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Spin–orbit effects on the transactinide p-block element monohydrides MH
„M5element 113–118 …

Young-Kyu Han, Cheolbeom Bae, Sang-Kil Son, and Yoon Sup Lee
Department of Chemistry and Center for Molecular Science, KAIST, Taejon, 305-701, Korea

~Received 12 October 1999; accepted 16 November 1999!

Spin–orbit effects on the bond lengths and dissociation energies of sixth- and seventh-rowp-block
element monohydrides MH~M5Tl–Rn and element 113–118! are evaluated using relativistic
effective core potentials at the coupled-cluster level of theory. Spin–orbit effects play a dominant
role in the determination of molecular properties for the seventh-row hydrides. Spin–orbit effects on
the bond lengths and dissociation energies of seventh-row hydrides are qualitatively similar to, but
substantially larger than those of the sixth-row homologs due to the enormous spin–orbit splitting
of 7p orbitals. Spin–orbit interactions change the bond lengths of sixth- and seventh-row hydrides
by 20.02;10.03 Å and20.21;10.21 Å , respectively. Spin–orbit interactions usually elongate
the bond lengths except for the molecules of the~p1/2)

1-valence atoms, i.e., TlH and~113!H. The
maximum elongation is predicted for~115!H, where the element 115~eka-bismuth! has the (7p3/2)

1

configuration outside the inner (7p1/2)
2 closed-shell. The spin–orbit coupling weakens the bondings

between the heavy element and the hydrogen except for BiH and changes the dissociation energies
by 20.71;10.08 eV and22.18;20.23 eV for sixth- and seventh-row hydrides, respectively.
The dissociation energy of the~114!H molecule is merely 0.39 eV, because the element
114~eka-lead! has a closed-shell electronic structure in thej j -coupling scheme. The bonding
between the element 118~eka-radon!, which is another closed-shell atom, and hydrogen is very weak
and can be regarded as a pure van der Waals bond. But with highly electronegative elements the
element 118 seems to form more stable compounds than other closed-shell atoms such as the
element 112~eka-mercury! or the element 114. ©2000 American Institute of Physics.
@S0021-9606~00!30606-7#
r
o

rin

iso
te
ca
or
s,
nid
n
ica
a

es
ry
av

re
ule
th

he
th

can
ed

ted
w

ide
and

fea-

s-
lar

n–
e

ue
ti-
I. INTRODUCTION

Researchers at the Joint Institute for Nuclear Resea
~JINR! in Dubna, Russia, reported creating two atoms
element 114 that lasted for as long as 30 s before flicke
out.1,2 Lawrence Berkeley National Laboratory~LBNL ! in
the U.S. forged the heaviest element yet, element 118,3 and
when it decayed, it morphed into element 116, then an
tope of 114 with even fewer neutrons than Dubna’s. It las
for milliseconds. The discoveries have no practical appli
tions as far as today’s scientists know, but it is thrilling f
academics. Chemists can be, also for academic reason
terested in the properties and chemistry of the transacti
p-block elements. Since quantum calculations are prese
the only way to accurately predict the physical and chem
behaviors of the transactinide elements, applications of qu
tum chemical calculations for molecules have been progr
ing rapidly in the field of transactinide element chemist
Recent reviews on transactinide element chemistry h
been given by Schwerdtfegeret al.4 and Pershina.5

Spin–orbit effects are essential to the accurate theo
cal descriptions of the electronic structures of such molec
containing the superheavy elements, for which
j j -coupling is more appropriate than thels-coupling. For
instance, in the~118!F4 molecule6,7 of the element 118,
which has the (7p1/2)

2(7p3/2)
4-valence configuration, spin–

orbit contributions make the tetrahedral geometry anot
stable structure with the energy comparable to that of
2680021-9606/2000/112(6)/2684/8/$17.00
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square-planar structure. The tetrahedral structure, which
be called as ‘‘a spin–orbit induced isomer’’ was confirm
to be a local minimum by a normal-mode analysis.8 The
structure is what is expected from four (7p3/2)

4-valence elec-
trons and stereochemically inactive 7s2 and (7p1/2)

2 electron
pairs.

Spin–orbit effects on molecules have been investiga
extensively for the molecules containing the sixth-ro
p-block elements. Among them, the simplest monohydr
systems have been studied using various all-electron
relativistic effective core potential~RECP! approaches. The
hydrogen atom can be used as an instrument to probe
tures ofs-bonding in the heavy elements. Dolget al.9,10 cal-
culated MH~M5Tl, Pb, Bi, Po, and At! using the energy-
adjusted RECPs at the CIPSI~Ref. 11!/CIPSO~Ref. 12! and
spin–orbit configuration interaction~CI! levels of theory.13,14

Seijo15 calculated the molecules usingab initio model poten-
tials ~AIMP! at the spin–orbit CI level. Dilabioet al.16 per-
formed the spin–orbit CI calculations for the molecules u
ing the shape-consistent RECPs. All-electron sca
relativistic zero-order regular approximation~SRZORA!/
two-component ZORA calculations and all-electron spi
orbit CI calculations for TlH were carried out by Lenth
et al.17 and Marianet al.,18 respectively. Nashet al. calcu-
lated PbH ~Ref. 6! and AtH ~Ref. 19! using the shape-
consistent RECPs at the spin–orbit CI level of theory. Sa
et al.20 performed, for AtH, a first-order perturbation es
4 © 2000 American Institute of Physics
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mate of the mass-velocity and Darwin term~MVD ! and four-
component Dirac–Hartree–Fock~DHF! calculations. Only a
few calculations for molecules containing seventh-r
p-block elements have been reported. Seth21,22 calculated
~113!H at all-electron one-component Douglas–Kroll~DK!
CC singles and doubles with a perturbative triple contrib
tions ~CCSD~T!! and DHF-CCSD~T! levels of theory as well
as the spin–orbit CI levels using the energy-adjusted REC
Nashet al. calculated~114!H ~Ref. 6! and ~117!H ~Ref. 19!
at the spin–orbit CI level using the shape-consistent REC
Saueet al.20 calculated~117!H at the MVD and DHF levels
of theory. To the authors’ knowledge, there are no publis
results for RnH,~115!H, ~116!H, and~118!H.

In the present work, one- and two-component calcu
tions are performed using RECPs for the monohydride s
tems of the sixth- and seventh-rowp-block elements and the
results are compared with the previously reported theore
results and available experimental data. The present w
aims to present spin–orbit effects on the seventh-r
p-block element hydrides and to explore if there are a
unusual chemical behaviors and anomalies in periodic tre
related with spin–orbit effects. In particular, the stabilities
the molecules containing closed-shell ‘‘noble’’ atoms, e
ments 114 and 118, are discussed. The multiconfigura
DHF calculations23 for the element 114 showed that the c
efficients of the configuration state wave functions a
0.9957 for the (p1/2)

2 configuration, hence the ground sta
clearly has a closed-shell configuration. Then it will be
teresting to determine to what extent the closed-shell na
in the element 114 resembles a closed-shell atom in the
ditional sense, i.e., a rare gas atom. Another interesting p
is that how far the spin–orbit destabilization of 7p3/2 spinors
in the element 118 causes the deviation in reactivity from
trend of the rare gas group. The results are also comp
with those on analogues containing element 112, which
closed-shelld-block transactinide element. The methods, b
sis sets, and RECPs we used are described in Sec. II.
results are presented and discussed in Sec. III, and our
clusions are summarized in Sec. IV.

II. CALCULATIONAL DETAILS

There can be many variations in the form of RECPs a
the present RECP~REP! is expressed by the following
form:24

UREP5ULJ
REP~r !1 (

l 50

L21

(
j 5u l 2

1
2u

l 1
1
2

(
m52 j

j

@Ul j
REP~r !2ULJ

REP~r !#

3u l jm&^ l jmu, ~1!

where u l jm&^ l jmu represents a two-component projecti
operator. Molecular spinors which are one-electron eig
functions of the Hamiltonian containing the above REP ha
two components. TheUREP which is referred to as REP her
can be expressed as the sum of the scalar relativistic effe
core potential~AREP!, UAREP, and the effective one-electro
spin–orbit~ESO! operator,24 USO, as
-
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UREP5UAREP1USO. ~2!

The spin–orbit effects here are defined as the differe
between AREP and REP results calculated with the sa
basis set at the given level of theory. We have shown that
differences between AREP and REP calculations are in g
agreement with those between all-electron one-compon
DK- and four-component DHF-based results for~113!H,
demonstrating that the potential average scheme is usefu
obtaining the scalar relativistic ECPs even for thep-block
transactinide elements.25

We have developed two-component Kramers’ restric
Hartree–Fock~KRHF! ~Ref. 26! method which includes
spin–orbit interaction at the HF level of theory using t
REPs. The KRHF program utilizes the REPs as a whole
the HF level and produces molecular spinors obeying dou
group symmetry. The KRHF method can be a starting po
for many correlated methods of treating spin–orbit inter
tions. We have implemented CC methods on the basis of
KRHF molecular spinors and designated them as KR
~Ref. 27! methods. In the present work, the bond lengths a
dissociation energies of sixth- and seventh-rowp-block ele-
ment monohydrides using AREP and REPs were calcula
at the CCSD~T! level of theory. The dissociation energie
were evaluated using results of separate calculations o
oms. The F2 elimination energies for~114!F2 and ~118!F2

were also evaluated using the HF optimized geometrie
the CCSD~T! level of theory.

The dsp-type 13;18 valence electrons~VE! ~Ref. 28!
and spdsp-type 21–26 VE shape-consistent RECPs~Ref.
29! with corresponding valence basis sets were used
sixth- and seventh-rowp-block elements, respectively. Th
spdsp-type shape-consistent RECPs were also employed
Tl~21VE! ~Ref. 30! and Pb~22VE!.6 The basis sets were use
as uncontracted forms and were augmented by onef polar-
ization functions. The (5s2p)/@3s2p#basis set was used fo
the hydrogen atom.31 Although the quality of the basis set
used here may not be good enough to guarantee acc
bond lengths and dissociation energies, we believe that m
conclusions of the present work, especially those on sp
orbit effects, will be affected only slightly by the enlarge
basis sets. The F2 elimination energies of~114!F2 and
(118)F2 were evaluated at the scalar relativistic level usi
9p7sd3 f basis sets with the shape-consistent RECP for
ment 114 and 118 and aug-cc-pVTZ~Ref. 31! for F atoms.
The AREP calculations were carried out with th
GAUSSIAN94 ~Ref. 32! and theMOLPRO98 ~Refs. 33–35! and
the REP calculations with a modified two-component vers
of theMOLFDIR packages.36,37All occupied and virtual orbit-
als~or spinors! were included at the CCSD~T! level of theory.

III. RESULTS AND DISCUSSION

Tables I and II show the bond lengths (Re) of sixth- and
seventh-rowp-block element monohydrides, respective
which are also plotted in Fig. 1. The spin–orbit effec
(De~SO!! evaluated by several theoretical approaches
available experimental data are included in the tables
comparison. The REP bond lengths for the sixth-row h
drides at the CCSD~T! level are in good agreement wit
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TABLE I. AREP and REP bond lengths (Re in Å! and spin–orbit effects(DRe~SO!! at the CCSD~T! level of
theory.a

DiLabio et al.b Seijoc Dolg et al.d

AREP REP DRe(SO) spin–orbit CI spin–orbit CI CIPSI/CIPSO

TlH 1.948 1.927 20.021 20.024 20.028 20.014 20.031e

1.899 1.877 20.022
PbH 1.883 1.884 0.001 20.002 20.005 0.001 0.002f

1.824 1.826 0.002
BiH 1.817 1.836 0.019 0.016 0.011 0.015
PoH 1.753 1.784 0.031 0.030 0.019 0.027
AtH 1.711 1.742 0.031 0.029 0.018 0.028

g
0.032h

aThe second rows for TlH and PbH are results of calculations with 21VE and 22VE RECPs for Tl an
respectively.

bThe REP bond lengths at the multireference spin–orbit CISD level of theory are 1.912, 1.881, 1.832,
and 1.752 Å for TlH, PbH, BiH, PoH, and AtH, respectively, Ref. 16. Available experimental values for
length are TlH, 1.870 Å ; PbH, 1.839 Å ; BiH,1.805 Å .–Ref. 45.

cReference 15.
dReference 9.
eSRZORA/ZORA result obtained with functional of the generalized gradient approximation~GGA! type,
Ref. 17.

fSpin–orbit CI result, Ref. 6.
gTwo-component Kramers’ restricted CISD result, Ref. 10.
hMVD/DHF result, Ref. 20.
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those at the multireference~MR! CI singles and doubles
~CISD! level of theory using same RECPs and the basis
similar to this work.16 The bond lengths from MRCI calcu
lations are given as footnotes in Table I. Spin–orbit effect
the spin–orbit CI are in excellent agreement with our res
indicating that the active spaces used in their work are
ficient to describe the orbital relaxations due to spin–o
interactions. The present spin–orbit effects for the sixth-r
hydrides are also in overall good agreement with th
evaluated by the spin–orbit CI calculations15 using AIMPs
and those by the CIPSI/CIPSO calculations9,10 using energy-
adjusted RECPs. All-electron SRZORA/ZORA calculatio
for TlH showed that the spin–orbit coupling contracts t
Tl–H bond by 0.031 Å ,17 which is in good agreement with
the RECP results. The TlH molecule was also calculated
all-electron spin–orbit CI energy extrapolation techniq
~SOCIEX!,18 but the spin–orbit effects on the bond leng
(20.05 Å! and harmonic vibrational frequency (1193
cm21) seem to be somewhat exaggerated compared
other results.27 The spin–orbit elongation of the bond leng

TABLE II. AREP and REP bond lengths (Re in Å! and spin–orbit effects
@DRe~SO!# at the CCSD~T! level of theory.

AREP REP DRe~SO! Spin–orbit CI

~113!H 1.965 1.759 20.206 20.160a 20.217b

~114!H 1.892 1.960 0.068 0.030c

~115!H 1.878 2.084 0.206
~116!H 1.817 1.988 0.171
~117!H 1.778 1.949 0.171 0.135d 0.196e

aReferences 21, 22.
bDK/DHF-CCSD~T! result, Refs. 21, 22.
cReference 6.
dReference 19.
eMVD/DHF result, Ref. 20.
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for AtH( 10.032 Å!20 estimated from the difference betwee
MVD and DHF results is in good agreement with the REC
results.

The spin–orbit changes of bond lengths for~114!H ~Ref.
6! and ~117!H ~Ref. 19! estimated by the spin–orbit CI ca
culations are somewhat smaller than those by the CCSD~T!
calculations, although the same RECPs and the basis se
similar quality were used for the elements 114 and 117. T
bond length contraction for~113!H at the spin–orbit CI level
is also smaller than that of the present calculations or

FIG. 1. Bond lengths of sixth- and seventh-row element monohydrides
~M5Tl–At and element 113–117!.
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electron DK/DHF-CCSD~T! calculations.21 The all-electron
MVD/DHF calculations for~117!H provide somewhat large
DRe~SO! value (10.196 Å! than our result (10.179 Å! at
the HF level and we believe that employing variational c
culations in place of the MVD calculations could lead to
closer agreement. In Table I, the spin–orbit effects on b
lengths at the spin–orbit CI level are very similar to KRC
ones when the same RECPs are employed. We think tha
larger differences for the seventh-row hydrides may origin
from the limited CI spaces in the spin–orbit CI calculation
Orbital relaxations due to the spin–orbit interactions are
pected to become sizable for the seventh-row eleme
which cause the spin–orbit CI calculations employing
molecular orbitals from the scalar relativistic calculations
suffer slow convergences. Even in TlH,38,39 it was found that
spin–orbit CI calculations recover only one half of the spi
orbit bond contraction compared with the two-compon
Kramers’ restricted CI~Ref. 40! at the single-reference CISD
level.

Spin–orbit interactions elongate the bond lengths of
sixth-row hydrides but the TlH molecule. The bond leng
elongation is negligible for PbH(10.001 Å! and becomes
somewhat larger~10.02–0.03 Å! for the remaining hy-
drides. TheDRe~SO! values for PbH have positive and neg
tive signs depending upon the type of calculations but
always very small in magnitude. Spin–orbit interactio
elongate bond lengths by 0.016 Å , 0.023 Å , 0.023 Å , and
0.023 Å for PbF, PbCl, PbBr, and PbI, respectively, at
CCSD~T! level of theory for the Pb–X~X5F, Cl, Br, and I!
molecules which have open-shell configurations.41 However,
spin–orbit interactions contract the bond lengths by 0.013
0.003 Å , 0.004 Å , and 0.001 Å , respectively, at the H
level for the PbH2, PbH4, PbF2, and PbF4 molecules with
closed-shell configurations.39,42 The PbO and PbO2 mol-
ecules with closed-shell configurations are also contracte
0.004 Å and 0.002 Å , respectively, at the CCSD~T! level of
theory.41 Recently, van Lentheet al. showed that the bond
length contractions for PbH2 ~Ref. 43! and PbO~Ref. 17!
molecules are 0.014 Å and 0.002 Å , respectively, at the
all-electron SRZORA/ZORA level of theory.

Figure 1 shows that spin–orbit effects on the bo
lengths for seventh-row hydrides are qualitatively similar
those for corresponding sixth-row cases, but substantial
to the enormous spin–orbit splitting of 7p orbitals. In spite
the larger principal quantum number, the calculated bo
lengths of seventh-row hydrides are not so different fr
those of the corresponding sixth-row ones at the scalar r
tivistic level ~AREP in Fig. 1! because of the significan
relativistic contraction of 7sand 7p orbitals. This similarity
disappears once spin–orbit interactions are taken into
count ~REP in Fig. 1!. For ~113!H, a heavier homologue o
TlH, adding spin–orbit terms leads to the bond length c
traction of 0.206 Å and the REP bond length~1.759 Å! lies
between those of the fourth-row homolog GaH~1.696 Å!44

and the fifth-row homolog InH~1.838 Å!.45 The relativistic
bond length contraction in~113!H may be rationalized by the
spin–orbit contraction of the 7p1/2 spinor (̂ r &7p

2^r &7p1/2
50.51 Å!.4 All the seventh-row hydrides excep

~113!H have longer bond lengths than the correspond
-
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sixth-row hydrides, probably due to the participation of t
7p3/2 spinor in the bonding. The 7p3/2-valence molecules
such as~115!H, ~116!H, and~117!H, are elongated reflecting
the radial expansion of the 7p3/2 spinors and additiona
screening effects of inner 7p1/2 closed-shell spinors. The
maximum elongation is predicted for the~115!H molecule
where the element 115 has a (p1/2)

2(p3/2)
1-valence configu-

ration. A qualitative argument for the spin–orbit effec
seems to be in order. If p1/2 spinors dominate in bonding, th
spin–orbit coupling would shorten the bond. If the p3/2

spinors mainly contribute to the chemical bonding, the sp
orbit coupling would elongate the bond. In this regard, re
tively small changes due to the spin–orbit interactions
PbH and~114!H may be interpreted as the participation
both p1/2 and p3/2 spinors in bonding.

Tables III and IV show the dissociation energies (De) of
sixth- and seventh-rowp-block element monohydrides
which are also depicted in Fig. 2. A reasonable description
De for the sixth- and seventh-row hydrides requires inclus
of molecular spin–orbit effects. For example, spin–orbit
duced molecular stabilization energies amount to 30%
65% of the atomic energy lowerings for AtH and~117!H,
respectively, at the HF level of theory.25 TheDe values at the
CCSD~T! level are in very good agreement with the MR

TABLE III. The AREP and REP dissociation energies (De in eV! and
spin–orbit effects (DDe~SO!! at the CCSD~T! level of theory.a

DiLabio et al.b Seijoc Dolg et al.d

AREP REP
DDe

~SO!
spin–orbit

CI
spin–orbit

CI
CIPSI/
CIPSO

TlH 2.45 1.98 20.47 20.51 20.09 20.41
2.52 2.00 20.52

PbH 2.32 1.61 20.71 20.77 20.94 20.71
2.41 1.69 20.72

BiH 2.16 2.24 0.08 0.02 20.01 0.13
PoH 2.56 2.27 20.29 20.29 20.47 20.21
AtH 2.99 2.31 20.68 20.66 20.90 20.67e

aThe second rows for TlH and PbH are results of calculations with 21
and 22VE RECPs for Tl and Pb, respectively.

bThe REP dissociation energies at the MR-SOCISD level of theory are 1
1.54, 2.18, 2.26, and 2.25 eV for TlH, PbH, BiH, PoH, and AtH, resp
tively, Ref. 16. Available experimental values for dissociation energies
TlH, 2.06 eV; PbH,,1.69 eV; BiH,,3.00 eV, Ref. 45.

cReference 15.
dReference 9.
eTwo-component Kramers’ restricted CISD result, Ref. 10.

TABLE IV. The AREP and REP dissociation energies (De in eV! and
spin–orbit effects@DDe~SO!# at the CCSD~T! level of theory.

AREP REP DDe~SO! Spin–orbit CI

~113!H 2.39 1.46 20.93 20.98a 20.96b

~114!H 2.39 0.21 22.18 22.07c

~115!H 2.05 1.82 20.23
~116!H 2.44 1.81 20.63
~117!H 2.83 1.79 21.04 20.57d

aReferences 21, 22.
bDK/DHF-CCSD~T! result, Refs. 21, 22.
cReference 6.
dReference 19.



o
r
lH
e

i
rb

e
S
h
m

b

e
tio
,
o

he

or
tic
st
e
A

o
o

e
th
e
c
le

14
a

n

he

ns,
ent

r
ent
rbit

n-

y

be
in–

sso-

he
is

o

on

by

t
r

av-
ly

av-
the

lH
nd

oh

2688 J. Chem. Phys., Vol. 112, No. 6, 8 February 2000 Han et al.
CISD ones for the sixth-row hydrides. The MRCISD diss
ciation energies are given as footnotes in Table III. Expe
mental dissociation energies are uncertain except for T
but usually in good accord with calculated ones. Aleksey
et al.46 suggested theDe value~2.28 eV! for BiH on the basis
of the experimental data and their CI calculations, which
also in good agreement with calculated ones. The spin–o
effects(De~SO!! at the MRCISD level are very similar to th
present results for the sixth-row hydrides. The CIPSI/CIP
calculations also provide similar spin–orbit effects, but t
spin–orbit CI results using the AIMP somewhat differ fro
other data. In particular, theDDe~SO! value for TlH is dif-
ficult to rationalize given the large spin–orbit splitting~0.97
eV! ~Ref. 47! in the ground-state Tl atom as noted already
van Lentheet al.17

The spin–orbit interaction weakens the bond betwe
the heavy element and the hydrogen atom with the excep
of BiH.16 In the diatomic molecules ofp valence electrons
ps and pp bonds could be weakened by the admixture
pp* and ps* orbitals, respectively, in the presence of t
spin–orbit interactions. In the spinor picture,p1/2 and p3/2

spinors might mix to form spinors which are purely
mostly bonding in a scheme known as the relativis
hybridization.48–50 In either interpretation, the energy co
will be a fraction of the spin–orbit splitting energy of th
atomicp orbital and reflected as a reduced bond energy.
in the case of bond lengths, the dissociation energies
seventh-row hydrides are not so different from those of c
responding sixth-row ones at the scalar relativistic level
theory ~Fig. 2!. The pattern of spin–orbit effects for th
seventh-row hydrides appear very similar to that for
sixth-row homologs, but the effects are significantly larg
for the seventh-row cases. Significant destabilization effe
due to spin–orbit interactions make the seventh-row e

FIG. 2. Dissociation energies of sixth- and seventh-row element mon
drides MH~M5Tl–At and element 113–117!.
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ments difficult to form bonds. In particular, the element 1
with a closed-shell structure in thej j -coupling scheme has
very weak bond with hydrogen (De50.21 eV!. Nashet al.6

reported somewhat largerDe values of 0.5–0.6 eV for
~114!H at the various spin–orbit CI levels of theory tha
ours but essentially in agreement that the~114!–H bond is
very weakened. Their spin–orbit effects on theDe value
(,22.07 eV! is also similar to our value22.18 eV. In order
to assess the basis set effects for~114!H, we tested the
9p7sd3 f basis set for the element 114 and t
(6s3p1d)/@3s3p1d#for hydrogen and obtained theDe val-
ues of 2.61 and 0.39 eV for the AREP and REP calculatio
respectively. We also tried Seth’s one- and two-compon
energy-adjusted RECPs and corresponding basis sets21 and
found theDe values for~114!H to be 2.65 and 0.40 eV fo
AREP and REP, respectively. The inertness of the elem
114 seems to be a combined result of both the spin–o
effect and the double occupancy of the 7p1/2 spinor. The next
two excited states for~114!H connected with the open
7s27p1/2

1 7p3/2
1 configuration of the element 114 are substa

tially separated from the ground state.6

In the case of~117!H, the relativistic hybridization en-
ergy will make the formation of pures or p bonds less
favorable, which means that the atomicp1/2 spinor remains
nonbonding.51,21 The bonding orbital is then formed solel
from the halogenp3/2 and the hydrogen s1/2. Since the halo-
gen p3/2,1/2 is two-thirdss in character, the~117!–H bond
calculated with spin–orbit interaction is expected to
roughly two thirds as strong as that in the absence of sp
orbit coupling, which is in line with the present results~2.83
eV without SO and 1.79 eV with SO in Table IV!. Nash
et al.19 calculated~117!H using the AREP-CCSD~T! with
spin–orbit CI corrections and reported the largerDe

value~2.21 eV! than our value~1.79 eV!. The discrepancy
occurs because their spin–orbit induced change in the di
ciation energy of~117!H, 20.57 eV, is smaller than that in
AtH, 20.61 eV. However, the unusual moderation in t
effect of spin–orbit coupling on the dissociation energy
not observed for~117!H in the present calculation. We als
tested the 39VE shape-consistent RECPs~Ref. 29! including
5f electrons in the valence space for the spin–orbit effects
the dissociation energy of~117!H at the HF level of theory.
The spin–orbit interactions reduce the dissociation energy
1.00 eV, which is very similar to the case of 25VE~1.04 eV!
at the same level of theory. Nashet al.19 used a contracted
basis set (6p6sd1p f)/@4p6sd1p f# for the element 117, bu
the contraction changesDe by no more than 0.02 eV in ou
CCSD~T! calculations. Spin–orbit coupling increases theDe

value for~117!F by 0.16 eV at the CCSD~T! level of theory41

in contrast to the case of~117!H, which can be explained by
the increased ionic interaction between the element 117 h
ing spin–orbit lowered ionization potential and the high
electronegative fluorine.

Since several RECP studies reported problematic beh
iors of dsp-type RECPs such as the underestimation for
2P spin–orbit splittings of the Tl atom,52,53 calculations us-
ing spdsp-type RECPs were also performed here for T
and PbH using 21VE and 22VE RECPs published for Tl a
Pb, respectively, to assess the accuracy of thedsp-type
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RECPs for the sixth-row elements. The REP bond leng
are closer to the experimental values and the REP disso
tion energies are little changed in comparison to the res
with the dsp-type RECPs. As shown in Tables I and II
using thespdsp-type RECPs little change spin–orbit effec
on the bond lengths and dissociation energies, indicating
the dsp-type RECPs probably provide reliable spin–or
effects in the sixth-row hydrides.

The bond lengths and dissociation energies of RnH
~118!H molecules were also calculated. Since it is wide
known that the binding energy between a noble gas atom
hydrogen is merely meV order,54 the correction for the basi
set superposition error~BSSE! ~Ref. 55! is necessary to ob
tain a reasonable result with basis sets of moderate sizes
counterpoise correction56 is employed in this work. The bond
lengths for RnH using AREP and REP are 4.412 and 4.
Å, respectively, and the dissociation energies are 1.79
1.84 meV, respectively. These spin–orbit effects are qua
tively similar to the Rn2 case, where the spin–orbit effec
are 20.019 Å for the bond length and12.0 meV for the
dissociation energy at the CCSD~T! level of theory.57 The
bond lengths for~118!H are 4.264 and 3.857 Å and the di
sociation energies are 3.56 and 5.50 meV for the AREP
REP calculations, respectively, implying that the spin–or
effects are qualitatively similar to the RnH and Rn2 cases.
When there is no spin–orbit splittings in the valence shel
an atom due to the vanishing angular momentum, the hig
order effect of the spin–orbit coupling in a molecule m
result in bond strengthening, as in the case of Hg2, Au2,
AuH, CsHg, and rare gas dimers.58 It is noted that the quality
of the present basis sets is not adequate to describe va
Waals interactions, resulting in significant underestimat
for the dissociation energy. The spin–orbit effect is also
derestimated for the dissociation energy in this case.57 In the
absence of additional calculations using an extended b
set, dissociation energies for RnH and~118!H are expected
to be more than 6.20 meV considering that experimental
sociation energies54,59 for NeH, ArH, KrH, and XeH are
1.49, 4.67, 5.82, and 6.20 meV, respectively. But we c
firmed that the~118!–H bond is a typical van der Waal
bond between rare gas atom and hydrogen.

The element 118 may readily form stable molecules w
highly electronegative atoms such as fluorines due to
radial expansion and the energetic destabilization of
p3/2-valence spinors. The increase of the F2 elimination en-
ergy due to the spin–orbit interactions for the~118!F2 mol-
ecule is calculated as 46.1 kcal/mol.8 The F2 elimination en-
ergy calculated with extended basis sets, a 9p7sd3 f basis
set for ~118! and the aug-cc-pVTZ basis set for F, is 59
kcal/mol at the scalar relativistic level. The F2 elimination
energy for~118!F2 is estimated as 106.0 kcal/mol assumi
that spin–orbit effects are little altered by the extension
the basis set. The F2 elimination energy of~114!F2 obtained
from the procedure similar to the one used for~118!F2 is
73.4 kcal/mol, where the spin–orbit destabilization energ
2107.5 kcal/mol. Sethet al.21,23 reported the F2 elimination
energy for~114!F2 molecule as 68.6 kcal/mol with the spin
orbit destabilization energy of2104.2 kcal/mol. Somewha
larger F2 elimination energy in the present calculations
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attributed to the larger basis set used here. The F2 elimina-
tion energy calculated by Sethet al.66 is 59.8 kcal/mol for
the ~112!F2 molecule without spin–orbit interaction. Liu
et al.60 also reported the F2 elimination energy for~112!F2 as
59.3 kcal/mol at the four-component Dirac–Kohn–Sha
~DKS! density functional theory~DFT! ~Ref. 61! and theDe

value as 0.75 eV for~112!H. For corresponding sixth-row
molecules, Liuet al.62 calculated the F2 elimination energy
for HgF2 as 86.5 kcal/mol with the spin–orbit stabilizatio
energy of10.3 kcal/mol. Sonet al.42 calculated the F2 elimi-
nation energy for PbF2 as 150.4 kcal/mol including spin–
orbit energy change of229.2 kcal/mol at the CCSD~T! level
of theory. We calculated the F2 elimination energy value for
RnF2 using extended basis sets, (9s9p6d6 f )/@7s7p6d6 f #
for Rn ~Ref. 63! and aug-cc-pVTZ for F, at the scalar rela
tivistic level using energy-adjusted 8VE RECPs.64 The final
value is estimated as 48.7 kcal/mol including spin–orbit e
ergy change8 of 19.9 kcal/mol.

From the above calculations, the molecular stabilities
summarized as RnH!HgH,PbH and ~118!H!~114!H
,~112!H for the hydrides, but as RnF2,HgF2,PbF2 and
(112)F2,(114)F2,(118)F2 for the difluorides. The unre-
active element 114 and the reactive element 118 can be
tionalized by the larger spin–orbit splitting of7p orbitals
than 6p ones. Spin–orbit splittings for Pb1, Rn1, (114)1,
and (118)1 are 1.75 eV, 3.83 eV,65 4.77 eV,21 and 11.40
eV,6 respectively. More stable (118)F2 than ~114!F2 can be
explained by the lower first ionization potential of th
element 118~7.32 eV! than that of the element 114~8.56 eV!,
whereas the first ionization potential of Rn~10.21 eV!
is much higher than that of Pb~7.04 eV!.6 The ~112!F2 is
less stable than HgF2 since the ionization potential of th
element 112~11.97 eV! is higher than that of Hg~10.43 eV!
~Ref. 66! due to the enormous relativistic stabilization of th
7s orbitals.

IV. CONCLUSIONS

We evaluated spin–orbit effects on the bond lengths
dissociation energies of sixth- and seventh-rowp-block ele-
ment monohydrides using RECPs at the CCSD~T! level of
theory. It is difficult to overstate the impact of spin–orb
coupling on the electronic structures of the transactin
p-block element monohydrides, implying that th
j j -coupling scheme is more appropriate than thels-coupling.
Spin–orbit effects on the bond lengths and dissociation
ergies of seventh-row hydrides are qualitatively similar
but substantially larger than those of the corresponding si
row ones due to the enormous spin–orbit splitting ofp
orbitals. Spin–orbit interactions change the bond lengths
sixth- and seventh-row hydrides by20.02;10.03 Å and
20.21;10.21 Å , respectively. Spin–orbit interactions us
ally elongate the bond lengths except for the molecules
the (p1/2)

1-valence atoms. The maximum elongation is p
dicted for ~115!H where the element 115 has the (7p3/2)

1

configuration outside the (7p1/2)
2 closed shell. Ifp1/2(p3/2)

spinors dominate in bonding, the spin–orbit coupling wou
shorten~elongate! the bond. Relatively small changes due
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the spin–orbit interactions for PbH and~114!H may be in-
terpreted as the participation of bothp1/2 andp3/2 spinors in
bonding.

Spin–orbit coupling weakens the bond between
heavy element and the hydrogen except for BiH and chan
the dissociation energies by20.71;10.08 eV and22.18
;20.23 eV for sixth- and seventh-row hydrides, resp
tively. The decrease due to spin–orbit coupling is maximiz
in the ~114!H molecule, because the element 114 has
closed-shell electronic configuration in thej j -coupling
scheme. The resulting dissociation energy is merely 0.39
The bonding between another closed-shell element 118
hydrogen is found to be very weak being in meV order, b
the element 118 forms stronger bonds with highly electro
gative elements such as fluorine than other closed-shell
ments 112 and 114, which can be explained by relativi
variations of 7s1/2, 7p1/2, and 7p3/2 spinors.
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