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Spin—orbit effects on the transactinide  p-block element monohydrides MH
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Spin—orbit effects on the bond lengths and dissociation energies of sixth- and sevepiiblak

element monohydrides MiM=TI-Rn and element 113-11&re 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 —0.02~ +0.03 A and—0.21~ +0.21 A , respectively. Spin—orbit interactions usually elongate

the bond lengths except for the molecules of thg,)'-valence atoms, i.e., TIH and13H. The
maximum elongation is predicted f¢t15H, where the element 11&ka-bismuthhas the (Ps)*
configuration outside the inner p7,,)? 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 —0.71~+0.08 eV and—2.18~—0.23 eV for sixth- and seventh-row hydrides, respectively.

The dissociation energy of thél1l4H molecule is merely 0.39 eV, because the element
114(eka-leadl has a closed-shell electronic structure in tfjecoupling scheme. The bonding
between the element 1@&ka-radoi 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 11g&eka-mercuryor the element 114. €000 American Institute of Physics.
[S0021-960600)30606-1

I. INTRODUCTION square-planar structure. The tetrahedral structure, which can

be called as “a spin—orbit induced isomer” was confirmed

Researchers at the Joint Institute for Nuclear Re:searc{gJ be a local minimum by a normal-mode anal)ﬁsrﬁhe
(JINR) in Dubna, Russia, reported creating two atoms of,

Ylstructure is what is expected from fourgg,) *-valence elec-
out? Lawrence Berkeley National LaboratofyzBNL) in

; 3]38;1
the US forged thg heaviest glement yet, element . Spin—orbit effects on molecules have been investigated
when it decayed, it morphed into element 116, then an iso. xtensively for the molecules containing the sixth-row
tope of 114 with even fewer neutrons than Dubna’s. It Iasteéa y g

for milliseconds. The discoveries have no practical applica-p'bIOCk elements. Among them, the simplest monohydride

tions as far as today’s scientists know, but it is thrilling for systems have been studied using various all-electron and

academics. Chemists can be, also for academic reasons, fr?—latiViStiC effective core potentie(REQF) approaches. The
terested in the properties and chemistry of the transactiniddYdrogen atom can be used as an instrument tglgrobe fea-
p-block elements. Since quantum calculations are presentl/f€S ofo-bonding in the heavy elements. Daggal." " cal-
the only way to accurately predict the physical and chemicaft/ated MHM =TI, Pb, Bi, Po, and Atusing the energy-
behaviors of the transactinide elements, applications of quaridiusted RECPs at the CIP@ef. 13/CIPSO(Ref. 12 aé”l?l
tum chemical calculations for molecules have been progres§Pin—0rbit configuration interactidiCl) levels of theory.™
ing rapidly in the field of transactinide element chemistry.se'lOl calculated the molecules usiag initio model poten-
Recent reviews on transactinide element chemistry haviia!s (AIMP) at the spin—orbit CI level. Dilabiet al.*® per-
been given by Schwerdtfeget al* and Pershina. formed the spin—orbit Cl calculations for the molecules us-
Spin—orbit effects are essential to the accurate theoreting the shape-consistent RECPs. All-electron scalar
cal descriptions of the electronic structures of such moleculekglativistic zero-order regular approximatiofBRZORA/
containing the superheavy elements, for which thetwo-component ZORA calculations and all-electron spin—
jj-coupling is more appropriate than the-coupling. For  orbit CI calculations for TIH were carried out by Lenthe
instance, in the(118F, moleculé’ of the element 118, etall” and Marianet al,'® respectively. Naslet al. calcu-
which has the (B,,)%(7pas,)*-valence configuration, spin— lated PbH (Ref. 6 and AtH (Ref. 19 using the shape-
orbit contributions make the tetrahedral geometry anotheconsistent RECPs at the spin—orbit CI level of theory. Saue
stable structure with the energy comparable to that of thet al?® performed, for AtH, a first-order perturbation esti-
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mate of the mass-velocity and Darwin te(MVD) and four- UREP= AREP |ySO 2)
component Dirac—Hartree—Fo¢RHF) calculations. Only a
few calculations for molecules containing seventh-row
p-block elements have been reported. 8kth calculated

The spin—orbit effects here are defined as the difference
between AREP and REP results calculated with the same

(113H at all-electron one-component Douglas—KréliK) g?fsls set at tt)h? glvenAIeRvleof tgesgpwei h?"te shown that thz
CC singles and doubles with a perturbative triple contriby-2 c'€Nces between an calculations are in goo

t with those between all-electron one-component
tions (CCSIO(T)) and DHF-CCSIT) levels of theory as well 29'€€mMen
as the spin—orbit ClI levels using the energy-adjusted RECP K- and fc_>ur component DHF -based results @13)'*'
Nashet al. calculated(114H (Ref. 6 and (117)H (Ref. 19 demonstrating that the potential average scheme is useful for

at the spin—orbit CI level using the shape-consistent RECP?.bmllnlng the scalar relativistic ECPs even for fhélock

Saueet al?° calculated(117H at the MVD and DHF levels transactinide elements.

, . We have developed two-component Kramers’ restricted
of theory. To the authors’ knowledge, there are no publishe S
results for RnH(115H, (116H, and (118H. ?—|artree Fock(KRHF) (Ref. 26 method which includes

In the present work, one- and two-component caIcuIaSp'n —orbit interaction at the HF level of theory using the
tions are performed using RECPs for the monohydride sys- REPS The KRHF program utilizes the REPs as a whole at
tems of the sixth- and seventh-rqwblock elements and the the HF level and produces molecular spinors obeying double

results are compared with the previously reported theoreUczﬂJrOUp symmetry. The KRHF method can be a starting point

results and available experimental data. The present wor ma:/r:/y c;orrelatedl methtoiiis COCt, trea;'ﬂng splnthortélt mter]?g
aims to present spin—orbit effects on the seventh-ro lons. We have implemente methods on the basis ot the

p-block element hydrides and to explore if there are an RHF molecular spinors and designated them as KRCC

unusual chemical behaviors and anomalies in periodic treno%Ref 27 methods. In the present work, the bond lengths and

related with spin—orbit effects. In particular, the stabilities on ssociation energies of sixth- and seventh-plock ele-
P P ment monohydrides using AREP and REPs were calculated

the molecules containing closed-shell “noble” atoms, ele-M
ments 114 and 118, are discussed. The multiconfiguratloﬁt the CCSIT) level of theory. The dissociation energies

DHF calculation for the element 114 showed that the co- '€ evaluated using results of separate calculations of at-
efficients of the configuration state wave functions are®Ms: The k elimination energies fo(114F, and (118F,
0.9957 for the py,,)? configuration, hence the ground state were also evaluated using the HF optimized geometries at
clearly has a closed-shell configuration. Then it will be in—the %?S?T) Ievellogjggory.l | E) (Ref. 2
teresting to determine to what extent the closed-shell nature nd ed Sit}typeﬂ 26 \)llg err1]ce N ectro_nté/ t)éEe : 81;

in the element 114 resembles a closed-shell atom in the trg&d SPASPypPe shape-consisten OfRe

ditional sense, i.e., a rare gas atom. Another interesting poi 9)thw'th dcorresp;)hndmg b\;alekncle ba5|ts sets w?re IUS?I% for
is that how far the spin—orbit destabilization g, spinors Sixth--and seventh-royp-block elements, respectively €
pdsptype shape-consistent RECPs were also employed for

in the element 118 causes the deviation in reactivity from thea 6 :
trend of the rare gas group. The results are also compare (21VE) (Ref. 3) and Pi§22VE).” The basis sets were used

with those on analogues containing element 112, which is gs uncontracted forms and were augmented byfgwalar-
closed-shelb-block transactinide element. The methods, ba- Ization functions. The (82p)/[3s2p]basis set was used for
sis sets, and RECPs we used are described in Sec. Il. Tﬁ%e hydrogen atorfi: Although the quality of the basis sets

results are presented and discussed in Sec. Ill, and our coﬂSed here may not be good enough to guarantee accurate
clusions are summarized in Sec. IV ond lengths and dissociation energies, we believe that major

conclusions of the present work, especially those on spin—
orbit effects, will be affected only slightly by the enlarged
basis sets. The ,Felimination energies of(114F, and
Il. CALCULATIONAL DETAILS (118)F, were evaluated at the scalar relativistic level using
p7sd3f basis sets with the shape-consistent RECP for ele-
ent 114 and 118 and aug-cc-pVTRef. 31 for F atoms.
he AREP calculations were carried out with the

There can be many variations in the form of RECPs a
the present REQREP is expressed by the foIIowmg T

form:*¢ GAUSSIAN94 (Ref. 32 and themoLPRO98 (Refs. 33—35and
the REP calculations with a modified two-component version
R of theMoLFDIR packages®3” All occupied and virtual orbit
REP_ | |REP, REP, REP, . .
U Ui+ E z 1 m,z_ [V (N =U5Tn] algor spinorg were included at the CCSD) level of theory.
=3 )
X[ljm){ljml, (1) 1. RESULTS AND DISCUSSION

where [Ijm)(Ijm| represents a two-component projection Tables | and Il show the bond lengthRy) of sixth- and
operator. Molecular spinors which are one-electron eigenseventh-rowp-block element monohydrides, respectively,
functions of the Hamiltonian containing the above REP havevhich are also plotted in Fig. 1. The spin—orbit effects
two components. ThelREPwhich is referred to as REP here (A.(SO)) evaluated by several theoretical approaches and
can be expressed as the sum of the scalar relativistic effectivaevailable experimental data are included in the tables for
core potentifAREP), UAREP ‘and the effective one-electron comparison. The REP bond lengths for the sixth-row hy-
spin—orbit(ESO operator’* US®, as drides at the CCSQO) level are in good agreement with
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TABLE I. AREP and REP bond length®( in A) and spin—orbit effects{R.(SO)) at the CCSIT) level of

theory?
DiLabio et al® Seijd® Dolg et al¢

AREP REP  AR,(SO) spin—orbit ClI spin—orbit CI  CIPSI/CIPSO

TIH 1.948 1.927 —0.021 —0.024 —0.028 —0.014 —0.03F
1.899 1.877 —0.022

PbH 1.883 1.884 0.001 —0.002 —0.005 0.001 0.002
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 0.928 0.032

#The second rows for TIH and PbH are results of calculations with 21VE and 22VE RECPs for Tl and Pb,
respectively.

PThe REP bond lengths at the multireference spin—orbit CISD level of theory are 1.912, 1.881, 1.832, 1.785,
and 1.752 A for TIH, PbH, BiH, PoH, and AtH, respectively, Ref. 16. Available experimental values for bond
length are TIH, 1.87 A ; PbH, 1.839 A ; BiH,1.805 A .—Ref. 45.

‘Reference 15.

YReference 9.

°SRZORA/ZORA result obtained with functional of the generalized gradient approxind@@#) type,

Ref. 17.

fSpin—orbit CI result, Ref. 6.

9Two-component Kramers' restricted CISD result, Ref. 10.

"MVD/DHF result, Ref. 20.

those at the multireferenceMR) ClI singles and doubles for AtH(+0.032 A?° estimated from the difference between
(CISD) level of theory using same RECPs and the basis sets!VD and DHF results is in good agreement with the RECP
similar to this work!® The bond lengths from MRCI calcu- results.

lations are given as footnotes in Table I. Spin—orbit effects at  The spin—orbit changes of bond lengths fbt4H (Ref.

the spin—orbit Cl are in excellent agreement with our result$) and (117)H (Ref. 19 estimated by the spin—orbit Cl cal-
indicating that the active spaces used in their work are sufeulations are somewhat smaller than those by the GTED
ficient to describe the orbital relaxations due to spin—orbitcalculations, although the same RECPs and the basis sets of
interactions. The present spin—orbit effects for the sixth-rowsimilar quality were used for the elements 114 and 117. The
hydrides are also in overall good agreement with thosdond length contraction fdil13)H at the spin—orbit CI level
evaluated by the spin—orbit Cl calculatidhsising AIMPs  is also smaller than that of the present calculations or all-
and those by the CIPSI/CIPSO calculatibHusing energy-
adjusted RECPs. All-electron SRZORA/ZORA calculations

for TIH showed that the spin—orbit coupling contracts the  ??
TI-H bond by 0.031 A" which is in good agreement with
the RECP results. The TIH molecule was also calculated by
all-electron spin—orbit Cl energy extrapolation technique
(SOCIEX),'8 but the spin—orbit effects on the bond length
(—0.05 A and harmonic vibrational frequency+(93
cm 1) seem to be somewhat exaggerated compared witt
other result€’ The spin—orbit elongation of the bond length 5

< — AREP(T}
% —= REP(7)
K] AREP(B)
TABLE IIl. AREP and REP bond lengthsR{, in A) and spin—orbit effects g 19 = REP(6)
[ARL(SOY] at the CCSDT) level of theory. o
AREP REP  AR.(SO  Spin—orbit Cl
(113H 1.965 1.759 -0.206 -0.160" —0.217 18
(114H 1.892 1.960 0.068 0.080
(115H 1.878 2.084 0.206 .
(116H 1.817 1.988 0.171 o
(117H 1.778 1.949 0.171 0.185 0.196 |
17
dReferences 21, 22. T(113)
PDK/DHF-CCSIO(T) result, Refs. 21, 22. Pb/(114)  Bi/(115) Po/(116) At/(117)
‘Reference 6.
YReference 19. FIG. 1. Bond lengths of sixth- and seventh-row element monohydrides MH

®MVD/DHF result, Ref. 20. (M=TI-At and element 113-1137
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electron DK/DHF-CCSDT) calculations! The all-electron
MVD/DHF calculations for(117)H provide somewhat larger

Spin—orbit effects
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TABLE Ill. The AREP and REP dissociation energieB(in eV) and
spin—orbit effects AD,(SO)) at the CCSOT) level of theory?

AR(SO) value (+0.196 A) than our result €r0.1_79_ﬁ) at Dilabioetal®  Sejd  Dolg et ald
the HF level and we believe that employing variational cal- - - - -
culations in place of the MVD calculations could lead to a ADe  spin—orbit  spin—orbit  CIPS/
) i AREP REP (SO Cl Cl CIPSO
closer agreement. In Table |, the spin—orbit effects on bond
lengths at the spin—orbit Cl level are very similar to KRCC TH 2.45 198 -047 —0.51 —0.09 —0.41
ones when the same RECPs are employed. We think that th 252 2.00 ~052
: ) o 232 161 —0.71 -0.77 —-0.94 -0.71
larger d|ﬁgrgnces for the se_venth-rO\_N hydrl_des may originate 241 169 —072
from the limited CI spaces in the spin—orbit Cl calculations. BiH 216 224 0.08 0.02 —-0.01 0.13
Orbital relaxations due to the spin—orbit interactions are ex- PoH 256 2.27 —0.29 -0.29 —-0.47 —-0.21
299 231 —0.68 —0.66 -0.90 —-0.67

pected to become sizable for the seventh-row elements,AtH
which cause _the spin—orbit Cl calcula_ltl_on_S employl_ng th€The second rows for TIH and PbH are results of calculations with 21VE
molecular orbitals from the scalar relativistic calculations to and 22VE RECPs for Tl and Pb, respectively.
suffer slow convergences. Even in TH#i3it was found that blgi Rf'isdizsggiaﬁog gnzesfgif\%/Sfat t%eH MFFft-)E'Og_EDPIe\;'eI of éh:0|:y are 1.91,
L . . i~ 1.54,2.18, 2.26, and 2.25 eV for , , BiH, PoH, and AtH, respec-

Spln orbit Cl calcul:_:ltlons recover On_ly one half of the spin tively, Ref. 16. Available experimental values for dissociation energies are
orbit bond contraction compared with the two-componentTiy 2.06 ev: PbH,<1.69 eV: BiH, <3.00 eV, Ref. 45.
Kramers' restricted C(Ref. 40 at the single-reference CISD ‘Reference 15.
level 9Reference 9.

. . . cTwo-component Kramers’ restricted CISD result, Ref. 10.

Spin—orbit interactions elongate the bond lengths of all P
sixth-row hydrides but the TIH molecule. The bond length
elongation is negligible for PbH{0.001 A and becomes
somewhat larger(+0.02—0.03 A for the remaining hy-

sixth-row hydrides, probably due to the participation of the
: . 7 spinor in the bonding. The pg-valence molecules,
d_ndes_. Thed Re(SQ) values for PbH have positive and nega- sEgﬁ asF()115)H, (116H, and?ll?)H,FZgr/tza elongated reflecting
tive signs depending upon the type of calculations but A€o radial expansion of the pg, spinors and additional

always very small in magnitude. Spin—orbit interactions : : :
screening effects of innerpf,, closed-shell spinors. The
elongate bond lengths by 081 , 0.0 A, 0.03 A, and maximum elongation is predicted for tH&15H molecule

0.023 A for PbF, PbCl, PbBr, and Pbl, respectively, at thg, here the element 115 has Bu6) 2(ps) -valence configu-
ccsom Ieve! of theory for the Pb—l&(le, (_:I’ Br, and ) ration. A qualitative argument for the spin—orbit effects
molecules which have open-shell configuratidhslowever, <0< 0 be in order. If,p spinors dominate in bonding, the
spin—orbit interactions contract the bond lengths by 0.013 Aspin—orbit coupling would shorten the bond. If the,,p
0.003 A, 0.004 A, and 0.001 A, respectively, at the HF spinors mainly contribute to the chemical bonding, the spin—
level for the PbHj, Pb"k'n,za?' and Pbl molecules with it oo pling would elongate the bond. In this regard, rela-
closed-shell configurations:™ The PbO and PbOMOIl- 6y small changes due to the spin—orbit interactions for

ecules with closed-shell configurations are also contracted bpng and(114H may be interpreted as the participation of
0.004 A and 0.0R A, respectively, at the CCSD) level of . o and @y, spinors in bonding.

theory* Recently, van Lenthet al. showed that the bond Tables 11l and IV show the dissociation energi.) of
length contractions for PbH(Ref. 43 and PbO(Ref. 19 qjyih. and seventh-rowp-block element monohydrides,

molecules are 0.014 A and 0DOA , respectively, at the \ vich are also depicted in Fig. 2. A reasonable description of
all-electron SRZORA/ZORA level of theory. D, for the sixth- and seventh-row hydrides requires inclusion
Figure 1 shows that spin—orbit effects on the bondq¢ ' qiecular spin—orbit effects. For example, spin—orbit in-
lengths for seventh-row hydrides are qualitatively similar 04 ,.ed molecular stabilization energies amount to 30% and
those for corresponding sixth-row cases, but substantial dugso, of the atomic energy lowerings for AtH arftilnH,

to the enormous spin—orbit splitting of 7p orbitals. In spite Ofrespectively, at the HF level of theofyTheD, values at the

the larger principal quantum number, the calculated bon CSOT) level are in very good agreement with the MR-
lengths of seventh-row hydrides are not so different from

those of the corresponding sixth-row ones at the scalar rela-

tivistic level (AREP in Fig. 3 because of the significant tagLE Iv. The AREP and REP dissociation energie®.(in V) and
relativistic contraction of 3and 7 orbitals. This similarity  spin—orbit effect§ AD(SO)] at the CCSDT) level of theory.
disappears once spin—orbit interactions are taken into a¢

count(REP in Fig. 3. For (113H, a heavier homologue of AREP  REP  AD((SO  Spin-orbit C|
TIH, adding spin—orbit terms leads to the bond length con- (113H 2.39 146  —0.93 —-0.98" -0.9¢
traction of 0.206 A and the REP bond lendth759 A) lies (114H 239 021 -218 —2.07
between those of the fourth-row homolog G&H696 A** (115H 205 18 -023
\ a5 e (116H 244 181 063
and the fifth-row homolog InH1.838 A).* The relativistic (117H 283 179  —1.04 057

bond length contraction ifl13)H may be rationalized by the

spin—orbit contraction of the [, spinor (r);, UDK/DHF-GCSL(T result, Refs. 21, 22
_ 4 . - result, Refs. 21, 22.
—(r)7p,,=0.51 A% All the seventh-row hydrides except e oo =

(113H have longer bond lengths than the correspondingReference 19.

“References 21, 22.
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38 ments difficult to form bonds. In particular, the element 114
with a closed-shell structure in thg-coupling scheme has a
very weak bond with hydrogerD(,=0.21 e\). Nashet al®
reported somewhat largeD. values of 0.5-0.6 eV for
(114H at the various spin—orbit CI levels of theory than
ours but essentially in agreement that tid4)—H bond is
very weakened. Their spin—orbit effects on tbe value
(<—2.07 eV is also similar to our value-2.18 eV. In order

3 ——AREP(7) to assess the basis set effects fadl4H, we tested the

? = REP(7) 9p7sd3f basis set for the element 114 and the
5 AREP(6) (6s3pld)/[3s3pld]for hydrogen and obtained th2, val-

% . REP(6) ues of 2.61 and 0.39 eV for the AREP and REP calculations,
2 respectively. We also tried Seth’s one- and two-component
& energy-adjusted RECPs and corresponding basié' sats

found theD, values for(114)H to be 2.65 and 0.40 eV for
AREP and REP, respectively. The inertness of the element
114 seems to be a combined result of both the spin—orbit
effect and the double occupancy of the, 4 spinor. The next
two excited states fo114)H connected with the open
7s?7p1,,7p3;, configuration of the element 114 are substan-
T Pb/(114)  Bi/(115) Po/(116) AL/(117) t|a”y Sepal’ated from the grOUnd Stgte.
FIG. 2. Dissociation energies of sixth- and seventh-row element monohy: n tme Caie 0h(11f7)H, the relfatiViStiC hybri%izagon| en-
o i i ergy will make the formation of purer or = bonds less
drides MHM=TI-At and element 113-1)7 fa\?grable, which means that the aptonp'gz spinor remains
nonbonding?! The bonding orbital is then formed solely

CISD ones for the sixth-row hydrides. The MRCISD disso-from the halogemps,; and the hydrogen;s. Since the halo-
ciation energies are given as footnotes in Table Ill. Experi-9€n Pa,1/2 is two-thirds o in character, th¢117)—H bond
mental dissociation energies are uncertain except for TIH¢alculated with spin—orbit interaction is expected to be
but usually in good accord with calculated ones. Alekseyeyoughly two thirds as strong as that in the absence of spin—
et al*® suggested thB, valug2.28 e\j for BiH on the basis ~ 0rbit coupling, which is in line with the present res(@3
of the experimental data and their CI calculations, which iseV without SO and 1.79 eV with SO in Table JVNash
also in good agreement with calculated ones. The spin—orbft al'® calculated(117H using the AREP-CCS@) with
effects(A4(SO) at the MRCISD level are very similar to the spin—orbit CI corrections and reported the largBr,
present results for the sixth-row hydrides. The CIPSI/CIPSOalug2.21 eV than our valugl.79 e\). The discrepancy
calculations also provide similar spin—orbit effects, but theoccurs because their spin—orbit induced change in the disso-
spin—orbit Cl results using the AIMP somewhat differ from ciation energy of1179H, —0.57 eV, is smaller than that in
other data. In particular, th&D(SO) value for TIH is dif- AtH, —0.61 eV. However, the unusual moderation in the
ficult to rationalize given the large spin—orbit splittit@.97  effect of spin—orbit coupling on the dissociation energy is
eV) (Ref. 47 in the ground-state Tl atom as noted already bynot observed fof117)H in the present calculation. We also
van Lentheet al’ tested the 39VE shape-consistent REQRef. 29 including

The spin—orbit interaction weakens the bond betweerdf electrons in the valence space for the spin—orbit effects on
the heavy element and the hydrogen atom with the exceptiothe dissociation energy ¢l17)H at the HF level of theory.
of BiH.® In the diatomic molecules gb valence electrons, The spin—orbit interactions reduce the dissociation energy by
po and pm bonds could be weakened by the admixture of1.00 eV, which is very similar to the case of 25MED4 eV
pm* andpc* orbitals, respectively, in the presence of theat the same level of theory. Nagh al'® used a contracted
spin—orbit interactions. In the spinor pictune,, and ps,  basis set (f6sd1lpf)/[4p6sdlpf] for the element 117, but
spinors might mix to form spinors which are purely or the contraction changd3, by no more than 0.02 eV in our
mostly bonding in a scheme known as the relativisticCCSOT) calculations. Spin—orbit coupling increases e
hybridization*®=>° In either interpretation, the energy cost value for(117)F by 0.16 eV at the CCSD) level of theory*
will be a fraction of the spin—orbit splitting energy of the in contrast to the case ¢117)H, which can be explained by
atomicp orbital and reflected as a reduced bond energy. Ashe increased ionic interaction between the element 117 hav-
in the case of bond lengths, the dissociation energies ahg spin—orbit lowered ionization potential and the highly
seventh-row hydrides are not so different from those of corelectronegative fluorine.
responding sixth-row ones at the scalar relativistic level of  Since several RECP studies reported problematic behav-
theory (Fig. 2. The pattern of spin—orbit effects for the iors of dsptype RECPs such as the underestimation for the
seventh-row hydrides appear very similar to that for the’?P spin—orbit splittings of the Tl ator?>3 calculations us-
sixth-row homologs, but the effects are significantly largering spdsptype RECPs were also performed here for TIH
for the seventh-row cases. Significant destabilization effectand PbH using 21VE and 22VE RECPs published for Tl and
due to spin—orbit interactions make the seventh-row elePb, respectively, to assess the accuracy of ds@-type
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RECPs for the sixth-row elements. The REP bond lengthgttributed to the larger basis set used here. Thelifina-
are closer to the experimental values and the REP dissocigon energy calculated by Sett al® is 59.8 kcal/mol for
tion energies are little changed in comparison to the resultthe (112F, molecule without spin—orbit interaction. Liu
with the dsptype RECPs. As shown in Tables | and Ill, et al®®also reported the felimination energy fof112)F, as
using thespdsptype RECPs little change spin—orbit effects 59.3 kcal/mol at the four-component Dirac—Kohn—Sham
on the bond lengths and dissociation energies, indicating th&bKS) density functional theoryDFT) (Ref. 61) and theD,
the dsptype RECPs probably provide reliable spin—orbit value as 0.75 eV fof112H. For corresponding sixth-row
effects in the sixth-row hydrides. molecules, Liuet al®? calculated the Felimination energy
The bond lengths and dissociation energies of RnH anfor HgF, as 86.5 kcal/mol with the spin—orbit stabilization
(118H molecules were also calculated. Since it is widelyenergy of+0.3 kcal/mol. Soret al*? calculated the felimi-
known that the binding energy between a noble gas atom angation energy for PbFas 150.4 kcal/mol including spin—
hydrogen is merely meV ordéf the correction for the basis orbit energy change of 29.2 kcal/mol at the CCS@) level
set superposition errdBSSH (Ref. 55 is necessary to ob- of theory. We calculated the,Felimination energy value for
tain a reasonable result with basis sets of moderate sizes. TRNF, using extended basis sets,s@p6d6f)/[ 7s7p6d6f ]
counterpoise correctidhis employed in this work. The bond for Rn (Ref. 63 and aug-cc-pVTZ for F, at the scalar rela-
lengths for RnH using AREP and REP are 4.412 and 4.38Tivistic level using energy-adjusted 8VE RECPsThe final
A, respectively, and the dissociation energies are 1.79 andalue is estimated as 48.7 kcal/mol including spin—orbit en-
1.84 meV, respectively. These spin—orbit effects are qualitaergy chang®of +9.9 kcal/mol.
tively similar to the Rp case, where the spin—orbit effects From the above calculations, the molecular stabilities are
are —0.019 A for the bond length and- 2.0 meV for the summarized as Rn&dHgH<PbH and (118H<(114H
dissociation energy at the CCSD level of theory>” The  <(112H for the hydrides, but as Rk HgF,<PbF, and
bond lengths foX118H are 4.264 and 3.857 A and the dis- (112)FR,<(114)F,<(118)F, for the difluorides. The unre-
sociation energies are 3.56 and 5.50 meV for the AREP andctive element 114 and the reactive element 118 can be ra-
REP calculations, respectively, implying that the spin—orbittionalized by the larger spin—orbit splitting afp orbitals
effects are qualitatively similar to the RnH and Reases. than 6 ones. Spin—orbit splittings for Ph Rn", (114)",
When there is no spin—orbit splittings in the valence shell ofand (118) are 1.75 eV, 3.83 e 4.77 ev?! and 11.40
an atom due to the vanishing angular momentum, the higheeV.® respectively. More stable (118)Fhan(114)F, can be
order effect of the spin—orbit coupling in a molecule mayexplained by the lower first ionization potential of the
result in bond strengthening, as in the case of,Hju,,  element 1167.32 eV) than that of the element 1(8L56 eV},
AuH, CsHg, and rare gas dimet3it is noted that the quality whereas the first ionization potential of ®0.21 eV\f
of the present basis sets is not adequate to describe van dermuch higher than that of Ph04 e\).° The (112F, is
Waals interactions, resulting in significant underestimatiorless stable than HgFsince the ionization potential of the
for the dissociation energy. The spin—orbit effect is also unelement 11211.97 eV is higher than that of H§0.43 eV}
derestimated for the dissociation energy in this case.the  (Ref. 68 due to the enormous relativistic stabilization of the
absence of additional calculations using an extended basis orbitals.
set, dissociation energies for RnH atidl8H are expected
to be more than 6.20 meV considering that experimental dis-
sociation energié$>® for NeH, ArH, KrH, and XeH are |, coNCLUSIONS
1.49, 4.67, 5.82, and 6.20 meV, respectively. But we con-
firmed that the(118—H bond is a typical van der Waals We evaluated spin—orbit effects on the bond lengths and
bond between rare gas atom and hydrogen. dissociation energies of sixth- and seventh-fmiock ele-
The element 118 may readily form stable molecules withment monohydrides using RECPs at the CCBDevel of
highly electronegative atoms such as fluorines due to theheory. It is difficult to overstate the impact of spin—orbit
radial expansion and the energetic destabilization of the&oupling on the electronic structures of the transactinide
ps;-valence spinors. The increase of thedfimination en-  p-block element monohydrides, implying that the
ergy due to the spin—orbit interactions for ttlel8F, mol-  jj-coupling scheme is more appropriate thanlteoupling.
ecule is calculated as 46.1 kcal/nidThe F, elimination en-  Spin—orbit effects on the bond lengths and dissociation en-
ergy calculated with extended basis sets,p@®d3f basis ergies of seventh-row hydrides are qualitatively similar to,
set for (118 and the aug-cc-pVTZ basis set for F, is 59.9 but substantially larger than those of the corresponding sixth-
kcal/mol at the scalar relativistic level. The Elimination  row ones due to the enormous spin—orbit splitting @f 7
energy for(118F, is estimated as 106.0 kcal/mol assumingorbitals. Spin—orbit interactions change the bond lengths of
that spin—orbit effects are little altered by the extension ofsixth- and seventh-row hydrides by0.02~+0.03 A and
the basis set. The,Felimination energy of114)F, obtained —0.21~+0.21 A , respectively. Spin—orbit interactions usu-
from the procedure similar to the one used {@d8F, is  ally elongate the bond lengths except for the molecules of
73.4 kcal/mol, where the spin—orbit destabilization energy ishe (py,,)*-valence atoms. The maximum elongation is pre-
—107.5 kcal/mol. Setlet al?**reported the Felimination  dicted for (115H where the element 115 has thepgs)*
energy for(114F, molecule as 68.6 kcal/mol with the spin— configuration outside the (%,,)? closed shell. Ifp1(Pa/)
orbit destabilization energy of 104.2 kcal/mol. Somewhat spinors dominate in bonding, the spin—orbit coupling would
larger B elimination energy in the present calculations isshorterfelongate the bond. Relatively small changes due to
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