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1. Introduction

There is a growing realization that relativistic effects have a
strong influence on the energetics, bonding and functional proper-
ties of compounds of the heavy elements [1,2]. For example it has
recently been shown that the unusual quasi-linear stereochemistry
found in HgO arises from relativistic stabilization of the valence 6s
orbitals of Hg along with indirect destabilization of the Hg 5d
levels [3]. The consequent small separation between the 5d and
6s orbitals then allows oxygen mediated mixing between them
in the Dy, coordination environment: shallow core d level mixing
with O 2p levels is much less pronounced in ZnO and CdO where
the d levels are deeper in energy and these oxides have respec-
tively regular tetrahedral and octahedral coordination around the
metal [4]. Elsewhere Pykko and coworkers have explored the
energetics of the lead acid battery using first principles calculations
of thermodynamic parameters and conclude that the battery volt-
age of around 2 V would be very much lower in the absence of rela-
tivistic stabilization of the 6s levels of Pb [5]. More recently
relativistic stabilization of Pb 6s orbitals has been shown to be very
important in determining the optical properties of lead-based per-
ovskite iodides now exciting great interest as absorber materials in
a new generation of solar cells [6-8].

Developments in computational techniques have allowed rela-
tivistic calculations to be performed on increasingly more complex
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molecules [9-11] and solids [8]. However it is important to bench-
mark the approaches now being used against experimental data for
simple molecular systems. Here we explore the influence of scalar
relativistic effects and spin-orbit coupling on the molecular elec-
tronic energy levels in the simple tetraiodides Tily, Zrl4, Hfl; and
Thl,. The calculated molecular ionization energies are compared
with previously published photoelectron spectra of the three tran-
sition metal halides [12]. The paper also presents experimental
He(I) and He(II) photoelectron spectra of Thl,. The dominant scalar
effect transpires to be stabilization of the molecular a; level in Hfl,4
and Thly, paralleling stabilization of the atomic 6s and 7s orbitals in
Hf and Th respectively. Spin-orbit coupling in these molecules
involves a complex interplay between spin-orbit coupling based
on iodine with an increasingly important contribution from the
metal atom as one progresses through the series from Til4 to Thl,.

2. Experimental

Thl, was prepared by direct combination of the elements. A
weighed lump of the metal (ca. 2 g) was placed in a quartz tube
(~1.5cm OD) and a constriction was worked into the upper end
of the tube. The tube was dried under dynamic vacuum and a stoi-
chiometric quantity of iodine was then sublimed from another ves-
sel onto the cooled (liquid N,) metal. The tube was then sealed at
the constriction. Reaction was initiated by radio-frequency
induced heating and was sustained until the thorium had com-
pletely reacted with the iodine. Analysis: % I calc. 68.6, found 68.3.

PE spectra were measured on a Perkin-Elmer PS 16/18 spec-
trometer, modified for He(Il) measurements by the inclusion of a
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Table 1 Table 3
Calculated and experimental interatomic distances (A) for Ml,. Kohn-Sham orbital energies (eV) and Mulliken populations for M.
M Method Ti Zr Hf Th 1t 3t le 2t 2a,
M-l  Exp 2546 [21] 2660 [21]  2.662[21] 291 [22] Tily Energy ~6.79 ~7.63 -7.84 -8.21 -9.01
NR 2.58 2.73 2.72 3 %1 5p 100 84 75 71 81
ZORA 2.57 2.71 2.69 2.95 %Ti 3d 9 25 19
SO 2.57 2.71 2.69 2.95 %Ti 4s 15
I-1 ZORA/SO 4.19 4.43 4.39 4.82 %Ti 4p 6 6
Zrly Energy —-6.97 -7.61 -7.92 -8.34 -8.93
%1 5p 100 89 74 73 80
%Zr 4d 4 27 21
Table 2 %Zr 55 15
Kohn-Sham orbital energies (eV) for Ml4 without and with the inclusion of scalar %Zr 5p 8 1
relativistic effects. Hfl,  Energy ~ —695  -7.65  -792  -834 941
Ml,  Tily Zrl, Hf 14 Thi, %l 5p 100 88 75 74 73
%Hf 5d 5 24 19
NR ZORA NR ZORA NR ZORA NR ZORA %Hf 6s 22
1, -688 -679 -7.03 -697 -705 -695 -729 -7.14 %Hf 6p 7 3
3t, -773 -7.63 -7.67 -761 -7.69 -7.65 -723 -7.28 Thi, Energy 714 _728 _769 _8.06 _857
le -794 -784 -789 -792 -803 -7.92 -7.67 -7.69 %1 5p 9 04 30 73 76
2t; -828 -821 -838 -834 -841 -834 -7.96 -8.06 %Th 5f 7 5 3
2a; -901 -901 -881 -893 -889 -941 -800 -857 o%Th 6d 20 20
%Th 7s 17
%Th 7p 4

hollow cathode discharge lamp and high current power supply
(Helectros Developments). The discharge lamp heats the sample,
which was contained in a quartz tube. An adequate vapour pres-
sure for measurement of spectra was obtained with a sample tem-
perature of 500 °C.

Samples were introduced into the spectrometer under an argon
filled dry bag. Spectra were calibrated using He(Ia), He(IB) and
He(llot) excited signals of admixed inert gases and N,. Band areas
were corrected to allow for variation in analyzer transmission
function with electron kinetic energy.

3. Computational methods

Density functional calculations were carried out using the
Amsterdam Density Functional program suite, ADF 2012.01
[13,14]. TZP basis sets were used with triple-& accuracy sets of
Slater-type orbitals [15,16], with polarization functions added to
all atoms. Relativistic corrections were made using the ZORA
(zero-order relativistic approximation) formalism, and the spin-
orbit formalism. The BP functional was employed [17-20]. The core
electrons were frozen up to 2p for Ti, 3d for Zr and 4p for Hf and I
and 4f for Th. The geometries of Ml, (M = Ti, Zr, Hf, Th) were opti-
mized with a T4 symmetry constraint. Frequency calculations con-
firmed energy minima. The effect of freezing the core orbitals was
tested with single point all electron spin-orbit calculations. Only
small differences in orbital energies were found (see ESI).
Vertical ionisation energies were calculated by direct unrestricted
calculations on the molecular ions in their ground and appropriate
excited states, and subtraction of the energy of the neutral mole-
cule. Cartesian coordinates for the optimized structures are given
in the electronic Supplementary information.

4. Results and discussion

Density functional calculations were carried out for the four Ml
molecules (M =Ti, Zr, Hf, Th) at three different levels. The first
neglected relativistic effects (NR), the second included scalar rela-
tivistic effects (ZORA) and the third included the effect of spin orbit
coupling (SO). The geometries of the four MI, molecules were opti-
mized at these three levels. The resulting tetrahedral geometries
are given in Table 1. Inclusion of relativistic effects reduce the cal-
culated M-I bond length, the effect increasing down the group.
Addition of spin-orbit coupling makes little difference to the
geometry.

5. Electronic structure

With neglect of spin-orbit coupling, the 32 valence electrons of
the Group 4 tetrahalides occupy orbitals with the general ordering

1t > 3t2 >2e > 2t > 2a; > 1t > 14

The 1a; and 1t; orbitals are predominantly I 5s in character and
are not considered in the subsequent discussion as they are not
observed in the experimental spectra.

The effect of inclusion of scalar relativistic effects (ZORA) is
shown in Table 2.

The most striking effect on the orbital energies is the stabiliza-
tion of the 2a; level for Hfl, and Thl, on inclusion of the scalar cor-
rections. Kohn-Sham orbital energies, calculated with scalar
relativistic corrections but without spin-orbit coupling, and their
compositions are given in Table 3 and plotted in Fig. 1a.

In all cases the orbital ordering is the same. The spread of ener-
gies is strongly influenced by through space interactions between
the I 5p orbitals and is therefore a function of the I-I distance.
Thus the 1t; orbital involves out of phase through space antibond-
ing interactions which become less important as the I-I separation
increases. It follows that Til, has the highest energy 1t; orbital.
Conversely, the 2a; orbital involves in-phase through space inter-
actions and this orbital is at lower energy in Til4 than in Zrl; and
Thls. However the 2a; orbital is much more stable in Hfl, than in
Zrly, even though the bond lengths are almost identical in the
two compounds. The increased stability of the 2a; orbital of Hfl,
mirrors stabilisation of the 6s orbital in Hf as compared to Zr and
is influenced by two effects. Hf occurs in the periodic table after
the filling of the 4f shell. The 4f orbitals have no radial nodes and
are unable to shield the highly penetrating 6s orbitals from the
increase in nuclear charge across the lanthanide series. At the same
time the 6s orbital in atomic Hf is strongly stabilised by scalar rela-
tivistic effects, which become increasingly important with increas-
ing atomic number. Thus the valence s ionisation energies in Ti, Zr
and Hf are respectively 6.828 eV, 6.634 eV and 6.825 eV. The 2a,
bonding orbitals have a contribution from their respective metal
ns orbitals (Table 3) and thus the increase from Zrl4 to Hfl, mirrors
the increase in the atomic ionisation energy.

The energies of the orbitals tend to rise for all of the orbitals in
Thl,, apart from the 1t; orbital, which is the most stable of the
Group IV set. The stability maybe in part a consequence of the
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Fig. 1. (a) Kohn-Sham orbital energies (ZORA) for Ml (b) Kohn-Sham orbital energies with spin-orbit corrections (SO) for Ml (c) calculated IE (ZORA) for Ml (d) calculated

[E including SO coupling (SO) for Ml,. (Colour online.)

greater I-I distance but, whereas the 1t; combination has no sym-
metry match among the valence orbitals of the d-block metals, Th
is able to form a bonding combination with its 5f orbitals, and the
calculations suggest a small (7%) contribution to the MO in this
case (Table 3).

Table 3 reveals a high degree of I 5p character to all orbitals
consistent with the bond polarity. The 2a; orbital in Thi, has a rela-
tivistic stabilisation (0.57 eV) even bigger than that in Hfl,
(0.52 eV). The influence of relativistic effects on the energy of the
7s orbital in Th may be discerned by comparing the atomic ion-
isation energies of Ce (5.539 eV) and Th (6.307 eV). There is an
increase of 0.768 eV despite an increase in the principal quantum
number from 6 to 7.

Representative iso-surfaces for the orbitals of Hfl, are shown in
Fig. 2.

In principle there is no on separability for tetrahedral molecules
but iso-surfaces show that the 3t, orbital is principally 7 in charac-
ter and non-bonding, and 2t, principally ¢ and bonding. The 3t,
orbitals show a small amount of mixing with the metal (n — 1)d
and np orbitals but the principal ¢ bonding interaction is enshrined
in the 2t, orbital between I 5p and metal (n — 1)d orbitals, the
metal np orbitals have a very minor role. The 2e orbital gives &
bonding exclusively with the metal (n — 1)d orbitals.

It is now well established that for early actinides the shallow
core 6p shell can also be involved in metal-ligand bonding
[23,24]. Its energy and radial distribution are favorable for mixing
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2t

2a,

Fig. 2. Isosurfaces for the top occupied Kohn-Sham orbitals of Hfl, observed along a C, axis. (Colour online.)

Table 4
Descent of symmetry from Tq to Ty.
Ty T,
Ay E' (E1f2)
E U (Usjz)
Ty U +E (Us;z+Eqp2)
T, U +E” (Uspp + Espa)

Table 5

Energies (eV) of the spin-orbitals of Ml,.
M 5U 3E 4U 3E” 3U 2E” 22U/ 2F
Ti —6.61 -7.02 -746 -766 -7.76 -837 -841 -9.06
Zr -6.78 -7.19 -748 -76 -789 -857 -846 -8.99

Hf -677 -720 -748 -773 -790 -857 -846 945
Th -691 -733 -719 -726 -7.72 -840 -8.09 -8.66

with the valence orbitals of smaller ligands. In the case of our
calculations on Thl, the 6p orbitals were included in the basis set
but gave no contribution to the t, set of orbitals, which instead
mixed to some extent with the 7p orbitals. Presumably the greater
bond length and the diffuse nature of the I 5p orbitals results in
poor overlap with the pseudo core orbitals of the Th 6p set. The
behavior found here for Thl, contrasts with that found for both
HfCl4 [25] and OsO4 [26,27]. where mixing with shallow core 5p
levels gives measurable spin orbit splitting in the outer occupied
t, level.

6. Spin-orbit energy levels

The effects of spin-orbit coupling on metal tetrahalides has
been considered previously [12,24,28,29]. Inclusion of the spin
orbit effects splits the T levels as shown in the descent of symme-
try table (Table 4).

Before looking at the calculation results it is useful to summar-
ize the conclusions from a phenomenological approach developed

Table 6
Calculated splittings of the orbital energy levels (eV) and in parenthesis shifts in the
mean of SO split energy levels (eV) on inclusion of spin-orbit coupling for Ml,.

M 1ty 3t le 2t 2a,
Ti 0.41 (-0.07) 0.20 (-0.1) 0(-0.08) —0.04(0.19) 0(0.05)
Zr 0.41(-0.05) 0.12(-0.09) 0(-0.03) 0.11(0.19) 0 (0.06)
Hf  043(-0.04) 0.25(-0.09) 0(-0.02) 0.11(0.16) 0 (0.03)
Th 042 (-0.09) 0.05(-0.07) 0(0.03) 0.31 (0.13) 0 (0.09)
—means less stable, + means more stable.
Table 7
Calculated ionization energies (eV) for Ml, molecules.
M 1t 3t le 21t 2a,
Ti ZORA 8.98 9.84 10.06 10.46 11.25
Ti SO 8.86 U’ 9.71 U 10.03 U/ 10.68 E” 11.38 F’
9.84 F 9.90 E” 1071 U
Zr ZORA 9.04 9.69 10.03 10.49 11.05
Zr SO 891U 9.61 U 10.05 U/ 10.66 U’ 11.19 F
934 F 9.72 E” 10.77 E”
Hf ZORA 9.04 9.74 10.00 10.50 11.55
Hf SO 89U 9.62 U 10.06 U’ 10.65 U 11.66 E’
935F 9.86 E” 10.79 E”
Th ZORA 9.14 9.25 9.68 10.11 10.6
Th SO 8.94 U 921U 9.76 U’ 10.18 U/ 10.75 F’
937 F 9.27 E” 10.49 E”

many years ago [28]. In the absence of interaction between the I 5p
orbitals and orbitals of the central atom (as is the case for the tran-
sition metal iodides) and further ignoring the need for normaliza-
tion due to I-I overlap, the 1t; level should be split by —3(ep/4,
where (gp is the spin-orbit coupling constant for I 5p orbitals.
This value is basically half that found for a free iodine atom and
predicts the U’ ionic state to lie at lower energy than the E’ state.
This simple expression is potentially modified in the case of Th
as the t; orbitals are no longer exclusively I 5p based, but the Th
5f orbital spin-orbit splitting and the contribution to the 1t; orbital
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are too small to have a noticeable effect. The value of (g, for an I
atom is 0.628 eV [30] giving an estimate of 0.47 eV for the 5U'-
3E’ separation.

The splitting of the t, orbitals is considerably more complex as
the magnitude and sign of the splitting are a function of the degree
of o7 mixing and also the contribution from metal d and p orbitals
may well be significant. However for a pure [ 6p system with no
I-metal overlap and neglecting the normalization constant arising
from I-1 overlap, a pure t,(r) set would be split by —3(;/4 and
a ty(o) set would have a zero splitting. Mixing between the two
can however lead to a full restoration of the atomic spin orbit split-
ting found in a free I atom (i.e. —3{;gp/2) in the uppermost t, level
where ¢ and 7 contributions are out-of-phase and a splitting of
half this magnitude with the opposite phase (i.e. +3{jsp/4) in the
lower in-phase t, combination, where the U’ ionic state is now at
higher energy than the E” state. This situation pertains when the
wavefunctions for the two t, combinations can be written as:

3t = \fita(m) - /1:(0)
2t = \fita(m) +,/3t:(0)

The results for the orbital energies with spin-orbit coupling
(SO) included are given in Table 5. The energy levels are plotted
in Fig. 1b. Table 6 gives the calculated splittings of the various
levels and the degree to which the energy mean of the split SO
levels shifts from the ZORA value.

Due to I 5p dominance of orbital composition the I 6p orbitals
are expected to dominate the SO splitting. The 1t; splitting is con-
sistent down the group with 5U’ < 2E’ and the energy trend of the
spin-orbit components reflects that of the parent orbital. The mag-
nitude of the splitting is 0.41-0.43 eV which compares favorably
with the 0.47 eV estimated above. The 1e and 2a; levels are unsplit
and relatively unshifted.

With the 3t; and 2t; levels, possible interaction between the
sets should be considered. If splitting for 3ty(7) is U’ < E” and for
2ty(0) E” < U, interaction between E” levels will reduce the SO
splitting of both sets, leading to low values calculated for t; split-
tings. There is evidence for this in that the means for the spin-orbit
components of these two sets show greater shifts than the other
means and move apart. The significantly larger splitting of the
2t, orbital for Thl, is attributed to the admixture of the Th 6d orbi-
tals, the spin-orbit coupling constant for Th 6d being sufficiently
large for only a 20% contribution to be effective. The spin-orbit
coupling constant for Pa*" has been measured as 0.23 eV [31],
and has been calculated as 0.38 eV [32], that for Th** will be less
as the nuclear charge is less.

7. lIonization energy calculations

IE calculations were performed both with and without spin-or-
bit coupling (ZORA and SO). The calculated ionization energies are
given in Table 7 and plotted in Fig. 1(c) and (d).

From inspection of Fig. 1 it is evident that the trends in calcu-
lated IE are the inverse of the trends in orbital energies and hence
they have the same underlying causes.

8. Assignment of photoelectron spectra

Photoelectron spectra of the transition metal tetraiodides Ml,
(M =Ti, Zr, Hf) have been reported previously [12]. That of Thly
has not been published previously, although experimental data
for the other thorium tetrahalides is available [24,29]. The He I
and He II spectra of Til, are shown in Fig. 3. A listing of identifiable
vertical ionization energies for all four iodides is given in Table 8
together with possible band assignments.

He |
Th l4

500°C

9 10 11 12
lonisation energy / eV

Fig. 3. He I (hv=21.2 eV) and He II (hv = 40.8 eV) photoelectron spectra of Thl,.

Table 8
Experimental vertical ionization energies (eV) for MI; molecules and suggested
assignments.

Ti Zr Hf Th

a 9.22(sh), 9.49(sh), 9.48(sh), a 9.47(sh), 9.67
9.32 9.61 9.57 5U'
5U' 5U 5U'

b 9.77 10.03 10.05 b 10.02
3E 3F 3E' 4U’

c 10.32 10.33, 10.51 10.37, 10.56 10.26
4U' 4U' 4U' 3E” + 3F
10.45 10.51 10.67 c 10.62, 10.82
3E” 3E” 3E” 3V
10.68 10.77, 10.96 10.82, 10.95 10.97, 11.19
3u 3U 3U 2U'

d 11.19 11.35,11.49 11.45, 11.56 d 11.49
2E" 22U 22U 2E"
11.34 11.68 11.68
2U 2E” 2E”

e 11.92 12.00 12.47 e 11.76
2F 2F 2F 2F

Table 9
Relative band intensities in the He I and He II spectra of Ml,.
Tily Zrly Hfl, Thl,
He I He Il He I He II Hel Hell  Hel He Il
a 20(2) 20 2.0(2) 2.0 20(2) 20 20(2) 20
b 11(1) 13 1.0(1) 1.0 1.0(1) 1.1 4.4(4) 4.5
¢ 52(5 92 46(5) 171 51(5) 9.1 4.2(4) 6.4
d 343) 58 28(3) 128 3.7(3) 63 08 (1) 1.8
e 09(1) 17 1.1 (1) 2.7 08 (1) 1.6 09(1) 08
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Fig. 4. Comparison of experimental (a) and calculated (b) vertical ionization energies (eV) of MI4 M = Ti, Zr, Hf and Th. (Colour Online.)

The eight spin orbits, which ionize in the energy region below
13 eV, should give rise to eight primary ionization processes.
However in some of the spectra more than eight features are
identifiable. This is a consequence of Jahn-Teller (J-T) splitting of
the 2U’ states in the molecular ion. We may anticipate that such
J-T splitting is greater for states involving a hole with bonding
character than for non-bonding ones such as °T; states.

Changes in relative intensity of bands with photon energy can
identify the states arising from ionization of electrons from orbitals
with metal d character as these tend to increase in relative inten-
sity in the He II spectra. The dominance of I character in the orbi-
tals leads to band intensities in the He I spectra reflecting the
degeneracies of the contributing states. Both these criteria are used
to assist band assignment. Band intensities are given in Table 9.

The number of states that must be assigned to each region is
given in parentheses in Table 9. We may also conclude that regions
c and d arise from orbitals with metal d character.

Assignment of the 5U’ and 2E’ states as to the lowest and high-
est IE bands respectively is unambiguous, as is the 3E’ state to the
second band b for M =Ti, Zr and Hf. For Thl,, the assumption of a
SO splitting similar to its congeners places the 3E’ states within
the band at 10.22 eV.

The He I/He Il intensity variations suggest that the 2E”, 3U’ and
41 states contribute to the higher IE bands in regions d and c,
though for the d block elements the lower IE region of band c
shows a smaller intensity increase with photon energy. The inten-
sity considerations together with the calculations suggest the
assignments given in Table 8.

9. Comparison of experimental and calculated ionization
energies

The experimental and calculated ionization energies are shown
in Fig. 4. Where splitting of a U’ state is observed the mean is plot-
ted in Fig. 4. Overall the calculated IE are too low when compared
with experiment [33]. Such underestimates are common when
using density functional techniques and the ASCF method, the dis-
crepancy normally increasing with increasing IE. In general the

calculations reproduce well the trends observed in the spectra. In
particular the predicted groupings of the bands in the calculations
concur with the intensity observations, notably the 2:1:5:3:1 pat-
tern observed for the d-block elements as opposed to the 2:4:4:1:1
pattern for Thl, (Table 9). In addition the observed increases in
relative intensity of bands in the He II spectra are in the calcula-
tions associated with spin-orbitals derived from orbitals with the
highest d content, 1e and 2t,. The trends down the group of the
bands 5U’, 3E’ and 2E’ which may be identified without ambiguity
are very well reproduced by the calculations.

10. Concluding remarks

The excellent agreement between the observed pattern of
experimental ionization energies for the metal tetraiodides shown
in Fig. 4 and those calculated by density functional theory methods
after inclusion of both scalar relativistic effects and spin-orbit cou-
pling give one considerable confidence in the ability of current
computational techniques to explore and understand the com-
plexities of electronic structure in complex heavy atom systems.
Publication of experimental photoelectron spectra of Thl; com-
pletes the experimental data set of photoelectron spectra for the
thorium tetrahalides.

Molecular photoelectron spectroscopy should continue to pro-
vide an important technique for benchmarking electronic structure
calculations as is the case for solid state materials.
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