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A detailed study of the electronic structure and bonding of the pentahalides of group 5
elements V, Nb, Ta, and element 105, hahnium (and Pa) has been carried out using relativistic
molecular cluster Dirac-Slater discrete-variational method, A number of calculations have
been performed for different geometries and molecular bond distances. The character of the
bonding has been analyzed using the Mulliken population analysis of the molecular orbitals. It
is shown that hahnium is a typical group 5 element. In a great number of properties it
continues trends in the group. Some peculiarities in the electronic structure of HaCIs result
from relativistic effects.

I. INTRODUCTION

It is known that near the end of the periodic table rela
tivistic effects play an important role in determining atomic
characteristics such as binding energies, atomic (ionic )
radii, etc. This finally influences the physics and chemistry
of the heavy and superheavy elements leading to peculiari
ties in their chemical behavior.

Early relativistic calculations for atoms and ions1,2 have
already shown that there is a strong relativistic stabilization
of S1/2 andP1/2 orbitals as function ofatomic number and, as
a secondary effect, destabilization ofd orbitals and their spa
tial expansion. Multiconfiguration Dirac-Fock (MCDF)
calculationsv'r' have shown that change ofthe spatial exten
sion oforbitals in a relativistic treatment compared to a non
relativistic one leads to different ground state electronic con
figurations for Lr and element 104 than those which would
be expected on the basis ofa straightforward extrapolation of
the periodic system. Lr turned out to have a 7s27P1/2 ground
state electronic configuration instead of the expected 7s26d
one and 104 to have 7s27P1/2 6d instead of7s26d2.First excit
ed configurations of Lr(7s26d) and of element 104
(6d 27d 2

) are by 0.19 and 0.24 eV, respectively, higher.
A number of chemical experiments'"? were carefully

planned to provide some evidence for the groud state elec
tronic configurations of these elements and to observe the
periodicities in their properties as a consequence ofrelativis
tic effects. Thus, e.g., the experiments" on the volatility of
element 103 as a possible analog of p-element Tl failed to
confirm this idea and it was not possible to reduce the triva
lent Lr to the monovalent state." This reduction was expect
ed owing to strong "inert pair" effect of the 7S2 electrons.

a) Permanent address: 117915 Moscow, Leninski pr. 31, Institute of Phys
ical Chemistry, Russian Academy of Sciences.

The other two groups ofexperiments which studied vol
atility of the elements 103, 104, and 105 and their halides
using the gas chromatography technique't?'!" and the solu
tion chemistry experiments which investigated the process
of complex formation by the exchange solvent extrac
tion11,12,13 have given strong evidence that the actinide series
ends at Lr and that a new series begins with element 104.
Element 104 was found to be an analog of the group 4 ele
ments and 105 an analog of the group 5 elements and their
chemical behavior was characteristic ofthe elements ofthese
groups.

These experiments however revealed that the properties
within the groups are not changing smoothly and that there
is a break in periodicity and, as it was supposed in Ref. 13,
even areversal, as in the case of solvent extraction of the
element 105 complexes. In the experiments on the gas phase
chemistry ofelements 104 and 105 halides, it has been found
that the 104 chloride and bromide are more volatile than
their analogs MCl4 and MBr4 (M = Zr, Hf)9(b)-9(d),10(a)

while the 105 chloride and bromide are substantially less
volatile compared to MCl, and Mßr, (M = Nb,
Ta) .10(a),10(e),10(f) These interesting experimental results
need to be given some theoretical interpretation and the gen
eral analogy between the transition elements within the
groups is worth being considered independently.

Chemical properties of the transition elements of the
first, second, and third row in general resemble each other
while the members ofthe last two rows are different from the
elements of the first row by a number of characteristics.
These are atomic, ionic, and metallic radii; oxidation states
(oxidation potentials); stereochemistry of ions in solutions
or solid state; crystal-field, spin-orbital effects and magnetic
properties. Thus to talk about analogy within the groups one
should consider first these characteristics taking into ac
count the fact that with increasing relativistic effects down
columns ofthe periodic table some simple extrapolations of
chemical properties may no longer be a reliable approach. 14
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Subtle, individual effects, configuration mixing can play an
important role leading to changes in the periodicities.

In order to discuss the chemistry of element 105we start
with a summary of what is known from relativistic atomic
calculations for V, Nb, Ta, and Ha. (This review is presented
in Sec. 11). The chemical bonding in group 5 elements com
pounds (and Pa for comparison) has been studied by us for
the pentachlorides MCI5 , with M = V, Nb, Ta, Ha, and Pa.
A number of relativistic molecular cluster calculations have
been performed for different geometries and moleculer bond
distances. Section 111 gives abrief introduction in the Dirac
Slater discrete-variational method with self-consistent
charge approximation (SCC-DS-DVM) and computational
details of the molecular calculations. The results of the cal
culations are presented in Sec. IV where the character ofthe
bonding is analyzed by the Mulliken population analysis of
the molecular orbitals. The possibility of Ha forming a pen
tachloride in C4 v geometrical configuration is discussed in
Sec. V. General conclusions about trends in group 5 are pre
sented in Sec. VI.

11. RELATIVISTIC ATOMIC CALCULATIONS AS A BASIS
FOR PREDICTING THE CHEMICAL PROPERTIES

From relativistic self-consistent field (SCF) atomic cal
culations some predictions can be made about chemical
properties of the heavy elements and their analogs. Results
of the atomic calculations together with available experi
mental data for the group 5 elements are given in Table I.
From this table one can see that a dominating ground state
electronic configuration in group 5 is d 3S2 with the exception
of Nb. For element 105 the MCDF calculations"?' prove
the ground state electronic configuration to be 6d 37S2 (with
87.1% configuration weight). So the MCDF calculations
have confirmed the ground state electronic configuration of
Ha which was predicted in the earlier calculations.l' Thus
element 105 is expected to be a d element with properties
being determined mainly by valence 7sand 6d orbitals.

Both Dirac-Slater1 and recent MCDF calculations"?'
have shown that there is an increase in atomic and ionic radii
from Ta to 105. For the pentavalent state ofV, Nb, Ta, and
105 the Rm ax data as a result of calculations'"'" are given in
Table I. These values have been normalized and extrapolat
ed to the experimental ionic radii. lonization potentials
(0) - (5 + ) decrease in going from V to Ha (see Table I).
Thus because ofthe probably larger ionic and covalent radii
and the small ionization energy element 105 will readily
reach its maximum oxidation state. In this oxidation state it
should therefore be a quite hard Lewis acid with low polariz
ability. It should be only a little bit softer than the 5d-ele
ments in the same oxidation state.

Atomic electronic structure data (atomic, ionic radii,
ionization potentials, maxima of radial charge densities)
change smoothly from Nb to Ta and to element 105. So the
chemical properties of element 105 should resemble the
properties of its analogs Nb and Ta with peculiarities deter
mined by the type of compound involved.

The strength of chemical bonding is determined by ener
gies of the atomic shells and their spatial distribution. The
spatial distribution of the valence ns and (n - 1) d orbitals
change within the group in different ways. Because of the
relativistic contraction ofthe ns orbitals the maximum in the
radial charge density function decreases from Nb to 105.
Thus for the neutral V, Nb, Ta, and 105 these values are 1.54,
1.68, 1.53, and 1.45 Ä. The (n - l)d functions on the con
trary become more expanded in going from Nb to 105 (e.g.,
0.456, 0.745, 0.804, and 0.908 Ä for the three positively
charged V, Nb, Ta, and'Ha). The two diametrically opposed
behavior ofthe valence ns and npl/2 orbitals on the one hand
and (n - l)d and np3/2 orbitals on the other hand could
result in local effects giving rise to strengthening or weaken
ing the chemical bond in a particular case depending
whether the energy ofthe (n - l)d orbital is above or below
those of the other valence orbitals.

Energy eigenvalues of the valence ns and (n - l)d

TABLE I. Some physicochemical data for group 5 elements V, Nb, Ta, Ha, and for Pa.

Property V Nb Ta Ha Pa Reference

Ground state 3d 34.r 4d 45s 5d 36.r 6d 37.ra 5f26d7.r 15(a)
configuration
First excited 3d 44s 4d 35.r 5d 46s 5f6d 27.r 15(a)
configuration
Excitation energy (eV) 0.26 0.14 1.21 0.25b 15(a)
Rm ax (M 5 +) (A.) 0.435 0.586 0.604 0.685 0.865 5(c)
Ionic radius (M 5 +) (A.) 0.54 0.64 0.64 0.74a 0.78 17
(CN = 6)
Experimental ionization 162.64 135.05 132.03c 126.38c 15(b)
potential (0 - 5 + ) (eV)
Calculated ionization 158.43 129.55 126.14 121.00 110.14d 5(c)
potential (0 - 5 + ) (eV)

a Reference 5(c ).
b Reference 16.
"Normalized and extrapolated [Ref. 5(c)] to the experimental values.
d Reference 18.
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FIG. 1. Binding energies of ns and (n - 1)d AOs für V, Nb, Ta, Ha, Pa, and
Cl (Ref. 19).
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d352 f2d ' s 2 52p5

(3)

(2)
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The quantum number k is defined as
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Vx = - 3a (3p/81T) 1/3 the exchange potentials. The dia
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Dirac Hamiltonian
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where

p(r) = L <1>; (r)<I>k (r) tj k ,

j.k

(4)(h - EiS)Ci = 0

gives the molecular orbitals (MOs)

The symmetry molecular orbitals for double point
groups were constructed using the projection operator meth
Od2 1 implemented into the program.F The program in
cludes time reversal invariance resulting in additional selec
tion rules in the nonrelativistic limit. The calculations have
been done both within the all-electron and the frozen core
approximations in which symmetry orbitals are constructed
for the core and valence regions. The symmetry orbitals for
the valence region are then orthogonalized to the core orbi
tals in the first iteration and kept frozen in the following
iterations.

The basis set has been varied to investigate its inftuence
on the electronic structure data. Minimal as weIl as ionized
basis sets were used to test the change ofthe eigenvalues. The
extended basis set including valence npl/2 and np3/2 orbitals
was used to examine the inftuence of these orbitals on the
chemical bond formation. The results on the charge density
distribution presented in the paper are for the neutral basis
set. The trends in these values within the group are the same
for the ionized basis. Numerical integration was done using
9000 integration points.

During the SCC procedure charge density functionals
are generated via orbital occupations found by the Mulliken
charge analysis of the occupied molecular orbitals.

Mulliken population analysis has been used to analyze
the charge density distribution data." In a single determi
nant N-electron wave function built up from orthogonal mo
lecular orbitals, the charge density in terms of symmetry
orbitals is given as

(1)

wherePnk (r) and Qnk (r) are the big and small components
of numerical relativistic atomic (DS ) wave functions;
Yk m (r,S) are vector-coupled spin harmonics; Wq represents
the expansion of the symmetry orbitals.

111. METHOD AND COMPUTATIONAL DETAILS OF THE
MOLECULAR CALCULATIONS

A. SCC-DS-DV method

Dirac-Slater calculations of the molecular electronic
structure of the group 5 halides have been performed using
the relativistic DVM with see approximation as developed
by Rosen and EIlis.20

The four-component basis functions <l>j are symmetry
orbitals which are determined through a linear-combina
tion-of-atomic-orbitals (LeAO) expansion, i.e.,

atomic orbitals (AOs) as a result of DF calculations'? are
shown in Fig. 1. From this figure one can see that there is
relativistic stabilization of ns AOs and destabilization of
(n - 1)d ones as a secondary effect in going from V to Ha.
Spin-orbital splitting of (n - l)d AOs increases as weIl in
this direction. Hahnium having 7s and 6d AOs in nearly the
same energy region as ns and (n - l)d orbitals ofNb and Ta
will have different contributions to bonding of these orbitals
compared to those ofPb and Ta. Protactinium has less stabi
lized 7s and 6d orbitals compared to hahnium with 5/ AOs
being also in the valence region and taking part in chemical
bonding. Taking into consideration the important informa
tion from the relativistic atomic calculations molecular rela
tivistic quantum-chemical calculations can nevertheless
provide a basis for better understanding the nature of chemi
cal bonding in particular cases.
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TABLE 11.Input geometrical parameters, bond distances RM - Cl and Clax 

M-CI angle CC4 v ) for MCl s.

Following Mullikerr" the total number of electrons N is

N = Jp(r)dr = L Sjktjk,
j,k

where Sjk = f<l>j<l>kdr is the symmetry orbital overlap ma
trix.

To analyze the chemical bonding it is important to break
up the molecular electron density according to Mulliken into
the following constituents. The net atomic population of an
orbital j on center r contributing to molecular orbital i is
defined as

n (i;jr) = N(i)ctr'

where cij are MO coefficients for atomic orbitalj on center r
and N(i) is the occupation ofthe ith MO. Then summation
over all MOs gives

ni j.) = L nt iij,'),
i

and summation over all orbitals in atom r gives

n(r) = L nt j.),
i

Here C ij; are MO coefficients obtained in the solution of the
secular Eq. (4).

Gross atomic population of orbital i.. contributing to
molecular orbital i, is expressed as

N(i· j
) = N(i)c ..(c .. + " C'k s., ) ·1Jr lJr lJr ~ I s ] s

s=l=r

Summation over all MOs gives gross atomic orbital popula
tions

N(jr) = LN(i;jr)
i

and finally the effectivecharge of any AO (or in other words
AO population)

q(jr) = No (jr) - Nt j.),

where No Ur) is the number of electrons in the AO <l>j.
The different partial overlap populations are

n (i;jrks) = 2N(i)cijrcikrSjrks'

n(jr,ks ) = L n(i;jr,ks)'
i

Vb Nb a Ta a Hab Pa b

Symmetry D 3 h D 3 h D 3 h D 3h C4 v

RM-Clax CA) 2.21 2.338 2.369 2.45; 2.42c 2.44 C104°)

RM-Cleq CA) 2.18 2.241 2.227 2.31; 2.28c 2.44 C104°)

a Reference 24.
bEstimated values.
c Bond lengths with relativistic contraction.

N(i)€i = L N(i;jr)a(jr)
i,

s » r

Hereß( jr,ks) is the overlap energy and a( jr) the COUIOnlb
energy parameters.

B. Input parametersfor MCls (M=V, Nb,Ta, Ha,and Pa)

It is known that Nb and Ta form rather volatile penta
chlorides existing in the gas phase as monomers. Electron
diffraction study'" have shown that they have geometrical
configuration of a trigonal bipyramid possessing D 3h sym
metry according to Fig. 2(a) with the interatomic distances
listed in Table 11.

Protactinium pentahalides have also been calculated be
cause Pa is often included in the experiments as a possible
analog whose properties sometimes resemble the properties
ofthe group 5 elements. Unfortunately no data are available
in the literature about structures of the protactinium penta
halides in the gas phase. It is however known that Pa in most
cases forms solid state compounds typical ofthe early actin
ides and especially uranium. The solid state structure of
PeCl, for example is similar to that of LlCl.. Such a similar
ity in structures between LlCl, and PaCl, should be expect
ed also in the gas phase. In an earlier work (Ref. 25) we
analyzed electronic structure of the gas phase UFs as a
square pyramid of C4 v symmetry with uranium atom above
the planar square. This geometry and not a D 3h one has been
predicted for gaseous UFs in Ref. 26 by the analysis of the
infrared spectrum. By analogy we have investigated the
structures for PaCl s of C4 v symmetry [see Fig. 2(b)], with

n(i) = L n(i;jr,ks ) '

jr>ks

between orbitals j and k on the centers rand s. The total
overlap population is

n = L n(i) = L n(r,s) = L nt j.Jc.).
i r,s jr'ks

~- - -
~ ,

'----- '

These different overlap populations have been widely used to
analyze the chemical bonding taking into account the fact
that the overlap population is a counterpart of the covalent
bond energy.23 We recite here the Mulliken expression of the
MO energy via the overlap population parameter PI G. 2. Geometrical structure of MCIs molecules,
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the D3h symmetry being also included in the calculations for
comparison. For element 105 we considered two possible
structures, D 3h symmetry according to the d 3Sp hybridiza
tion and C4 v symmetry according to the d 2Sp2one. The bond
lengths for PaCls were estimated on the basis of the solid
state structural data." The internuclear distances for the
105 halides were varied in a range from 2.30 to 2.55 Ä.

Results for 105 chlorides are mainly presented for
R / R equal to 2.45/2.31 and 2.42/2.28 Ä. The first dis-ax eq

tances were estimated taking into account the differences in
the ionic radii between element 105 and analogs obtained
from MCDF calculations'":" and the second ones from an
assumption of the relativistic contraction of the bond length
owing to a strong contribution ofthe 7s-orbitals to the chem
ical bonding (see Sec. IV). (In the latter case the increases in
the bond lengths in HeCl, compared to TaCls were taken as
an average between those values for 104H4 and 106H6 com
pared to HtH4 and WH6 obtained in Ref. 28.)

IV. RESULTS AND DISCUSSION

A. Protactinium pentahalides

Despite the fact that Pa in many of its compounds exists
in a pentavalent state and easily forms the double bond with
oxygen in compounds as PaOLx it can hardly be considered
as an analog ofthe group 5 elements. Protactinium is a mem
ber of the J-element series with the 5f26d 17S2 ground state
electronic configuration. Its properties are determined by
the f, d, and s electrons and by hybridization of these orbi
tals. As was mentioned before, the D3h hybridization is not
typical for the J-elements and UFs does not exist in the gas
phase in this form.

Dur calculations of the electronic structure of PaCl, in
D3h symmetry with bond distances equal to 2.44 Ä have
shown that this geometry is not the proper one. The total
overlap population for PaCls in this geometry is negative
which means that the molecule in this shape is not stable due
to the repulsion between the atoms. While interaction of the
central atom with two axialligands gives bonding with over
lap population between them equal to 0.23 the three equator
ialligands interact in a repulsive way with the metal atom
giving negative overlap population of - 1.31. So the result
ing total overlap between central atom and ligands is nega
tive ( - 1.08). This unreal distribution of the electron den
sity within the molecule gives meaningless values of the
effective charges and atomic occupancies. The results on
PaCIs in C4 v symmetry on the contrary show quite reason
able values which will be discussed later with total overlap
population being equal to 1.96.

B.Pentachlorides of the group 5d-elements

The detailed analysis of the electronic structure of
HaCls and comparison with the analogs NbCI s , TaCls have
mainly been done in D 3h symmetry. For comparison the hy
pothetic molecule VCIs has also been included in the calcu
lations. The possible C4 v symmetry for HaCIs will be dis
cussed in Sec. V.

1.Overview of the molecular eigenvalues

In Fig. 3 the general splitting ofthe orbitals in the ligand
fields ofD3h and C4 v symmetries is shown (without a scale)
in relativistic and nonrelativistic representations.

The energy level diagram for the pentachlorides of V,
Nb, Ta, Ha, and Pa is shown in Fig. 4(a). The relative order
ing ofthe molecular levels depends on relative level positions
for the constituent atoms, the crystal-field splitting, and co
valency effect. The results show that all the d-elements pen
tachlorides have similar energy level structure. The set of
binding levels ends with levels of predominantly 3p-charac
ter of Cl and separated from them by the energy gap are
vacant d levels of the metal. The energy gap IlE increases in
going from VCIs to HaCIs [see Fig. 4(b)] owing to the
relative destabilization of the d orbitals. The crystal-field
splitting of d orbitals increases as weIl along the series.

2. Analysis of the bonding character of the molecular
levels

The molecular orbital eigenvalues ofNb, Ta, Ha, and Pa
are given in Table 111. MO bond orders and compositions are
given elsewhere.:" The occupied orbitals of the NbCI s ,

TaCI s , and HeCl, can be divided into several groups. The
six highest ones are essentially nonbonding halogen p-type
orbitals. Below them are three orbitals responsible for rather
weak interaction between valence np metal orbitals and 3p
chlorine ones. From MO compositiorr" it is interesting to
see that from Nb to Ta and to Ha the npl/2 orbital contribu
tion decreases while the np3/2 one increases. The orbital
(20D7) contributing to the (ns)metal-ligand bonding in
NbCI s is above the five (n - 1)d-ligand (18D7-15D9)
bonding orbitals while in TaCI s and HaCI s this orbital

FIG. 3. General splitting of S, p, d, and f orbitals in ligand fields of D3h

and C4 v symmetries.

J. ehern. Phys., Vol. 96, No. 11, 1 June 1992



8372 Pershinaet al.: Relativistic effects in element 105. I

10 TABLE III. Molecular orbital eigenvalues for MCIs '
VCLs NbCLs TaCLs HaCLs PaCLs

0 NbCIs TaCIs HaCIs
a PaCIs

-;;;-;;;-;~:= (n-Ud - 5f
-10 =~~:==:;;=!;~== 3pCCD l1li 3pCCD Energy Energy Energy Energy

Orbital (eV) Orbital (eV) Orbital (eV) Orbital (eV)

-20 ~:::-=:::~:::!!!!!!!!!!! 3sCCD = 3sCCD
- 6P3/2

5306 4.03

==::== (n-2)f 4207 4.18

~
-30 - 6P1/2 2407 1.99 3007 1.18 3607 1.44 5206 4.55

",,- (n-l)p312
2408 3.97 2908 3.31 3408 3.12 4107 4.56

>-. -40 ,----- 2009 4.04 2509 3.53 3009 3.30 4007 4.79
C) ~~{:'~"'" 1909 5.14 2409 4.55 2909 4.45 5106 5.21
L.

- (n-1)5 2307 5.23CI)
-50 ~ 2907 4.78 3507 4.77 3907 5.33

c:
lJ.J " 1809 7.93 2309 7.90 2809 8.02 5006 8.02

-60 \- (n-l)p1I2 22D7 7.97 28D7 7.93 34D7 8.07 38D7 8.29
-----. 17D9 8.27 22D9 8.16 2709 8.21 49D6 8.49

-70
,',' \\ 2308 8.28 2808 8.20 3308 8.26 4806 8.78

----J 22D8 8.36 27D8 8.31 3208 8.40 37D7 8.79

'-----"\,
2107 8.91 2707 9.02 3307 9.03 3607 8.85

-80 2108 9.48 2608 9.57 3108 9.39 4706 9.03
1609 9.51 2109 9.60 26D9 9.42 3507 9.13

-90 \- (n-1)5 2008 9.55 25D8 9.79 30D8 9.91 4606 9.16

(a)
2007 10.53 26D7 10.52 2509 10.35 34D7 9.67
15D9 10.62 20D9 10.57 32D7 10.38 4506 9.74
1907 10.66 2507 10.67 3107 10.70 4406 9.82
1409 10.78 2408 10.87 2908 10.76 4306 10.03
1908 10.80 1909 10.92 2409 10.93 3307 10.20
1807 10.84 2407 11.22 3007 11.74 32D7 10.25
1808 20.59 23D8 20.47 2808 20.43 31D7 19.32

0 VCl5 NbCl5 TaCl5 HaCl5 PaCl5
1707 20.99 2307 20.86 29D7 20.89 42D6 19.60

a For R = 2.45/2.32 A..

FIG.4. (a) Energy level structure for MCIs molecules. (b) Highest occu
pied and lowest vacant energy levels.

(24D7 and 30D7, respectively) is below the five bonding
MOs (19D9-26D7 for TaCIs and 24D9-25D9 for HaCIs )

between (n - l)d metal orbitals and the chlorine ones.
These five MOs are mainly responsible for the bonding be
tween metal atom and ligands (see Ref. 29). The diffusity

-2

-,
.---.

~
>. -6C)
i-
Q)
c:

LU
-8

-10

-12

(b)

,--,,""-"'_ (n-l)d+
I +ns

I
I.

I
--.J

(n-l)d
5f

äE

~--------=. ~-:..---..-:..-:== - 3p(Cl)

-------- 3p(CU = 5f+6d+

_.;'f-----==---= =+3p«(;U
- __~---:-=-:.:= (n-1)d~

-------..:=::--- +3p(CU,
',-- ns..-3pCCU

and destabilization of 6d orbitals ofHa are the reason of their
more complicated involvement into bonding with the final
result being shown in the tables of partial and total overlap
populations. Below these levels are MOs of predominantly
3s(CI) character with slight admixture of nd(metal) orbi
tals. The lower lying levels are nearly pure metal orbitals not
participating in bonding.

An interesting behavior however show the vacant orbi
tals of d character [see Fig. 4(b ) ]. Besides the fact that the
general scheme of d orbital splitting in the crystal fieldof D3h

symmetry is preserved for all the molecules under considera
tion the increase in the d orbital splitting from NbCIs to
TaCIs is broken by the drastic decrease in energy of 36D7
MO in case ofHaCls . The reason is that in fact 36D7 MO is
no more an orbital of d character. The drastic increase in the
7s AO content ofthis highest MO from 3.8% to 4.4% and to
57.6% in goingfrom NbCIs toTaCls andtoHaCls (seeRef.
29) owing to the relativistic stabilization of the 7s AO results
in the stabilization of this MO. This will finally inftuence
some physicochemical properties, e.g., energies of highest
electron charge-transfer transitions. Supposing that the
same effect is presented for hahnium compounds with par
tially filled 6d shell the energies of the highest electronic d-d
transitions will be lower in HaCIs compared to TaCIs .

Total and partial density of states (PDOS) diagrams
[see Figs. 5(a) and 5(b )] can be also used to establish the
redistribution of atomic character over the binding energy
spectra. The PDOS corresponding to a particular atomic
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TOOS

Ui NbCl5

~
+'

A'e
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L- Et.s
CJ) TaCl5 <.Q)

AA+'
tU
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CJ)

~ Et0

>- HaCl5 r-.+'
'ij)

JJlAc
Q) A0

Et

gy gap Ii.E which is more narrow than that of the d-element
pentahalides. The crystal field splitting of the 5/orbitals is
less than that ofthe d-elements due to lower spatial distribu
tion of 5/orbitals compared to the dones.

The last occupied MO is purely nonbonding 100% (Cl) .
The chemical bonding is mainly done by nearly equal parti
cipation of 5/and 6d orbitals of protactinium. It is also sub
stantially influenced by the 6p orbital participation. Because
ofthe strong spin-orbital splitting ofthe 6p orbital into 6Pl/2
and 6P3/2 components the latter acts in an antibonding way
destabilizing rather high 3807 and 4906 MOs. (The 6P3/2
orbital contributes to a great extent to 3107 and 4206 MOs
giving the negative overlap metal-ligand.)

FIG. 5. (a) Total and (b) partial densities ofstates in Mels (M = Nb, Ta,
and Ha).
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o 3. Analysis 01 the atomic populations

The effectiveatomic charges and occupancies ofthe va
lence s, P, d, and / orbitals as a result of calculations are
shown in Table IV. Here we show first nl contributions.
From this table one can see that the changes in the bond
distances do not give any significant change in the charge
density distribution data (as in the case of HaC15 ) . Thus
some conclusions about chemical bonding can be done with
out knowing the equilibrium bond distance.

The effective atomic charges within the group do not
change smoothly from one element to another. There is a
general decrease in values of effective atomic charges with a
break on Ta. The atomic orbital populations change rather
smoothly from NbCl s to HaCI 5 ; qs and qp increase while qd
decreases. The qj values for the relativistic atomic orbitals
(Table V) show that the behavior ofthe orbitals is basically
in agreement with the contraction ofsandPl/2 functions and
an expansion ofP3/2 and d functions for heavier elements as
was shown by the earlier discussion of atomic (ionic) radii,
etc. Nevertheless the changes in the stabilization or destabi
lization of some of nlj orbitals are not a smooth function of
atomic number. Thus gradual relativistic stabilization of
npl/2 valence orbitals in going from Nb pentachloride to Ha

orbital can be obtained by weighting MO energy levelsby the
Mulliken orbital population qj for each state. Then the dis
crete level structure ofthe cluster is broadened by introduc
ing a Lorentzian linewidth to obtain a pictorial representa
tion.

Thus Fig. 5(a) shows bonding components ofthe valent
orbitals resulting from covalent mixing of metal orbitals
with 3p(CI) AOsas wellaslinesof3s(CI) and (n - 2)/ AOs
for TaCl 5 and HaCI 5 • The (n - 1)d3/ 2 and (n - 1)d5/ 2

PDOS [see Fig. 5(b)] show the crystal-field splittings with
those for HaCl5 being not pronounced due to the strong 7s
contribution to the highest vacant MOs which was discussed
before. In addition one can see that the contribution of the
dS/ 2 AOs into bonding decreases in going from NbCl 5 to
HaCl5 while that of ns AOs increases (ns POOS). The ns

PDOS shows also increasing contribution of ns orbitals to
the vacant orbital region drastically changing the character
of the highest antibonding MOs.

The nature of chemical bonding is different in PaCl5

[seeTable 111, Ref. 29, and Fig. 4]. The set ofbonding MOs
isseparated from vacant orbitals of 5/character by the ener-

TABLE IV. Effective charges on atoms (Q) and atomic orbital populations
(q/) for MCIs'

RM-Clax cA.) t:.E

Moleeule RM-cleq (A.) Q qs s, qd qf (eV)

VCIsa 2.21 1.12 0.24 0.36 3.27 1.81
2.18

NbCI s 2.338 0.93 0.20 0.22 3.65 2.70
2.241

TaCls 2.369 0.95 0.35 0.33 3.37 13.99 3.10
2.227

nsci, 2.42 0.81 0.55 0.33 3.32 13.99 3.36
2.28

HaCls 2.45 0.80 0.58 0.34 3.29 13.99 3.25
2.31

nscr, 2.47 0.79 0.60 0.35 3.27 13.99 3.18
2.32

PaCls 2.44 0.98 0.13 0.13 2.09 1.70 2.68

"For comparison moleeule VCl5 is also included in Table IV.
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TABLE V. Relativistic atomic orbital populations (qj) for MCI s .

HaCIs HaCIs
Orbital NbCIs TaCIs 2.45/2.31 A 2.42/2.28 A PaCIs a

S1l2 0.20 0.35 0.58 0.55 0.13

P1I2 0.08 0.15 0.22 0.22 0.07

P3/2 0.14 0.18 0.12 0.11 0.06

d3/ 2 1.51 1.45 1.53 1.54 0.91

dS12 2.14 1.92 1.76 1.78 1.18

aFor PaCI s, q(5h/2) = 0.83 and q(5h/2) = 0.86.

gives rise to an increase in Q(PI/2 ) while destabilization of
P3/2 orbitals is not gradual with increasing atomic number
and Ta has relatively stabilized 6p3/2 AO. The (n - 1)d3/2
orbital which is supposed to be gradually destabilized along
the series has the biggest occupation in HaCI s ' Orbitals
(n - 1)dS/ 2 are gradually destabilized along the series.

~Anmysmof~eomftmo~rlap

The different behavior of the metal valence orbitals
brings some peculiarities into their bonding with valence or
bitals of ligands. The data on partial overlap populations of
these orbitals with all chlorine orbitals are presented in Ta
ble VI.

From Table VI one can see that the valence orbitals
contribute to the chemical bonding in a different way and the
contribution of some of them is not a smooth function of
atomic number. Thus relativistic stabilization of nSI / 2 orbi
tals with increasing atomic number results in a bond
strengthening owing to increase in (ns l / 2 )metal-ligand
overlap which is especially pronounced in the case of Ha.
Valence npl/2 orbitals have the same effect and it is worth
noticing that the contribution of 7Pl/2 orbitals of Ha in the
total overlap is -.-9.4% and is twice that of 5PI/2 orbitals in
the case of Nb.

The behavior of np3/2 orbitals is the most interesting
one. From NbCI s to TaCI s this orbital contributes more to

bonding. In case of HaCIs it is highly destabilized and con
tributes to the bonding even to a lesser extent than the 5p3/2
orbital of Nb. This process leads finally to the total overlap
population of 7PI/2 and 7P3/2 AOs being intermediate be
tween those of Nb and Ta.

Destabilization of d3/ 2 and dS/ 2 orbitals as a secondary
relativistic effect should have resulted in diminishing the
overlap population between these orbitals and the orbitals of
ligands, but in reality the strong space expansion of these
orbitals (as it was shown with R m ax ) results in the increase in
their contribution to bonding. Nevertheless the relative con
tribution ofd orbitals to bonding decreases from Nb to Ha as
can be seen from Table VII. Thus all these complicated pro
cesses give rise to redistribution of the electron density in
going from NbCI s to HaCIs so that SI/2 and Pl/2 orbitals
contribute relatively more to bonding while the contribution
of d orbitals decreases (Table VII).

In the case of'PaCl, one can see that the valence orbitals
overlap in a different way compared to the d-element pen
tachlorides and HaCI s in particular. Having the same prin
cipal quantum number as Ha the valence orbitals of protac
tinium contribute differently to bonding. The 7s(Pa) orbital
is not so strongly overlapping with ligands as the 7s orbital of
hahnium, which is also the case for 7p orbitals. The 6d orbi
tals overlap rather weIl with the chlorines as weIl as S/ones.
Nevertheless the total metal-ligand overlap is much lower
than that in the d-element chlorides because of the strong
negative overlap of the 6p orbitals of Pa with orbitals of
chlorines [n(6Pl/2 - Cl) = - 0.25 and n(6p3/2 - Cl)
= - 0.89]. -,

This different behavior of different valence AOs as a
function of atomic number explains the nongradual dimin
ishing of the values of the effective charges from Nb to Ta
and further to Ha. In going from Nb to Ta the increase in
electron density on the metal atom gained by relativistic sta
bilization of sand Pl/2 orbitals is compensated by the de
crease in density on P3/2 and d orbitals owing to their desta
bilization. As a result the value of Q in Ta and Nb is nearly
equal. Then in Ha halide 6d orbitals are only a little bit more
destabilized than in Ta in contrast with their high destabili
zation in Ta compared to Nb. This little destabilization is
highly covered by strong stabilization of7s AO in Ha and its

TABLE VI. Partial overlap populations of the valence metal orbitals with
all chlorine orbitals for MCIs .

HaCI HaCI s
Orbital NbCI s TaCI s 2.45/2.31 A 2.42/2.28 A

S1I2 0.28 0.41 0.48 0.48

PlI2 0.14 0.22 0.30 0.29

P3/2 0.24 0.30 0.21 0.20
p(tot) 0.38 0.52 0.50 0.49
d3/ 2 0.83 0.84 0.85 0.87
d S12 1.25 1.28 1.30 1.33
d(tot) 2.08 2.12 2.16 2.19
Thesum 2.74 3.05 3.14 3.16

TABLE VII. Relative contributions of the valence metal orbitals (in %) in
covalent bonding for MCIs '

PaCI;
HaCIs HaCIs

0.19 Orbital NbCI s TaCI s 2.45/2.31 A 2.42/2.28 A PaCI;

0.12
0.11 S1I2 10.1 13.5 15.4 15.1 5.5

0.23 PlI2 5.0 7.3 9.4 9.2 3.5

0.83 P3/2 8.9 9.9 6.6 6.3 3.3

1.19 p(tot) 13.9 17.2 16.0 15.6 6.7

2.01 d3/ 2 30.3 27.5 27.2 27.4 23.9

2.30 d S12 45.8 41.9 41.5 41.9 34.4
d(tot) 76.1 69.4 68.7 69.4 58.3

"In case of PeCl, n(h/2 - Cl) = 0.44 and n(h/2 - Cl) = 0.57; 6p-orbi
tals give negative overlap population of 1.15 so that the total value for
overlap metal-ligand is 2.30.

aIn case of PaC15 the relative contributions of h/2 andh/2 orbitals in the
total overlap are 13.0% and 16.5%, respectively.
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TABLE VIII. Contributions to the binding energy for MCIs .a

Ei E c ion Ii.Hd iss

MCIs Q Pi (eV) n; (eV) (%) (eV)

Nb 0.93 0.19 5.22 2.04 12.58 29.32 17.80c

Ta 0.95 0.20 5.54 2.49 13.71 28.78 19.25c

Pa 0.98 0.22 5.71 1.97 12.30 29.33 19.47c

Hab 0.81 0.14 3.83 2.60 13.94 21.55 17.76d

a Q is the effective charge on an atom; Pi is the ionic bond order equal to
~ - Q(k)Q(I) (ao/R); Ei is the ionic contribution to binding (dissocia
tion) energy equal to - ne2QMQL/RM-L (eV ): n, is the covalent bond
order; E; is the covalent (overlap) energy; ion is ionicity in %.

bData for R = 2.45/2.31 A..
c Calculated from Born-Haber cycle.
d Estimated from present MO calculations.

~
" 14>- TaCl Ha~

Q)
c
Q)

(I) 13u
c
Q)

--J

NbtU
>
0

U 12

2.0 2.2 2.4 2.6 2.8
Overlap population

FIG. 7. Correlation between overlap population n and covalence part ofthe
binding energy für MCl, .

high population so that the final increase of electron density
on the Ha atom is the reason of its lower effective charge.

FIG. 6. Born-Haber cycle for MCl s formation.

1/2l\Hdiss

als, molecules MCIs , IlHforrn for solid MCIs and IlHd iss for
C12 • (The data for PaCI s are not consistent. )27,32 The atom
ization energy D = - Ji.Hdiss is the sum of covalent (over
lap) energy, ionic bonding energy, and energy ofionic-cova
lent resonance. Using ilHd iss for NbCI s and TaCI s and the
ionic part of the dissociation energy (Ei)' the covalent part
was estimated (Ec ) . Then taking into account the fact that
overlap population is a direct counterpart of the covalent
energy the correlation between these two values was used
(Fig, 7) to estimate E; for HaCIs . Together with the ionic
part it gives the enthalpy of dissociation for HaCIs equal to
17.76 eV.

6. lonizationpotentials, electron affinities, andenergies
ofelectron transitions

Some other characteristics of electronic structure such
as ionization potentials, electron affinity, and electron
charge-transfer transitions have also been calculated using
transition state procedure." The results are shown in Table
IX.

Transition-state calculations show that the energy gap
increases in going from NbCI s to HaCls . This finally will
result in an increase in the energies of electronic charge
transfer transitions from occupied MO of Cl-type to the va
cant orbitals of metal character. (With increasing interato
mic distances in HaCIs this value decreases.) Electron
affinity decreases from NbCls to HaCIs (in case ofthe short
bond length for HaCIs ) . Obviously stability of MCls
towards the process ofreduction increases in direction to Ha
chloride provided short bond lengths are realized in the hah
nium pentachloride. Correlation between oxidation poten
tials EO(V - IV)34 and the energies oflowest charge-trans
fer transitions for V, Nb, Ta, and Ha (see Fig. 8) gives the
value EO(V - IV) for hahnium between - 1.00 and
- 1.15 V, depending on the interatomic distances in HaCIs .

Nb(g) + Cl(g)

5. Estimation of the chemical bondstrength

The total Mulliken population analysis data (effective
charges, ionic, and covalent bond orders) are presented in
Table VIII.

From these data one can see how the character of the
chemical bond is changing along the series. The compounds
are predominantly covalent what is in line with earlier con
clusions based on experimental data.?" Nevertheless cova
lency changes not smoothly from Nb to Ta and further to
Ha. There is pronounced increase from Nb to Ta while
HaCIs is only a little bit more covalent than TaCI s . The
ionicity on the contrary is nearly equal for NbCI s and TaCI s
while HaCIs is obviously less ionic. PaCI s has much lower
eovalent contribution to binding compared to the d-element
pentachlorides.

Data ofTable VIII can be used to evaluate the chemical
bond strength for HaCIs . Here effective charges Q, ionic
bond ordersPi' ionic contributions to binding energy Ei' and
eovalent bond orders n; have been obtained from the present
MO calculations. Dissociation energies IlHd iss for NbCI s ,
TaCIs , and PaCI s were estimated from the Born-Haber cy
cle (Fig. 6) using experimental data30

,3 1 for IlHsubl of met-
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TABLE IX. Ionization potentials (IP), electron affinities (EA), and energies of electron charge-transfer tran
sitions (E

1r
- d ) for MCIs (eV).

HaCIs HaCIs HaCI s
Parameter NbCIs TaCIs 2.42/2.28 A 2.45/2.31 A 2.47/2.32 A

HOMOa 1809 2309 2809 2809 2809
Energy 7.93 7.90 8.04 8.02 8.02

IP 10.77 10.73 10.83 10.75 10.71
LUMOa 2307 2907 3507 3507 3507
Energy 5.23 4.78 4.60 4.77 4.84

EA 2.04 1.53 1.49 1.62 1.71
Transition 1809--+2307 2309--+2907 28D9--+3507 2809--+3507 2809--+3507
E1r- d as an 2.70 3.10 3.36 3.25 3.18

energy difference
E

1r
_d via 2.98 3.41 3.70 3.50 3.43

transition state

aHOMO is the highest occupied molecular orbital; LUMO is the lowest unoccupied molecular orbital.

IV). In both eases the eleetron density distribution is elose to
pure d 3Sp hybridization. The energy gap between oeeupied
and vaeant levels of metal eharaeter whieh in a way is a
measure of stability of a eompound is somewhat bigger in the
ease of HaCIs (D3h ) (aE = 3.25 eV) than in HaCIs (C4v )

(aE = 3.12 eV). The total overlap population for the D 3h

ease is 2.60 and for C4 v is 2.40 what indieates that D3h hybri
dization is more favorable for eovalent bonding. The disso
eiation energy ealeulations using the "counterpoise" seheme
(with minimal ionized basis set) have shown elose values of
14.51 and 15.60 eV,'respeetively for D 3h and C4 v eases. But
taking into aeeount still unsuffieient aeeuraey of the DVH
method for the total energy values one should not rely mueh
on the values of the dissoeiation energies while the other
eharaeteristies of the eleetronie strueture indieate that the
D 3h symmetry probably is more advantageous for HaCIs
than the C4 v one.

One way to prove experimentally the presenee of one or
the other strueture eould be feasible provided x-ray speetra
ofthe short-lived moleeules ofhahnium were measured. The
different geometrieal (D3h or C4 v ) configurations of the five
ehlorines would give signifieantly different strueture of their
ns lines in x-ray speetra. The ealeulated 2s( Cl) lines for these
two eases are shown in Fig. 9.

264258 260 262

Energy (eV)
255 256 257 258 259 260 261

Energy (eV)

FIG. 9. Theoretical x-ray spectra for HaCI s [2s(CI) lines].

234

Charge-transfer transition energy, eV

FIG. 8. Correlation between redox potentials EO(V - IV) and energies of
the lowest charge transfer transitions in MCIs (M = V, Nb, Ta, and Ha).
{Data EO(V - IV) for V, Nb, and Ta are from Ref. 34.} EO(V - IV) for
Ha equal to - 1.15 V is for Rax/ Req = 2.42/2.28 Ain HaCIs ·

v. OTHER POSSIBLE GEOMETRICAL STRUCTURES
FOR HaCls

Notwithstanding the fact that analogs of
HaCIs-NbCls and TaCIs--exist in the gas phase in the
form of a trigonal pyramid (D3h ) alternative geometrieal
configurations of HaCIs as a square pyramide with the een
tral atom in the planar square and above it [see Fig. 2(b)]
have also been eonsidered. The C4 v symmetry eould possibly
be realized due to d 2Sp2hybridization ofthe valenee orbitals.
The results of our ealeulations show that for the same aver
age bond distanees (of 2.37 A) the charge density distribu
tion in HaCIs (C4 v ) is nearly the same as in HaCIs (D3h )

with Q effeetive equal to 0.81 and q6d' Q7s' and Q7p equal to
3.27,0.59, and 0.34, respeetively. This ean be eompared with
the values of Q and Q/ for HaCIs in D 3h symmetry (Table

v
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VI. CONCLUSIONS

Results of the atomic MCDP calculations as weIl as
most data of the present molecular calculations confirm the
idea of hahnium being a typical member of the group 5 ele
ments with its properties being determined by the valence 6d
and 7s orbitals. In a number of physicochemical properties
Ha continues the tendencies found for the lighter elements in
the group. Thus there is a steady increase in atomic and ionic
radii (with exception of Ta), gradual change in R m ax of
the valence orbitals, increase in ionization potentials
(0) - (5 + ), indicating the increasing stability ofthe pen
tavalent state down the group.

Molecular orbital calculations also confirm this fact.
There is an increase in molecular ionization potentials, in
crease in energies of the first electronic charge-transfer tran
sitions, and decrease in electron affinity provided relativistic
bond contraction takes place.

Relativistic effects such as expansion (contraction) of
the orbitals and their energetical stabilization (destabiliza
tion ) introduce some peculiarities into charge-density distri
bution but the net result is the steady increase in covalency of
the pentahalides and decrease in effective charges in going
from Nb to Ta pentachlorides. The slight differences in the
atomic electronic structure of element 105 compared to its
analogs such as the availability of many closely spaced elec
tronic configurations will hardly inftuence molecular prop
erties due to the strong crystal field effect of the five chlor
ines. The value of the splitting of the d orbitals in the crystal
field of the chlorines steadily increases in the group with
HaCIs as a special case owing to strong relativistic contribu
tion of 7sorbitals into bonding. This will result in the lower
energies of the highest charge-transfer transitions in Ha
compounds compared to Ta ones.

The electronic structure data confirm the specific posi
tion of Ta in the group. Ta obviously occupies such a posi
tion in the group where some effectsare compensated by the
others. Thus relativistic effectscould be a reason for Ta hav
ing the same ionic radius (or bond length) as Nb, as it was in
case ofZr, Hf, and Mo, W when relativistic contraction con
tributes to the dominating shell-structure effect of lanthan
oid contraction;" In case of effectivecharges the relativistic
stabilization ofthe valence sandPl/2 orbitals is compensated
by destabilization of d orbitals resulting in the values of effec
tive charges being nearly equal for Nb and Ta. This specific
electronic structure ofTa seems to be a reason of its chemical
similarity to Nb while Ha should have some differences in its
chemistry but in many aspects in line with the trends in the
group.

The chemical bonding in tantalum pentachloride is
probably stronger than in the other molecules under consi
deration because of both ionic and covalent contributions.
The development of more precise relativistic methods may
possiblyallow exact values of the dissociation energies to be
calculated.
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