, and first five ionization potentials
for element 105 are given in Table 9. The Gibbs free
energies of hydration were obtained using a form of
the Born equation [23]. This equation is

AGY, = —BZ*/(r+w) + 7.9 kJ/mole

where AGy,, is the Gibbs free energy of hydration of
the ion of interest, B and w are parameters, Z is the
charge of the ion of interest in electron units, and r is
the ionic radius of the ion. Here B is equal to 68583
kJ/mole-picometer, w is equal to 80 picometers for
cations and it is equal to 17 picometers for anions.
The values used for r are presented in Table 11. The
standard Gibbs free energy of formation of the hydro-
gen ion in water and of the gaseous hydrogen ion
are —1066.0 kJ/mole and 132.2 kJ/mole, respectively.
These values are given in references 25 and 26.

The standard electrode potentials obtained for el-
ement 105 are presented in Table 12. The electrode
potentials indicate that the +2 and + 3 charged ions
are unstable and the +4 and +5 charged ions are
stable in acid solution at standard conditions with
respect to the metal. In acid solutions the + 5 charged
ion of element 105 is more stable than the other ions
studied.

4. Conclusions

The uncertainties in the ionization potentials for el-
ement 105 presented here are larger than those associ-
ated with the ionization potentials calculated [1] for
element 104, because accurate experimental values for
the ionization potentials of Ta(1+), Ta(2+), and
Ta(3+) are not available.

The ionization potentials and ionic radii presented
here may be used to predict certain chemical properties
of compounds of element 105 and of element 105
ions in solution. For compounds and ions with an
oxidation state of +2, 43, and +4 the methods pre-
sented in reference 11 may be used for these predic-
tions. For other oxidation states the basic Born-Haber
cycle approach may be used [9, 10, 23]. Some standard
electrode potentials are presented for element 105.

Except for Nb and V(1+), the relativistic
multiconfiguration Dirac-Fock (MCDF) total angu-
lar momentum eigenvalues and dominant configura-
tion calculated for the lowest energy state agree with
the experimental results. For element 104 this agree-
ment was obtained in all cases [1]. This indicates that
the MCDF results are rather reliable for these two
properties. MCDF results and extrapolation pro-
cedures were used to obtain the ionization potentials
and ionic radii presented here. The procedure also
yielded values for the ionization potentials of Ta(1 +),
Ta(2+), and Ta(34). Accurate values for these quan-
tities have not been obtained experimentally [6, 7, §].
The extrapolation procedure yielded values for the
radii of Nb(2+) and Ta(2+) also. Accurate experi-
mental values for these radii are not available [22].
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