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Structures and Stabilities for Halides and Oxides of Transactinide Elements Rf, Db, and Sg
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The ground states of the halides and oxides containing transactinide elements Rf (element 104), Db (element
105), and Sg (element 106) were calculated at the HF, MP2, QCISD, CCSD, and CCSD(T) levels of theory
using one- and two-component relativistic effective core potentials.-Sphit effects are rather small for
geometries, harmonic vibrational frequencies, charge distributions, overlap populations, and dipole moments,
but considerable for atomization energies. Electron correlations are necessary for any accurate determination
of the molecular properties, in particular for the evaluation of atomization energies. The bond lengths of Sg
compounds are consistently longer than those of the corresponding W compounds 59.004. The
atomization energies for Sg compounds are slightly smaller than those for the corresponding W compounds
due to spin-orbit and correlation effects. The differences tend to increase with the number of oxygen atoms
in the compounds. Metal charges and dipole moments are larger for the Sg compounds than for the W
compounds, implying that Sg is more ionic than W. T structures are calculated to be more stable by
about 2 kcal/mol than th€,, ones for TaG), TaBr, DbCls, and DbBE.

I. Introduction in particular for dissociation energies and charge distributions.
In a previous papétPershina et al. reported bond lengths and

progressing rapidly in the field of transactinide elemeht>( atomhizgtio.nheﬂergies fordsomg mole}culehs usinglg the DS-kE)V
103) chemistry. Chemical studies of these elements have beern€thod with the improved estimate for the total energy, but

limited to the elements with atomic numbers up toldécause there still remain discrepancies. ) ) L
experiments at one-atom-at-a-time scale requires half-lives at Transactinide compounds can be easily treated with relativistic

least in the order of the second range. Therefore, reliable €ff€ctive core potentials (RECPs). Since f electrons can be
information on chemical properties from theoretical studies e_ffectwely removed from the valence space using core poten-
could be valuable even in deciding what molecules to look for fials, the RECP approaches can be much simpler for the
experimentally. transactinide compounds than the actinide ones. We applied two-
Most studies for the molecules containing the elements Rf, component RECPs to study (113)H, (113)F, and (117)H
Db, and Sg have been performed with the Dir&tater discrete molecules al_'1d showed that the two-component r_esults using the
variational (DS-DV) methodMalli and Styszyski34however, ~ RECPS are in good agreement with available Dirbartree-
reported geometries, Mulliken population analysis (MPA) Fock (DHF) ones at various levels of thedi§he methods were
charges, and atomization energies for the molecules calculated€Sted for HartreeFock (HF), Meller-Plesset second-order
by the four-component Dirag-ock—Breit (DFB) Hartree-Fock perturbation theory(MP2), coupled-cluster singles and doubles
(HF) method. The approaches using the DFB Hamiltonian could (C€SD), and CCSD with triple contributions in a perturbative
yield reliable data for those compounds when electron correla- W& (CCSD(T)) calculations. It was also shown that the potential
tion effects are properly treated with accurate basis sets. The@Veraging is a useful schem_e forobtamlng the scalar relativistic
electron correlations were not considered in the above study. ECPs even for the transactlr_ude elements. .
Pershina, Fricke, and co-workéreave been studying those Only a few RECP calculations for molecules containing Rf,
molecules using another four-component approach, the four- PP, @nd Sg have been reported. Dolg etediculated the DbO
component DS-DV method. A review on the application of the Molecule using energy-adjusted RECPs at the averaged coupled-
DS-DV method applied in transactinide element chemistry has P&f functional (ACPF) and multl_refer(_ance configuration interac-
been given by PershirfaThe DS-DV approach can treat both tion (CI).IeveIs_of theory. The spinorbit effects were evaluated
electron correlation and relativistic effects including spimbit by a spin-orbit CI method. Nash et dlcalculated Sg(CQ)
interactions at relatively low cost, but had some disadvantagesCOmpounds using shape-consistent RECPs at the HF, MP2,
due to insufficient accuracy for the total energy in obtaining CCSD, and CCSD(T) levels of theory but the sporbit effects
optimized geometries and dissociation energies for polyatomic Were neglected.
molecules. Hence, the authors estimated geometries and dis-_IN the present work, we study the ground states of RfCl
sociation enthalpies\Hais) from experimental data for lighter ~ DPCls, DbBrs, SgCk, SGOCL, SgOClz, and Sg@ employing
homologues and their calculated parameters from the DS-DV Various correlated levels of theory with the hope that our RECP
method. The DFB-HF and DS-DV calculations often provided calculations may shed some light to resolve the discrepancies

qualitatively different results for the same molecular properties, @mong results of the DFB-HF and DS-DV calculations. We
calculated geometries, atomization energies, MPA gross atomic

* Corresponding author. E-mail: yslee@xel.kaist.ac.kr. charges, MPA overlap populations, natural population analysis

Quantum mechanical calculations for molecules have been

10.1021/jp9917953 CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/26/1999



9110 J. Phys. Chem. A, Vol. 103, No. 45, 1999 Han et al.

(NPA)X charges, dipole moments, harmonic vibrational fre- TABLE 1: Optimized Bond Lengths (A) of RfCl 4 at the HF,
quencies, and relative energies between isomers. The NPAMP2, CCSD, and CCSD(T) Levels of Theory

charge calculations are aimed at assessing the reliability of the HF MP2 CCSD CCSD(T)
MPA charges V\_ndely L_Jsed in the DHF and the DS-DV " ,zgp 2390 2374 2382 2384
approaches. Spirorbit interactions are accounted for by REP 2.386 2.370 2.378 2.380
effective one-electron spirorbit operators within the two- SO —0.004 —0.004 —0.004 —0.004
component formalisrit AREP 2.379 2.348 2.359 2.361

In section Il details of the calculations are given. Results and PHF® 2.385
discussion are presented in section III. 2 (REP bond length)- (AREP bond length)® All basis sets were

used as uncontracted forms and one f function was added to Rf.

Il. Calculational Details ¢ Reference 4.

Nash, Bursten, and Ermiérgenerated the shape-consistent TABLE 2: Atomization Energies (eV) of RfCl, at the HF,
one- and two-component RECPs starting from all-electron DHF MP2, CCSD, and CCSD(T) Levels of Theory

calculations for the elements 16418. The approach uses, as HE MP2 CCSD CcCcSsD(T)
reference de_ata, the sha_pe of the valt_ance spinors in the spatiat— -cp 172 20.4 194 197
valence region and their corresponding one-particle energies. Rgp 16.9 19.7 18.6 18.8
The present RECP(REP) is expressed by the following form o3 -0.3 -0.7 -0.8 -0.9
AREP 17.5 20.4

UREP= URF(r) + DFB-HF* 15.5

L-1 412 ] a(REP atomization energy)- (AREP atomization energy}.All

Z [UFEP(") - UEJEP(r)]||jm[1]]]m| (1) basis sets were used as uncontracted forms and one f function was
=0 j=I"L2 n== ' added to Rf¢ Reference 4.

where|limljm| represents a two-component projection operator. IA%E;IEEIS; gPL”()c’rr %?%95‘5 (eV) of the Valence Relativistic
Molecular spinors which are one-electron eigenfunctions of the u pinors 4

Hamiltonian containing the above REP have two components.  Spinof REP DHF difference
TheUREPwhich is referred to as REP here can also be expressed  26u —13.033 —13.231 +0.198
as the sum of the spin-averaged relativistic effective core 17¢ —13.068 —13.268 +0.200
potential (AREP)UAREP and the effective one-electron spin i?; _g-ggg _12-538 ig-(l)(l)g

i 150 -13. -13. :
orbit(ESO) operatot; U, as 24u ~14.174 ~14.231 +0.057
23u —14.470 —14.463 -0.007
)

UREP = UM U (2) 166 ~14.992 ~14.779 ~0.213
16e —15.911 —15.799 —-0.112

We developed a two-component Kramers' restricted Hartree
Fock (KRHF) metho#f*which includes spirorbit interactions
at the HF level of theory using the REP. The KRHF progfdm,

which produces two-component molecular spinors obeying the . i .
double group symmetry, is a starting point for the single respectively. In an effort to estimate the basis set effect, we

reference correlated methods of treating smirbit interactions. calculated some molecules with uncontracted basis sets aug-

We have implemented MP2 and CC methods on the basis ofmented with one f polarization function on the metal atom
the KRHF molecular spinors and denoted them as KR¥P2 (&(W) = 0.86, L{(Rf) = 0.58, and{(Sg) = 0.64). Two-
and KRCC KRHF, KRMP2, and KRCC calculations are component geometry optimization code was gmp_loye_d for the
intended to mimic DHF, DHF-MP2, and DHF-CC calculations, calculanqns of SgeCl, and DbC. Harmqmc V|bra}t|onal
respectively, for the properties of valence states when REP isfeduencies were evaluated for the S0 with and without

used. We estimated spirrbit effects by comparing results of spin—orbit interactions. The AREP calculations were carried
’ i —23
REP calculations with those of AREP ones at each level of OUtwith the GAUSSIAN9® and MOLPRO98"** and the REP

theory. AREP calculations can be performed with the two- Cc&lculations with two-component packages on the CRAY C90

component programs, but the same results are obtained morét ETRI. All occupied and virtual orbitals (or spinors) were

efficiently and reliably from the conventional molecular pro- ncluded at all correlated levels of theory employed here.
grams. All the molecules were calculated with AREPs at various
levels of theory to obtain the desired molecular properties. Two-
component REP calculations were carried out for selected cases The optimized geometries and atomization energies forRfCl
to estimate spirrorbit corrections. Since we can perform the atthe HF, MP2, CCSD, and CCSD(T) levels of theory are listed
two-component geometry optimizatigrand the normal-mode  in Tables 1 and 2, respectively. Our REP-KRHF bond length
analysis using analytic gradients at the KRHF level of theory, 2.386 A is in good agreement with DHF bond length 2.385 A
spin—orbit effects on geometries and vibrational frequencies of Malli et al.* Spin—orbit coupling contracts the bond lengths
were calculated, too. by 0.004 A at all the levels of theory considered. The spinor
The 13 valence electrons (VEs) and 14 VEs shape-consistentenergies of the valence relativistic molecular spinors for RfCI
RECPs and corresponding 5s5p4d basis sets were used for Tare in good agreement with the DHF spinor energies, which
and W, respectively? The 12 valence electrons, 13 VEs, and are summarized in Table 3. The atomization energy at the REP-
14 VEs shape-consistent RECPs and corresponding (5p6sd)KRHF level of theory is 16.9 eV in Table 2, which is somewhat
[5p5sd] basis sets were used for Rf, Db, and Sg, respecfitely. larger than the DFB-HF value 15.5 eV. In the DFB-HF
A 5p6sd basis set refers to the basis set in which all s basiscalculations, there were no d polarization functions on the ClI
functions are represented as a component of d basis functionsatoms. In the AREP-HF calculations, excluding the d polar-
The 6 VEs and 7 VEs shape-consistent RECPs and correspondization functions on the CI atoms decreases atomization

2 Notations for the spinors are from ref 4.

ing (4s4p1d)/[3s3pld] basis sets were used for O antf Cl,

IIl. Results and Discussion
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TABLE 4: Optimized Geometries of WO,ClI, and SgQ.Cl, at the HF, MP2, CCSD, and CCSD(T) Levels of Theory (Bond
Lengths in A and Angles in deg)

HF HP MP2 MP2 CCsD CCSD(T) exp

WO,Cl,

r(W=0) 1.657 1.648 1.732 1.719 1.691 1.708 1.710

r(W—Ci) 2.282 2.271 2.282 2.262 2.279 2.281 2.270

0(0-W—Cl) 109.4 109.4 108.8 108.8 109.2 109.1 104(202)

0(Cl-w—Cl) 111.9 111.4 116.2 116.1 112.8 113.2 112
SgOCLE

r(Sg=0) 1.714(1.709) 1.716 1.769 1.768 1.744 1.756

r(Sg-Cl) 2.337(2.334) 2.318 2.337 2.308 2.337 2.339

0(0—Sg-Cl) 108.9(108.7) 108.9 107.9 108.0 108.5 108.4

0(Cl—Sg-Cl) 114.7(115.7) 1135 120.0 119.2 116.4 117.2

a All basis sets were used as uncontracted forms and one f function was added to the central metélEAéminen diffraction experimental
data. Reference 26. The values in parentheses refer to the infrared spectroscopicldé@a-ff—Cl). Reference 27¢ The REP-KRHF optimized
geometries of Sg&Tl, are included in parentheses.

energy by 1.4 eV, which exactly corresponds to the energy TABLE 5: Harmonic Vibrational Frequencies (cm ™) for
difference between REP-KRHF and DFB-HF atomization 'WO2Cl2and SgOCI; at the HF Level of Theory

energies. Uncontracting and adding one f polarization function w Sg
to the basis set shortens the bond lengths by-00002 A at sym AREP exp AREP REP
various levels of theory, but do not change the atomization
. . . . L . Al 121 111 110
energies. Spirorbit coupling decreases the atomization energies B1 183 165 162
by 0.7-0.9 eV at the correlated levels of theory, but the decrease A2 233 227 229
at the HF level is merely 0.3 eV. Our best estimate of B2 249 233 231
atomization energy for RfGlis 18.8 eV obtained at the Al 373 340 361 364
B2 431 425 423 423
CCSD(T) level.
o . Al 440 424 423
The optimized geometries for WOI, and SgQCl; at the B1 1082 974 1066 1066
HF, MP2, CCSD, and CCSD(T) levels of theory are listed in Al 1163 1014 1163 1160

Table 4 along with available experimental data from electron
diffraction?® and infrared spectroscopfé@gor WO,Cl,. There
has been no experimental report for the geometry of 840  TABLE 6: Atomization Energies (eV) of WO,Cl, and
molecule. For the SgiCl, molecule, REP optimized geometries  SgOCl, Employing the HF, MP2, CCSD, and CCSD(T)
were also calculated at the HF level of theory. Spimbit ’IXItethqut.at tge HE-Optltn#]ze(éGeometr(lje_s, aLnd “re .
coupling slightly contracts the bond lengths and increases Cl omization Energies at the Lorresponding Level o

. . Optimized Geometries (in Parentheses)
Sg—Cl angle by . Effects of enlarging the basis set and

a Reference 27.

increasing electron correlations are found to be more significant HF MP2 CCSD  ccsD(T) exp
than the spir-orbit effects for bond lengths and angles. Adding WO.Cl,

one f polarization function on central metal atoms and uncon- ~ AREP 117 24.4(247) 20.9(21.0) 22.1(22.2) 235
tracting the basis set somewhat shortens bond lengths. Electronsg%':g;HFb 16.3

correlations elongate double bonds between metal and OXygen, “AREP 14.6 24.8(25.0) 21.6(21.7) 22.5(22.6)

and change the €IM—Cl angle by as much as gas shown in REP 142 235 20.2 .

Table 4. After all, the bond lengths of SgCl, are longer than SO -04 -13 -14 -1.6

the corresponding ones of WO, by 0.05-0.06 A at the DFB-HP 9.7

CCSD(T) level, which are close to the bond length difference 2 gxperimental AHgss values obtained from BorrHaber cycle.
(0.061 A) between Wkland SgH calculated with the DHF Reference 2% Reference 3¢(REP atomization energy) (AREP
one-center expansion method by Pyyldtcal28 The CH-Sg— atomization energy).
Cl angle is larger than the EW—CI angle by 8 when spin-
orbit effects are also considered. The CCSD(T) geometries areresults, respectively. A decrease due to sirbit interactions
in good agreement with the electron diffraction parameters amounts to 1.6 eV at the CCSD(T) level. The larger sfuirbit
except for the W—CI angle 109.1 which is closer to the effects on atomization energies for SE than those for RfGI
infrared spectroscopic data. Harmonic vibrational frequencies are mainly explained by the increasing.e ds;, splittings and
for WO,Cl, and SgQCl, at the HF level are all positive, as  the occupation of fourgh spinors in Sg. Due to the spitorbit
shown in Table 5, and the spiorbit effects on them for interactions, the atomization energy for S@D becomes
SgQ.Cl, are negligibly small €3 cnm ). As one may expect,  smaller than that for W&CI, by 1.2 eV. Unfortunately, there
the HF frequencies are somewhat larger than the observedare no direct experimental results for these systems, which
experimental value¥. makes it difficult to assess the reliability of our CCSD(T)
The atomization energies for WOI, and SgQCl, evaluated calculations for the dissociation energies. We calculated the
at the HF, MP2, CCSD, and CCSD(T) levels of theory are dissociation energies of NbO and TaO molecules, for which
summarized in Table 6. The atomization energies calculated the experimental dissociation energies are known. At the AREP-
using higher levels of theory, i.e., MP2, CCSD, and CCSD(T) CCSD(T) level of theory, th®, values are 7.51 and 8.45 eV
methods, at the HF optimized geometries differ by less than for NbO and TaO, respectively, which are in good agreement
0.3 eV from those obtained at the optimized geometries of the with the experimental data 7.8 and 8.2 eV, respecti¥elihe
respective levels of theory. For Sg,, REP calculations were  spin—orbit effect on theéDe value of TaO evaluated at the spin
also carried out. The DFB-HF resifitsand available experi-  orbit Cl level by Dolg et af is —0.22 eV, which makes oud,
mental dat® may be compared with our HF and CCSD(T) value closer to the experimental data. Thg values at the
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TABLE 7: Atomization Energies (eV) of MClg, MOCI 4,

MO ,Cl,, and MO3 (M = W and Sg) at the HF and CCSD(T)
Levels of Theory

TABLE 8: Optimized Geometries of MCls, MOCl4, MOCl5,
and MO3; (M = W and Sg) at the QCISD Level of Theory
(Bond Lengths in A and Angles in deg)

molecule HF DFB-HE CCSD(TP exg DS-DVY AEcr® Wea Sg
WClg 10.9 14.4 19.9 217 222 9.0 MCleg
SgCk 15.0 16.8 19.9 20.1 201 4.9 r(M—Cl) 2.319(2.26) 2.359
WOCl, 12.0 21.8 215 23.0 9.5 DS-DVWP 2.36 2.45
SgOCL  15.2 14.2 21.0 21.2 5.8 DHF® 2.31 2.38
WOLCl, 117 16.3 22.2 235 10.5 MOCI,
SgOCl, 14.2 9.7 21.0 21.8 6.8 r(M=0) 1.670(1.685) 1.720
WO; 7.2 18.9 11.7 r(M—Cl) 2.317(2.280) 2.364
SgGs 9.3 17.8 8.5 O(MOCI) 103.9(102.4) 103.2

aReference 3° The CCSD(T) energies were evaluated at the QCISD Mcr)(z,alio) 1.700(1.710) 1.749
optimized geometrie$.Experimental values obtained from Befn r(M—Cl) 2:282(2:270) 2339
Haber cycle for the W systems and estimated values for the Sg systems 0(0—M—Cl) 109.2(104) 108.4
by Pershina et al. References 29, 31, and‘3eference 6¢ AEconr = 0(Cl-M—Cl) 113.2(112) 117.1
(CCSD(T) atomization energy) (HF atomization energy). MO

r(M=0) 1.735 1.777

CASSCFACPF level reported by Dolg et 8lare 6.91 and 0(O0-M-0) 109.0 105.5

7.67 eV for NbO and TaO, respectively. For the heavier  agiectron diffraction parameters are in parentheses. Referenees 24
homologue DbO, thé®, values are 8.92 and 8.35 eV at the 26.b Reference 6¢ Reference 3.

CCSD(T) level using the AREP and REP, respectively. The _ _ _

difference in dissociation energies between TaO and DbO is L'gtEﬂFaEl Igi‘:op')\{ljlljellltlilf)erln;noalcl);é?sn?pl ?X)agﬁgrégspp\l\}l PCAhaOrggfl’ap
merely 0.12 eV, somevyhat §ma|ler than 0.5 eV calculated by Populations (OP), and Dipole Moments of WQC|2 and
Dolg et al. However, sprﬁorbn effects on t_heDe value (-0.63 SgO.Cl, at the HF, MP2, and QCISD Levels of Theory
eV) for DbO at the spirrorbit CI level is in good agreement

with that at the CCSD(T) level of theory. From the spiorbit HF MP2 QCISD  DS-DV
effects on the TaO and DbO, one may estimate for the W WOLCl
compounds that the decrease of atomization energy due te spin Qupa(W) 2.18 1.45 Ll 1.08
bi lina is ab h lated | Is of th Qnpra(W) 2.21 1.60 1.85
orbit coupling is a out 0.5 eV at the corre ate evels o theory. OP(total) 214 207 203 223
Large spinr-orbit effects on the atomization energies for RfCl dipole moment ~ 1.70 0.92 1.51 1.35
and SgQCl, compared with those for DbO may partly originate ~ SgOCI°
from molecular spirorbit quenching effects. Four highly Qura(SQ) 1.94(191) 132 152 0.97
electronegative ligands such as oxygen and chlorine remove d Qupa(SQ) 2.60 2.00 2.23
lectrons from the metal atom which can also contribute to OP(total) 272(269) 253 2:55 2.34
e dipole moment  2.64(2.65) 1.90 2.39 1.83

molecular spir-orbit effects, leading to relatively large spin
orbit effects on the atomization energies for Rf@hd SgQCl.,.
A large decrease of dissociation energnyd (85 eV) due to spirt
orbit effects was also observed for (113)F where the highly by 1.3-1.8 eV. For the Sg compounds, our CCSD(T) atomi-
electronegative F atom depletes a significant portion of the zation energies are very close to thElyss values estimated by
electron density of valence p electrons of (113). Pershina et al. using experimental data for lighter homologues
We evaluated the atomization energies for various closed- and calculated parameters. The agreement is reassuring for both
shell molecules MG| MOCI,, MO,Cl,, and MG (M = W and values although part of the agreement must be attributed to the
Sg) at the HF and CCSD(T) levels of theory and summarized cancellation of error. The atomization energies from the direct
them in Table 7. The CCSD(T) energies were evaluated at the DS-DV result§ for WClg and Sgd also justified the procedure
guadratic ClI singles and doubles (QCISD) optimized geometries to estimateAHg;ss values. Electron correlation effectaFcor)
as shown in Table 8, since the QCISD-optimized geometries on the atomization energies at the CCSD(T) level are larger in
for WO,Cl, and SgQCl, are very similar to the CCSD(T) ones  the W compounds than in the Sg compounds, and become more
in Table 4. The optimized M| MOCIl,;, MO,Cl,, and MG significant as the number of oxygen atoms increases. Such
(M = W and Sg) molecules hav@, Cs,, Cy, andCg, point variation of correlation effects implies that the HF level of
group symmetries, respectively. For W&t WOCI,,2° and calculation does not provide qualitatively correct atomization
WO,Cl,26the geometries obtained from the electron diffraction energies for these compounds. At the HF level of theory,
experiments are also included in Table 4. The bond lengths of atomization energies for the Sg compounds are always larger
the Sg compounds are consistently longer than correspondingthan those for the W analogues, and the differences decrease
ones of the W compounds by 0:68.06 A for the systems  with the increasing number of oxygen atoms. On the contrary,
considered here. Assuming that differential spambit effects the CCSD(T) results indicate that atomization energies for the
for the Sg compounds are very small, the atomization energiesSg compounds are always smaller than those for the corre-
for the Sg compounds were corrected by spinbit effects sponding W compounds, and the differences are usually larger
estimated for SggCl,. As predicted by Pershina et al., for the compounds with more oxygen atoms. The REP-KRHF
oxychlorides have higher thermodynamic stability than pure atomization energies differ substantially from the DFB-HF
chlorides even for the Sg compounds. It should be noted thatvalues except for SgGland SgOC). The DFB-HF atomization
the thermodynamic stabilities of SgQ@Ind SgQCl, are nearly energies are qualitatively different from our REP-KRHF ones
same although the higher-order electron correlations may raisepartly because, we think, the geometries in DFB-HF calculations
the stability of the dioxychloride slightly more than that of the are not fully optimized.
monochloride. The CCSD(T) atomization energies for the W  Table 9 shows MPA charges, NPA charges, MPA overlap
compounds are smaller than the experimeftadiss valueg®-31.32 populations, and dipole moments for W@, and SgQCl, at

aReference 29 The values in parentheses refer to the REP-KRHF
results for MPA charges, overlap populations, and dipole moments.
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TABLE 10: Mulliken Population Analysis (MPA) Charges, Natural Population Analysis (NPA) Charges, MPA Overlap

Populations (OP), and Dipole Moments of MC}, MOCl 4, MO,Cl,, and MO3 (M = W and Sg) at the HF and QCISD Levels of
Theory?

HF QCISD DS-DV
W Sg Sg* w Sg Sg* w Sg

MCleg

Qura(M) 1.53 1.41 1.90 1.08 1.02 1.43 0.74 0.59

Qura(Cl) —0.25 -0.23 —0.32 —0.18 -0.17 -0.24

Qnea(M) 1.01 1.48 1.39 0.69 1.14 1.04

Qnra(Cl) -0.17 —0.25 —0.23 -0.12 —0.19 -0.17

OP(total) 291 3.02 3.03 2.49 2.66 2.62 2.75 2.72
MOClI,

Qura(M) 1.86 1.75 2.07 1.40 1.35 1.61 1.04 0.90

Qura(Cl) -0.31 -0.32 -0.34 -0.23 —0.25 —0.26 —0.18 —0.15

Qura(O) —0.62 —0.45 -0.73 —0.47 —0.33 —0.56 -0.32 -0.31

Qnra(M) 1.80 2.25 2.18 1.44 1.88 1.80

Qura(Cl) —0.30 —0.36 -0.34 —0.24 —0.30 —0.28

Qnra(O) —0.60 -0.81 —0.81 —0.48 —0.67 —0.66

OP(M—A4CI) 217 2.26 2.26 2.03 2.12 2.13 1.69 1.71

OP(M=0) 0.44 0.80 0.55 0.34 0.72 0.43 0.70 0.77

OP(total) 2.61 3.06 2.81 2.37 2.84 2.56 2.35 2.40

dipole moment 0.26 0.90 1.01 0.24 0.77 0.83 0.49 1.03
MOCl,

Qura(M) 2.18 1.94 2.32 1.71 1.52 1.83 1.08 0.97

Qura(Cl) -0.37 —0.36 —0.35 -0.29 —0.29 —0.28 —0.19 —-0.13

Qura(O) —0.72 -0.61 —0.81 —0.57 —0.47 —0.64 —0.37 —0.35

Qnra(M) 221 2.61 2.59 1.85 2.23 2.19

Qnra(Cl) —0.38 —0.43 —0.41 —0.33 —-0.37 —0.35

Qnra(O) —0.72 —0.88 —0.89 —0.60 -0.74 —0.75

OP(M—2ClI) 1.13 1.20 1.19 1.11 1.16 1.16 0.86 0.85

OP(M=20) 1.01 1.52 1.21 0.92 1.39 1.06 1.38 1.48

OP(total) 2.14 2.72 2.40 2.03 2.55 2.22 2.23 2.34

dipole moment 1.70 2.64 2.80 151 2.39 2.51 1.35 1.83
MO3

Qupa(M) 2.36 2.03 2.48 1.83 157 1.93

Qura(O) —0.79 —0.68 —0.83 —0.61 —0.52 —0.64

Qnra(M) 2.55 2.81 2.79 2.07 2.28 2.28

Qnra(O) —0.85 —0.94 —0.93 —0.69 —0.76 —0.76

OP(total) 1.53 2.21 1.85 1.50 2.00 1.59

dipole moment 5.64 6.86 7.30 5.50 6.15 6.19

2 The MPA charges for metal atoms at the DHF level afk21,—1.16, 0.65, and 1.64 for Wg1SgCk, SgQOCI, and SgQ Cly, respectively.
Reference 3° References 29, 31, and 32.

the HF, MP2, and QCISD levels of theory. For the $GG, MPA charges. Larger positive metal charges were obtained for
REP-KRHF calculations were also performed. Spombit SgOCl, than WQCI; at all the levels of theory considered.
coupling has negligible effects on MPA charges, overlap In Table 10, MPA charges, NPA charges, overlap populations,
populations, and dipole moments, implying that such analysesand dipole moments for Mg MOCI4;, MO,Cl,, and MG (M

in AREP calculations need not be corrected for sprbit = W and Sg) at the HF and QCISD levels of theory are
effects for these systems. The MPA charges, overlap popula-summarized. The analyses for those properties of the molecules
tions, and dipole moments from DS-DV method and the MPA are expected to reveal the contributions oM and M-ClI
charges at the DHF level are also included for comparison. bonds explicitly. We assume that spiarbit effects on the
Pershina et a? subdivided the experimentalHgss values properties are small enough to warrant the reliability of such
evaluated by the BoraHaber cycle into ionic and covalent analyses using only AREP. In line with the results in Table 9,
contributions using their calculated MPA charges. They evalu- MPA and NPA provide qualitatively different trends for the
ated the ionic contributions by a simple formula involving MPA  charge distributions of all the systems considered. To check
atomic charges and regardetHyss — (ionic term) as the whether the discrepancies are caused by the differences in the
covalent contributions. For the Sg compounds, whashiss pattern between the W and Sg basis sets or not, we also
value could not be determined by experiments, they evaluatedcalculated the Sg compounds using a 5s5p4d basis set for Sg
the AHgiss values by the sum of calculated ionic contribution which has the same pattern as the basis set for W. The results
from a simple formula involving the MPA charges and estimated are listed in the Sg* column in Table 10. In this case, both
covalent contributions using their overlap populations on the MPA and NPA predict that the positive charges of Sg are larger
basis of the empirical correlation between overlap populations than those of W for all the systems. The change of basis set
and covalent contributions. They have also tried to explain trendsincreases MPA charges of the metals by a significant margin,
of the experimental volatility using the MPA charges, overlap but little affects the NPA charges. In fact, it is known that MPA
populations, and dipole moments obtained from the DS-DV charge distributions are very much dependent on the size of
calculations From W to Sg, MPA charges of the central metal the basis set. Overlap populations decrease as the number of
decrease, while overlap populations and dipole moments oxygen atoms increases when the 5s5p4d basis set is used for
increase, which is consistent with the DS-DV results of Pershina Sg, but it is not the case when using the original [6sd5p]/(5sd5p)
et al. However, NPA charges, which are usually considered morebasis set of Sg. The MPA charges and overlap populations
reasonable than MPA charges, are qualitatively different from evaluated using the original Sg basis set appear to be spurious,
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TABLE 11: Optimized Geometries of MCls and MBrs (M = TABLE 12: Energy Differences (Ec, — Ep,,) betweenDg;,
Ta and Db) at the HF and MP2 Levels of Theory (Bond and C,, Isomers of TaCk, DbCls, TaBrs, and DbBrs at the
Lengths in A and Angles in deg) HF-Optimized Geometries (in kcal/mol)
Ta Db TaCk DbClz? TaBrs DbBrs
HF MpP2 HF? MP2 HF 2.13 2.28(2.26) 2.04 2.21
MCI MP2 1.71 2.24 1.46 1.94
D:h CCSD 1.84 2.27 1.65 2.01
r(M—Cla) 2340 2.323(2.369) 2.394(2.393) 2380  CCSP(M 1.80 2.26 1.62 1.98
c r(M—Cleg) 2.287 2.276(2.227) 2.356(2.354) 2.344 aThe value in parentheses is the energy difference using the REP.
by
r(M—Clay) 2.247 2.237 2.325(2.321) 2.313
rD('(VICTaXC_Ie,\",I)_CIe ) 56342_3 i%é ibsfggb?fg 56337_421 work3® it was shown that the axial bonds in TaBre longer
MBrs than the equatorial bonds merely by 0.061 (10) A, which is in
Dan good agreement with the small difference (0.046 A) in our
r(M—Bray) 2.500 2.481(2.473) 2.551 2536 calculations. The changes of geometries due to -spihit
c r(M—Breg) 2.442 2.435(2.412) 2.508 2499 coupling are negligible, but show a definite trend of the bond
4y - .
f(M—Bra) 2394 2388 2 467 2 460 length contraction. The energy differences betwBgnandC,,
r(M—Brag) 2484 2472 2541 2530  forms of the molecules at the HF, MP2, CCSD, and CCSD(T)
O(Bra—M—Breg 104.0 103.5 103.6 103.1  methods using the HF optimized geometries are listed in Table

2 The values in parentheses refer to the bond lengths from electron 12. The energy differences betwebg, andC, structures are

diffraction experiments. References 33 and '8bhe values in paren- approximately 2 kcal/.mol for these molgcules. Both smrbit
theses refer to the REP-KRHF geometries. and electron correlation effects are unimportant for the deter-

mination of relative energies between isomers.
and those values should be interpreted in a cautious way.
However, we confirmed that changing the basis set for Sg |v. Conclusions
insignificantly modifies the results for the atomization energies.

The RECP calculated charges on Sg are always larger than We have performed the HF, MP2, QCISD, CCSD, and
those on W for all the cases, which disagree with the MPA CCSD(T) calculations for the ground states of the halides and
results of the DS-DV method. The origin of the discrepancies 0xides containing transactinide elements Rf, Db, and Sg using
is not clear, since the DS-DV calculations were performed with one- and two-component shape-consistent RECPs ~Syphit
near-minimal basis sets which are not likely to be affected by interactions contract the bond lengths for all the calculated
spurious MPA results typical of extended basis sets. The smallermolecules but the amounts of geometrical changes are very
ionic term due to smaller charge separation in the DS-DV small. Electron correlation effects on geometries are significant.
method seems to produddHgiss values close to our CCSD(T) ~ Spin—orbit effects on atomization energies are considerable at
atomization energies for the Sg compounds, whereasAbigs the correlated levels of theory. The CCSD(T) atomization
values for the W compounds are somewhat larger than ours byenergies for WG WOCL, and WQCI, are in good accord
1.3-1.8 eV. Nevertheless, overlap populations and dipole With, but somewhat smaller (by 1-3.8) than the experimental
moments for Sg compounds are larger than those for W AHaiss values obtained from the BoriHaber cycle. The
compounds, which are in good accord with the DS-DV results, CCSD(T) atomization energies for SgC$gOC}, and SgGCl,
as shown in Table 10. We expect to reach the same conclusion@e also in good agreement with the values estimated by Pershina
as Pershina et al. for the molecular volatility of transactinide €t al. from experimental data for lighter homologues and their
compounds, which can be estimated on the basis of the overlapPS-DV parameters. Electron correlation effects, which are
populations and dipole moments. The MPA charges obtained crucial for determining accurate atomization energies, strongly
at the DFB-HF levélsignificantly differ from our MPA charges ~ depend on the types of metal and ligands. In conclusion, the
at the HF level. In particular, the metal atoms in the \Wid HF level of calculations do not provide qualitatively correct
SgCk have negative charges1.21 and—1.16, respectively,  trends of atomization energies for these systems. Both electron
in the DFB-HF results. Since six highly electronegative chlorines correlation and spirorbit contributions are necessary to make
are attached to the metal atom, our charges appear moretomization energies of the W compounds larger than those of
reasonable than DHF ones. the Sg compounds. The DFB-HF results reported by Malli for

Optimized geometries for th@z, andCy, isomers of TaG), the W and Sg compounds qualitatively differ from our REP-
TaBrs, DbCl, and DbBg, at the HFE and MP2 levels of theory ~KRHF results, our correlated results, and thelgss values
using AREP and REPs are listed in Table 11. An electron estimated by Pershina et al., although the DFB-HF results for
diffraction study? has shown that the TaCinonomer has the ~ RfCls are in good agreement with our REP-KRHF ones.
geometrical structure of a trigonal bipyramid posses$ig MPA charges and overlap populations strongly depend on
symmetry. Pershina et # could not determine the ground states the basis set, but NPA charges appear more consistent.
for those molecules due to the insufficient accuracy in the total Calculated NPA charges indicate that Sg is more ionic than W.
energy calculated by the DS-DV method. In the present Overlap populations of MPA and dipole moments increase from
calculations, th@®s, structures are found to be more stable than W to Sg. Although the trends of the charges do not agree with
the C4, ones for all the systems considered. Furthermore, the those of DS-DV, the trends of the overlap populations and the
C4, forms are not local minima on the potential energy surfaces dipole moments are in agreement with the DS-DV results.-Spin
since they contain one imaginary frequency in the normal-mode orbit effects at the HF level are negligibly small for MPA
analysis. The difference in the calculated bond lengths betweencharges, overlap populations, dipole moments, harmonic vibra-
the axial bonds and the equatorial bonds (0.047 A) foke tional frequencies, and relative energies between isomers.
form of TaCk is considerably smaller than that from the electron =~ RECP approaches afford a balanced treatment of the relativity
diffraction experiment (0.142 A). In the later electron diffraction and electron correlations for the transactinide compounds with
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relatively low cost. Spirorbit effects are rather small but
electron correlations are necessary for any accurate determina
tion of molecular properties. We conclude that coupled-cluster
calculations using scalar relativistic ECP, i.e., AREP, will be
reasonable enough for most purposes to study ground states o
the d-block transactinide compounds.
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