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Calculation of electric properties using regular approximations
to relativistic effects: The polarizabilities of RuO 4, OsOy,
and HsO , (Z=108)
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Analytic expressions for the derivatives of the total molecular energy with respect to external
electric field are derived within the regular approximation to the full four-component relativistic
Hamiltonian and presented in matrix form suitable for implementation in standard
quantum-chemical codes. Results of benchmark calculations usingntimie-order regular
approximation with modified metrimethod are presented and discussed. The static electric dipole
polarizabilities of group VIII metal tetroxides Mdor M=Ru, Os, H§Z=108) are studied with the

help of second-order Mgller—Plesset perturbation theory using the infinite-order regular
approximation with modified metric Hamiltonian. The polarizabilities obtained vary in the sequence
RuQ,>0s0,>HsQ,, which is different from those obtained in other studies. However, it is in line
with calculated T,—*A, excitation energies of the group VIII tetroxides, which provide a measure
for the magnitude of their polarizabilities. @003 American Institute of Physics.
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I. INTRODUCTION of the Dirac Hamiltonian have been established in recent
years as cost effective alternatives to the full four-component
formalism.

Recently, we have develop@d? a new algorithm for

tous parameter that appears in many formulas for low-energ alculation of the matrix elements of the Hamntonlan .W'thm
gular approximatiofRA) approach, which can easily be

processes involving the valence electrons of atoms an lied in th ‘ ; Do lculati
molecule€ Knowledge of atomic and molecular polarizabil- @PPlied in the context of basis sab initio cal Clgguons. Al
ity is important in many areas of computational chemistryVariance with the Douglas—Kroll-Hess approacthe new

ranging from electrohand vibrationdl spectroscopy to mo- compgtational procedure is stable with respect to pasis set
lecular modeling, drug desigrf, and nano-technology. redl_Jc'uon azmd produces reasonable resglts even with small
While the bulk of previous quantum-chemical calcula-P@sis set§? For the purpose of uprooting the erroneous
tions of polarizabilities focuses on compounds containingdauge dependence of the eigenvalues of the regular
just light elements, there is now a growing interest in obtain-Hamiltonian;**°a simple modification of the wave function
ing the electric response properties for inorganic and organdhetric _within the infinite-order regular approximation
metallic compounds containing heavy elements. Heavy atorflORA)*® method was suggested, which led to the IORA
compounds can only be correctly described by quantummethod with modified metrilORAMM).?**The IORAMM
chemical methods including relativistic corrections. The coremethod™*was successfully applied to study compounds of
electrons of a heavy atom experience the largest effects dfeavy elements within the context al initio wave function
relativity, however, they have vanishingly small influence ontheory?#%2422
to polarizability and other electric response properties of a  The purpose of the present paper is to extend the formal-
molecule. Nevertheless these properties experience indiretsm presented in our earlier wofk€? so that it can be ap-
relativistic effects via contraction or decontraction of valenceplied to the calculation of electric response properties. This
and sub-valence electrons caused by relatfvitfwhich can  development should provide the possibility of calculating
be significant. Thus, there is currently a substantial interest inelativistically corrected dipole moments, polarizabilities or
developing computational methods capable of handling relahyperpolarizabilities of large molecules using just standard
tivistic effects on molecular response properties® wave functionab initio techniques. It should be noted that
Although fully relativistic four-component calculations previously the relativistic methods based on the regular ap-
have been carried oift'*'>**for a number of atoms and proximation were uséd almost exclusively within the con-
small molecules, the computational complexity of the rigor-text of density functional theoryDFT),2” which often does

ous four-component formalism based on the Dirachot achieve a satisfactory level of accuracy when calculating
Hamiltoniart” fuels the quest for simple yet reliable quasire- gjectric response propertié.

lativistic methods. The methods based on the Douglas—Kroll  Resyits of the current work will be presented in the fol-
(DK) transformatioff as well as on a regular expansfo’ lowing way. In Chapter Il the IORAmm formalism is de-
scribed briefly along with the formulas necessary to calculate
dElectronic mail: filatov@theoc.gu.se the electric dipole moments and electric dipole polarizabil-

The electric dipole polarizability is a measure of the dis-
tortion of the overall atomic or molecular charge distribution
by an external electric fielliThe polarizability is a ubiqui-
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ities. Chapter Ill presents results of benchmark calculationgparametersa and b for IORA: a=2, b=1; for IORAmMm:
performed for various atomic and molecular systems, fora=3/2,b=1/2). Matrix T is the usual kinetic energy matrix,
which the effect of relativity on static electric dipole polar- J andK the Coulomb and exchange matric€she overlap
izabilities varies from very smalinoble gas atomsto very  matrix, C; the column-vector of expansion coefficients, and
large (mercury atom The formalism developed is applied in ¢; the eigenvalue of the orbita}, . The matrixW in Egs.(6)
Chapter IV to study electric dipole polarizabilities of group and(7) is the solution of Eq(8)

VIII metal tetroxides MQ for M=Ru, Os, Hs(Z=108). B _

There is substantial interest in studying the properties of W=Wo+WoT W, ®)
compounds containing super-heavy elements such as hashich is given in Eq.(9)
sium (Hs).2°=3 The results of the present work provide a 1 eg

basis for a reassessment of the values of the polarizabilities W=Wo =T ©
of Ru0, and HsQ calculated recentf{y at the level of rela-  The matrixW, in Eqgs.(8) and(9) is calculated in the @ SR

tivistic DFT calculations™* approximation according to E¢10)
Il. THEORY OF THE RELATIVISTIC DESCRIPTION OF W oV, pl (10
ELECTRIC PROPERTIES 0_—4m202<XM PVi-Plxy)-

~ The energy of a molecule in a static uniform electric Ngte that only the electron—nuclear attraction poteiiais
field F can be expanded as in EQ) in terms of the field 504 in Eq.(10) and the electron—electron repulsion is

strength treated nonrelativistically. This implies an assumption that
JE(F) 1 _ 9’E(F) the Foldy—Wouthuysen transformatiSrcommutes with the
E(F)=EO)+—¢ >F R ‘F+.... (1) electron—electron repulsion operatdrThe solution of the
F=0 F=0 IORAMM/IORA equation(6) approximates the true relativ-
From this expansion the dipole moment is defined as instic wave function in the Foldy—Wouthuysen
Eq. (2) representatior’
The total IORAMM/IORA SCF energy is given by Eq.
~ IE(F) . (11)
MW= ) 2
. . Esce=tr(3P(H+F
and the polarizability tensor as in E®) scr=tr (P )
PPE(F) =tr(P((SY)T(U" )TV + T+ W) (U~ H)(SH?)
T @ +43-K))), (11)
For convenience the experimentally measured polarizabilityvhereP is the density matrix in the basis of functiogg
i(j)characterized by two parameters, isotropic polarizability p=cnct. (12)
— In Eq. (12), n is the diagonal matrix of orbital occupation
a= 3 a+ ayyt az,), (4) 4 g P

numbers. Eq(11) differs from the corresponding nonrelativ-
and anisotropic polarizabilitys) istic expression only in the use of the relativistically cor-
rected one-electron Hamiltoniad g for the calculation of
the one-electron part to the total SCF energy.

+6(agy+ ag,+aly), (5) When the molecular integrals in EL1) depend on an
external parameter\, the first derivative of the self-

which are ir_lvariant with respect to an orthogonal coordinatqconsistent field SCP total energy with respect to the param-
transformation. eter\ is given in Eq.(13)%

2__1 2 2 2
Y= 3((axx— Cl'yy) + (ayy_ @)t (= ayy)

A. The IORAmMmM methodology

JE J J
The matrix IORAmm(or IORA) SCF equations in the ﬁ:”<P(5H +tr W<55)>
one-electron (&) scalar-relativistic(SR) approximatior®
; ; 21,22 1 J'
are given in Eq(6) n Etr P(K(J—K))). (13)
(STUT TV + T+W) (UM (1) +3-K)C,
HereW is the energy-weighted density matrix
=SGei, (6) e Y
W=CneC", (14)

where V,, is the matrix of the electron—nuclear attraction
integrals(x,|Vnlx,) (x,: basis functionsV,: Electron— wheree s the diagonal matrix of orbital energies. The prime
nuclear attraction potentlabnd the matrixU is given by at d/g\ implies that only molecular two-electron integrals

Eq. (7) rather than density matrix elemenisr orbital coefficients
have to be differentiated.
U=S+ L(TJraWJFbWTle), (7) In an external electric field= with components- , («
2m¢c? =X,Y,2z), the potentiaV,, in Eq. (11) modifies to
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VE(N)=Va(r) +Fer, (15  given that the element&V x,|r,|V x,) of the Q, matrix are

(given in atomic units with the electron charge incorporateopmpomon"le to the dipole integrals and that the prefactor in
into the definition of the potential The other molecular in- front of the second term on the right hand side of &) is

tegrals (overlap, kinetic energy, two-electrbremain un- ~10°°, the contrlbutlpn from this term can safely be ne-
changed. Thus, the first derivative with respect to a compogleCteq and only the first term can be_retgmed in @9).
nentF , of the electric field reduces to _U3|_ng Eq.(3_6) Of Ref. 22, the derivative of the renor-
malization matrixG in the second term on the right-hand
JE L (P( aH )) side of Eq.(16) is given by Eq.(20)
o'?Fa_ ' JiF, Fle _1/2 JuL2
L L 2

=tr( P(i((sl/Z)T(U—UZ)T
IF, The derivative of the square-root of the mattikx Eqg. (7),
with respect to a field componehRt, can be calculated using

><(Vn+T+W)(U1’2)(Sl’2)))) the eigenvectorg and eigenvalues); of the matrixU ac-
cording to Eq.(21) [see also Eq(43) of Ref. 22
oH gut2 au
_ t t 112, 12\ -1| At
o[Ael el el Serlel -mefelE)e] e
aGT .| 9G where the derivative of the matri¥ with respect to a field
+tr| P = HG+G'H . (180 componenf,, is given in Eq.(22)
where the matrice§ andH are defined in Eqs(17) and o 1
(18), respectively, IF, 8mdc 2 (@AWW, QuWo W
— 1) 2clr2
G=U""s", (17) +b(WW 5 1Q,Wo *WT ~w
H=V,+T+W. (18

+WT ~'ww, 'Q W, tw)). (22)

Since the eigenvalues of tHé matrix, Eq.(7), are of the
same order of magnitude as the eigenvalues of the overlap

The derivative of theHd matrix with respect to a component
of electric fieldF, is given in Eq.(19)

dH Vv, B N matrix (i.e., zeroth order in &), the derivativessUY%/dF ,
a,:a: JaF, WWo JF )Wo w and dG/JF , are of the orderc™*. Thus, the contribution
from the second term on the right-hand side of Bldp) can
1 1 1 be neglected compared to the contribution of the first term
=R,* R WWq"Q,Wo "W, (19 and Eq.(16) reduces to Eq(23)
whereR,, is the usual matrix of dipole integra{y,|r .| x.) Ly=— JE =—tr(P(G'R,G)), (23)
for the ath component of dipole moment ai@l, is the ma- IF o

trix of the pr,-p operator. While the elements of tg,  which implies that the dipole momept is calculated as the
matrix can easily be calculated using the usual dipole inteusual expectation value of the IORAmMmM/IORA wave func-
grals routinely available in any nonrelativistic quantum-tion using the dipole integrals renormalized with mat@x
chemical code, its contribution to the derivativel/JF , is  which accounts for quasirelativistic correction to the wave
expected to be negligible. Indeed, the elements of@e function metric. The picture change effect on the dipole mo-
matrix depend on the gradie¥ty, of the basis set functions, ment operator, which is contained in the second term in Eq.
which is proportional to the orbital exponential factor and is(19), is negligible(see also Refs. 11 and 3&nd is not taken
large only in the core region. In the core region, the dipoleinto account in Eq(23).

integrals(x ,|r .| x,) are smalltypically ~10~ 5-10 %a.u), Differentiating Eq. (16) with respect to electric field

3 to 4 orders of magnitude smaller than in the valence andomponentF;, one obtains Eq(24) for the polarizability
sub-valence region(typically ~10"'-102a.u.). Thus, tensora

eni= e~ ) (5ol | -wl o o] vl [ [ e ol ] )
ol el -vlrel 2 (=)
ol e[ sZ e el s |-

ISR RN
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With the help of Eqs(19)—(22) it can be demonstrated that the renormalization of the dipole molecular integrals on the
the third term on the right hand sideh.s) of Eq. (24) is of  quasi-relativistic metric(17). Since only the one-electron
the order 1¢*, the fourth and fifth terms both contain con- part of the molecular Hamiltonian is modified in the
tributions of order 1¢* and 1¢°, the sixth and seventh terms |ORAmmM calculations, the cost of these calculations is es-
are of orders 1® and 1t8, respectively. Differentiating Eq. sentially the same as the cost of the corresponding nonrela-
(19) with respect to a field componeft; Eq. (25) for the tivistic calculations. Furthermore, the formalism described in

second derivative of the matrid is derived the preceding section can be applied at the Hartree—Fock
5 (HF) level as well as correlation corrected levels of theory
J°H 1 -1 -1 -1 -1 i
— (WW; 1Q,(Wg tWwW o t—Wy b such as Mgller—Plesset many body perturbation theory,
dFgdF, 16mtc* coupled cluster theory, etc.
X QaWo "W +WW 4 'Qa(Wo 'WW o = W4 ) A. Benchmark calculations
X Q,Wg W) (25) For the purpose of testing the effectiveness of the proce-

. . dure described, IORAMmM benchmark calculations of the
which shows that the second term on the r.h.s. of(B4)is  static electric dipole polarizability were carried out for noble
of the order 1¢*. Because the interaction with an external gas atoms He through Xe, for the mercury atom, and for
electric field does not contain singular operators, the Conmhydrogen halides FH through Atz =85) using a HF wave
butions of all terms except of the first one in E@4) can  fynction. For comparison, nonrelativistic HF calculations
safely be neglected. Furthermore, the first term containg,ere carried out for the same atoms and molecules.
contributions of both zeroth- and second-order in [dee For the calculation of the static electric dipole polariz-
Eq. (19)] and only the zeroth-order terms make sizable conypjjities of the noble gas atoms the uncontracted TZV basis
tributions to the polarizability tensor. The second order termset of Ahlrichs was employelf. The original TZV basis set
(~1/c?), correspond to the picture change in the dipole Movyas amended by two sets of diffuse functions and a set of
ment operatolrsfgmd can be neglected as was demonstratedjB|arizing functions as described by Klopperal 2 Hence,
the literature'-* Thus, the expression for the polarizability he pasis sets used for calculation of the polarizability of
tensor reduces to E¢26) noble gas atoms He through Xe comprise the following

9P functions: He(B4p), Ne(138p4d), Ar(16s11p5d),
t :
ape= 1| | === ](G'R.,G) |, (260 Kr(19s15p8d3f), and Xe(2%17p11d6f). Only cartesian
p Gaussian-type primitive functions are employed.

which contains the renormalized d|p0|e moment integrals The results of IORAMM/HF and nonrelativistic HF cal-
and derivatives of the density matri calculated with the  cylations are presented in Table | where they are compared
help of the usual coupled-perturbé@P) equation®’ using  with the results of the Dirac—FodDF),"**direct perturba-
the electric field as perturbation. Note, that the CP equationggn theory(DPT)44 and scaled ZORX calculations taken
employ the renormalized dipole moment integrals as well. from the work of Klopperet al*? The literature data were
~ Equation(26) could also be obtained by taking the de- gptained with the same basis sets, but using numeric differ-
rivative of the dipole moment vector given in EQ3) and  entiation of the total atomic energy with respect to the exter-
neglecting contributions of the orderct/resulting from the nal electric field”? The comparison reveals that the
differentiation of matrixG. However, we prefer to present |oRAmm results reproduce closely the results of DF and
the explicit derivation as given in Eq24) because this is  gther quasirelativistic calculations. The effect of a picture
neede_d when, e.g., th(_a quadrupole shielding faftimrbe change in the dipole moment operators does not show up as
used in nuclear magnetic resonarib®%R)] has to be calcu- s gpvious from the comparison of the IORAMm results
lated. While Eqs(23) and (26) are applicable to the calcu- \yhere this effect is neglected, with the DPT and scaled
lation of dipole moment and polarizability, the effects of a 7oRrA results. which take this effect into account.
picture change neglected in these equations can become Thg gyerall effect of relativity on the polarizabilities of
more important for other electric properties such as the eleGye noble gas atoms is weak, which is consistent with minor

tric field gradient (quadrupole shielding factorat the | ojativistic effects observed for the atomic valence
nucleus® In the latter case, at least the terms of the order

5 ) ” ) i E—orbitals?“10 Much stronger influence of relativity should
1/c“ should be retglned in expressions for the derivatives ofq expected in situations where valeseerbitals, which ex-
the total energy with respect to the nuclear quadrupole mo;

o perience a substantial relativistic shift, are distorted by an
ment. However, as EG19) shows, these additional terms g iorna) electric field as in the case of the mercury atom. The

can easily be evaluated using the standard nonrelativistig . qys relativistic effect on the static electric dipole po-
multipole integrals. larizability of mercury is well establisheti=*7 According to
numeric DF calculation® the polarizability of mercury
changes from 80 to 43 bohupon inclusion of relativity. In
the last line of Table I, the results of nonrelativistic HF and
The computational scheme described in the previousORAMmM/HF calculations are compared with the literature
section was programmed and implemented into ¢®  data®~*'The[17s14p9d8f] basis set on mercury employed
LOGNE2003 suite of quantum-chemical prograiffs.The in the present work was constructed from the
implementation is straightforward, because it requires only19s14p10d5f) Hg basis set of Gropéhin the following

IIl. IMPLEMENTATION, BENCHMARK TESTS, AND
CALCULATIONAL DETAILS
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TABLE |. Static electric dipole polarizabilitiea (bohr’) of noble gas atoms ~ TABLE II. Dipole momentsy (bohr electron and static electric dipole
and the Hg atom. Calculations employ the uncontracted and augmenteublarizabilitiesa (bohr) of the hydrogen halides XH. All calculations em-
Ahlrichs TZV basis setRef. 41) unless noted otherwise. ploy the uncontracted pVTZ basis of Sadlgef. 45 Interatomic distances
are taken from Ref. 15.

Atom Hartree—Fock IORAmMn? Dirac—FocR Other methods

Method Reference R a,® ) o
He 1.316 75 1.316 57 1.316 55 1.316%5;31654
Ne 2.3598 2.3625 2.3625 2.3622.3624 FH
Ar 10.707 10.719 10.720 10.7£80.718 Hartree—Fock This work —0.7684 4.52 5.87 4.97
Kr 15.63 15.59 15.64 15.6115.6¢ IORAMmM/HF This work  —0.7665 4.52 5.88 4.97
Xe 26.6 26.3 26.5 26.326.3' TD-HF 15 —0.7682 4.51 5.87 4.96
Hg 80.C 43.° 43.0 44.99 4526 TD-DK® 15 —0.7668 4.52 5.88 4.97
TD-DHF 15 —0.7667 452 5.88 4.97
#This work. CIH
°Taken from Ref. 42. Hartree—Fock ~ Thiswork —0.4849  16.20 1837  16.92
°Direct perturbation theory. Taken from Ref. 42. IORAMM/HE This work —0.4783 16.23 18.40 16.96
dScaled ZORA. Taken from Ref. 42. TD-HE 15 04849 1620 1837  16.92
fCaIcngted'with g 17s14p9d8f] basis setsee text for details TD-DK® 15 —0.4799 16.23 18.39 16.95
Numeric Dirac—Fock value from Ref. 45. TD-DHF 15 04794 1623 1840  16.96

9Relativistic RPA value from Ref. 46.

"DK-HF value from Ref. 47. BrH

Hartree—Fock This work —0.3788 2258  25.05 23.40
IORAMM/HF Thiswork  —0.3550 2258  25.06 23.41

. ) ) .. TD-HF 15 —-0.3823 2257 25.06  23.40
way. In the original basis set the most diffuse set of primitiverp_pke 15 03638 2258 2507 2341
d-type Gaussian type function€3TF9 was removed to TD-DHF 15 —0.3610 22.65 2515 23.48
avoid orthogonality problems. Onetype, four p- and IH

d-type, and threé-type sets of diffuse GTFs were added in aHarree-Fock  This work  —0.2563 3455 37.68 3559

well tempered sequence using an exponent ratio of 2.5. Fiv'xISPDRAmm/HF This work  ~0.2005  34.24  37.40  35.30

_ < : -HF 15 -0.2553 3559 3771  35.63
stype GTFS(#4 to #8 in the Orlglnal baS)SNere contracted TD-DK® 15 ~0.2100 34.31 37.45 35.36
to two s-type basis functions according to a 3/2 pattern. Therp-pHF 15 —0.1971  34.43 3769 3552
eight innemp-type GTFs were contracted to thrpdype basis AtH

functions using a 3/3/2 contraction pattern. Seven tighi"ag/iee‘/'::[gk TTh'_“S Wolr(k *g-éggg ié-‘;g jg-;‘?‘ ﬁ-gi
d-type sets of GTFs were contracted according to a 3/2/1/2> ™ 1S wor : ' ' :

! D-HF 15 —0.1944 4194 4517  43.02
pattern and the four most tigtittype sets of GTFs were 1p_pke 15 00538 40.77 4382  41.78
contracted to one set. The resultinh/s14p9d8f] basis set TD-DHF 15 +0.0621  42.15 46.00  43.43

's sufficiently flexible to be compared with the results of #z-Component of dipole moment. Molecule is oriented alaraxis with the
numeric DF calculations. The data listed in Table | show thathydrog'izn atom at ?he origin. ' b
in the nonrelativistic HF calculation the exact Vé‘ilef 80 bTransverse component of po|arizabi|ity_
boh? is indeed reproduced. The IORAMM/HF result is in a‘Longitudinal component of polarizability.
very good accord with the exact relativistic vatiand is in ~ Average polarizability. ,

. . L °TD-HF results with spin-averaged Douglas—Kroll one-electron Hamil-
fact better than that obtained in the relativistic random phasg ..
approximatiofi® and DK*’ calculations.

The calculations of dipole moment and static electric

dipole polarizability of hydrogen halides were carried outsis set was used for the At calculations rather than the un-
with modified basis sets designed by S&tiiépr the calcu-  contracted (2617p14d5f) basis set. It should be noted that
lation of molecular electric properties. The original basis setshe contractions of GTFs were only applied in the deep core
for elements H(64p)[3s2p], F(10s6p4d)[5s3p2d], region so that they do not affect the calculation of dipole
Cl(14s10p4d)[7s5p2d], Br(15s12p9d4f)[9s7p4d2f], moment and polarizability, which depend primarily on the
and [(1%15p12d4f) [11s9p6d2f] were used in their un- valence and sub-valence orbitals.
contracted form. The basis set for At was only partially con-  The results of IORAmMm/HF and nonrelativistic HF cal-
tracted in the following way. Starting from the completely culations of the dipole moment and the static electric dipole
uncontracted basis set, the five innermssype primitive  polarizability of hydrogen halides FH through AtH are listed
GTFs were contracted to orsetype basis function using the in Table Il along with the results of recent time-dependent
coefficients for the firssrAO calculated with the original HF (TD-HF), time-dependent Douglas—KrdlTD-DK), and
uncontracted basis set. The same was done for the five inneime-dependent Dirac—Hartree—FadD-DHF) calculations
mostp-type GTFs, the four innermosktype GTFs, and the by Normanet al'® performed for the same properties. As it
two innermost-type GTFs, which were contracted to gme  has already been noted by Normetral,'° relativistic effects
oned- and onef-set of basis functions. Because of orthogo-on the polarizability are extremely weak, just of the order of
nality problems, fous-type GTFs(#13 to #16 in the original a few percent. Furthermore, the spin—orbit interaction does
seb were replaced with threetype GTFs with exponents not play an important role for the polarizability of closed-
obtained from that of the-type GTF #12 in a well-tempered shell specie’s and the SR approximation, adopted here and
sequence with ratio 2.5. The most diffustype GTF and the by Normanet al. for the TD-DK method?® is sufficient for
d-type GTF #11 from the original set were dropped becauseéescribing this property correctly.
of orthogonality problems. The resultif@4s13p10d4f] ba- Generally, there is a reasonably good match between the
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TABLE llI. Static electric dipole polarizabilitiese (bohr) of tetroxides of  the help of the configuration interaction with single substitu-
group VIl elements Ru, Os, and HE=108). tions (CIS) method® The natural bond orbital(NBO)

Method Parameter RUO 0sQ, HsO,® analysié“. was employed to determine reliable atomic
charges in MQ species.

HF “i;;%t"a fg'gé +428gt36 +‘3172"712 In the calculations, the augmented correlation-consistent
IORAMM/HE 2/boh? 48.78 16.63 4306 aug-cc-pVTZ br_alsis set of Dunnifiywas employed for 0Xy-
ale +2.41 +2.74 +3.48 gen. For ruthenium, the block-contrac{eldis9p6d1f] basis
MP2 alboh? 59.91 58.91 57.09  set derived from the (%12p8d) basis set of Gropéfwas
_ale ; +1.57 +1.83 +2.48  employed. The original contracted basis set was decontracted
IORAMM/MP2 “lg/%h fi'gg +5165567 +217.g4 and augmented with two diffuse primitive GTFs stype,
Expt. @/boh? ' 55 1% two diffuse GTFs ofp-type, and two diffuse GTFs af-type

rvo/A  1.706+0.003 1.714:0.003 .- in a well-tempered sequenc@xponent ratio: 2,6 One
eE—— 2] M0 bond lenath of 1706 A Th f-type GTF was added with an exponent obtained with the
alculatea a e experimental - on eng [0} . . e 2 _ .
IORAMM/MP2 value is 1.716 A. formuld™ ¢,=¢,_4(21+3)/(21 +1) (I_. angular mome_ntum
bCalculated at the experimental M—O bond length of 1.714 A. Thequantum numberfrom the most diffuse exponent in the

IORAMM/MP2 value is 1.743 A. d-set. Then, eighs-type GTFsS(#2 to #9 in the original sgt

C, . .
“Calculated at the IORAMM/MP2 bond length of 1.726 A. were contracted to three s-sets according to a contraction
NBO charge at the metal atom. . . = .
®From Ref. 57. pattern of 4/2/2 using the contraction coefficients of the first,
From Ref. 51. second, and third-orbitals obtained for Ru with the original
9From Ref. 52. basis set. The eight innermgstype GTFs were contracted

to threep-sets(contraction pattern 4/2j2using the coeffi-
cients from the first thre@-orbitals also obtained with the
original set. Finally, the six most tighd-type GTFs were
‘contracted to two sets according to a 4/2 contraction pattern
utilizing the contraction coefficients taken from the

results of IORAMmM/HF and TD-DHF calculations. The only
exception concerns the sign of the dipole moment of AtH
which should be positivéaccording to the fact that the elec-
tronegativity of At is smaller than that of )Has correctly 3d-orbitals calculated the original set.

described by TD-DHF, however, is negative at the . .
' ' For osmium, a block-contract¢d6s12p9d3f] basis set
IORAMM/HF level of theory(Table Il). TD-HF and TD-DK & 4o e from a (1€14p10d5f) basis séf in the follow-

theory make much larger errors in this respect and consider- : .
ing that the dipole moment is rather small both at the''J Way- The most diffusetype GTF and the most diffuse

IORAMmM/HF and the TD-DHF level of theory, the former d-type GTF were removed because of orthogonality prob-

result is acceptable. In total, the results of the atomic an(ljems(resultmg from the use of Cartesiafunctions. Three

molecular benchmark calculations show that the IORAmms'type’ fourp— andd-type, and ond-type dlffuse. GTFs were
dded in a well-tempered sequence employing the ratio of

formalism described in the previous chapter is capable o 5. Then, eight-type GTFs(#4 to #11 in the original sgt
reproducing with reasonable accuracy both weak and Stron\%’/.er.e cont’racted to thregtype basis functiongcontraction

effects of relativity on dipole moment and polarizability pattern: 4/2/2 using the contraction coefficients from the
first threes-orbitals calculated for Os with the original basis
set. The nine innermogttype GTFs were contracted to three
IORAMmM was applied to study the static electric dipole p-type functions(contraction pattern 4/3j2using the con-
polarizability of group VIII metal tetroxides M@ for  traction coefficients of the first thrgeorbitals obtained with
M=Ru, Os, and H$Z=108). The calculations were carried the original set. The six most tiglt-type GTFs were con-
out at the HF as well as at the second-order Mgller—Plessétacted to twod-functions(contraction pattern 4j2employ-
many-body perturbational theotiP2)* levels. In the MP2  ing the contraction coefficients of thkorbitals of the origi-
calculations, all valence electrons of the oxygen atoms, theal set. Finally, the four innermosktype GTFs were
4s-, 4p-, 4d-, and Ss-electrons of ruthenium, thef4, 5s-, contracted to onéorbital.
5p-, 5d-, and 6-electrons of osmium, and thd § 6s-, 6p-, For hassium (Z=1098), a block-contracted
6d-, and %&-electrons of hassium were correlated. The ex{17s13p11d7f] basis set was derived from a
perimental molecular geometries{foint group were used (28s21p18d13f) basis set developed by Tatewkifor
where available (Rugy! and 0sQ®?), otherwise the molecu- lawrencium (Z=103). The five most diffusestype GTFs
lar geometry was optimized with the IORAmMmM/MP2 methodwere removed because of orthogonality problems and re-
utilizing the analytic energy gradients developed recefitly. placed by five GTFs with exponents derived in a well-
For comparison with the available experimental dédee tempered sequendgatio: 2.5. Two diffuse p-type GTFs,
Table 1ll), the molecular geometries of Ry@nd OsQ were  two diffused-type GTFs, and two diffusétype GTFs were
also optimized with IORAMM/MP2 that resulted in the M—O added in a well-tempered sequengatio: 2.5. Sixteen
bond lengths of 1.716 Acalculated vs 1.706-0.003 &  stype GTFs(#7 to #22 in the original sgtvere contracted to
(experimentalfor RuQ, and of 1.743 A vs 1.71#0.003 &2  five s-functions(contraction pattern: 4/4/3/3/2ising the co-
for OsQ,. The calculated polarizabilities were analyzed with efficients from the first fives-orbitals calculated for Hs with
the help of the excitation energies from the grodAd state  the original set. Fifteep-type GTFs were contracted to five
of MO, to the lowest excited singlet states calculated withp-functions (contraction pattern 2/5/3/3/2ising the coeffi-

B. Group VIII metal tetroxides
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TABLE IV. Low-energy electronic dipole transition energi@s eV) and dimensionless oscillator strengths in
tetroxides of group VIII elements Ru, Os, and Zs=108).

Molecule Method A-1T,—X-1A; B—1T,—X—1A; C—1T,—X-1A;
RuQ,? CIs 4.05/0.0079 5.37/0.0215 5.84/0.0001
IORAMM/CIS 4.28/0.0102 5.71/0.0274 6.05/0.0008
0sQP° CIS 4.66/0.0043 6.06/0.0334 6.97/0.0000
IORAMM/CIS 5.38/0.0116 6.96/0.0504 7.48/0.0071
HsO,° CIS 6.06/0.0004 7.64/0.0534 9.04/0.0001
IORAMM/CIS 8.14/0.0193 9.68/0.0832 10.31/0.0495

dCalculated at the experimental M—O bond length of 1.706 A.
PCalculated at the experimental M—O bond length of 1.714 A.
‘Calculated at the IORAMM/MP2 bond length of 1.726 A.

cients of the p-, 2p, 3p-, 4p-, and the Pp-orbital obtained creasing ionicity of M—O bonds in the tetroxidésee NBO
with the original set. Fourteed-type GTFs were contracted metal charges in Table )l The highest occupied molecular
to five d-functions (contraction pattern 2/3/3/3/autilizing  orbitals of MQ, are the ligand-centereq- andt,-symmetric
the coefficients taken from thed3, 3d-, 3d-, 4d-, and orbitals, whereas the metdtorbitals (e- andt,-symmetrig
5d-orbital of the original set. Twelvétype GTFs were con- are empty. As the ligand charge becomes more negative in
tracted to fourf-functions (contraction pattern 4/3/3)2m-  the sequence Ru@ OsQ,<HsO, (see Table IIJ, the empty
ploying the coefficients of the f4, 4f-, 5f-, and S-orbital  metal d-orbitals are increasingly destabilized in the electric
of the original set. Although the basis set used for hassiunfield of ligands. Relativity adds to this trend destabilizing the
was not specifically optimized for this element, the contraCmetal d-orbitals furthet=*° This is reflected in the'T,
tion scheme applied results in a basis set, which is suffi._1a  excitation energies presented in Table IV. The relativ-
ciently flexible in the valence and sub-valence regions tQstic plue shift(with respect to the nonrelativistic valyesf
gugrantee the calculation of reliable electric response proghe excitation energies is especially pronounced in HsO
erties. where it reaches-2 eV for the lowest dipole transitions.
Hence, the dipole polarizabilities of MCQcalculated with
IORAmMmM are smaller than the nonrelativistic polarizabilities.
Static electric dipole polarizabilities of group VIII metal The quasirelativistic calculations in the present work are
tetroxides calculated with the quasirelativistic IORAmm asperformed at the SR level, neglecting all spin-dependent
well as the nonrelativistic HF and MP2 methods are listed irrelativistic effects of which the most important are spin—
Table IIl. The only experimentally known value is the polar- orbit (SO) interactions. The inclusion of SO interactions re-
izability of OsQ, of 55.13 boht.>’ The IORAMmM/MP2 value sults in splitting of the atomicd-levels into dg,- and
of 56.57 boht is in a reasonable agreement with experimentds,,-sublevels. However, the magnitude of this splitting is
whereas HRboth quasirelativistic and nonrelativistisnder-  smaller than the SR destabilizationabrbitals with respect
estimates substantially the polarizability. However, all methto the nonrelativistic values. For example, the four-
ods employed (correlated, uncorrelated, quasirelativistic, component DHF calculations of Maffiyielded 4.35 eV for
nonrelativisti¢ suggest an ordering of the polarizabilities of the SR destabilization ofdorbitals of Hs, whereas the SO
group VIII metal tetroxides according to RYU©OsO,  splitting between 6¢),- and &ly-orbitals was only 1.74 eV
>HsQ,. The origin of such an ordering can be traced back2.22 and 1.05 eV for SR-destabilization and SO-splitting of
to variations of the dipole electronic transition energies fromgg respectively® The SO interaction, which is missing in
the ground'A, state to excited T, states, which are pre- the JORAMM calculations, could have resulted in the split-
sented in Table IV. These excitation energies play an imporing of dipole excitation energies around the values reported
tant role for the static electric dipole polarizability as re- iy Taple IV into lines shifted upward and downward in en-
flected by Eq(27)* ergy, such that the overall effect of the SO interactions on the
- f o polarizabilities should be minimal and should not overturn
a= 2 e (27) the trend obtained in the SR IORAmMm calculations.

K70 (AEge)? In general, the static electric dipole polarizabilities ob-
wheref g is the dimensionless oscillator strength anHy ~ tained in the IORAmmM calculations appear to be more accu-
the corresponding excitation ener¢yiven in hartrees Al- rate than the theoretical values obtained previously with the
though the CIS methotf, which is employed to study the help of relativistic DFT calculation® Despite the use of the
excitation energies, does not include dynamic electron corrgull four-component formalism, the values of 43.73 (RO
lation corrections and, therefore, cannot be expected to yield0.22 (OsQ), and 42.24 boRr(HsQ,) obtained by Pershina
accurate excitation energies, it provides the qualitative trendst al*° are far too low compared to the experimental data
of the excitation energies reasonably wistte Table IY. The  available>’ Apart from a large underestimation of the polar-
data in Table IV show that the loweST,«— A, excitation izability of OsQ,, the relativistic DFT calculations predict a
energy increases in the sequence RIOsQ,<HsO,. At  trend RuQ>0sQ,<HsQ,, which differs from that obtained
the nonrelativistic level, this increase is associated with inin the present work. Given that conventional density func-

IV. RESULTS AND DISCUSSION
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tionals have not an exceptionally good record when calculattORAmMm method both very weak and very strong effects of
ing electric response properti&sthe results of Pershina relativity on atomic and molecular polarizabilities can be
et al® can not be considered reliable. successfully described.

Yet another trend in polarizabilities of MAM=Ru, Os, The formalism developed was applied to study the static
Hs) was obtained by Bitmann et al,*! who used for OsQ  electric dipole polarizabilities of group VIII metal tetroxides
the experimental value of 55.13 béhfor HsQ, the value MO, for M=Ru, Os, Hs(Z=108). The polarizabilities ob-
(57.15 boht) from relativistic DFT calculations of Pershina tained at the IORAMM/MP2 level of theory decrease in the
et al*° corrected for the difference between the calculatecsequence Ru>0sQ,>HsQ,, which is different from
and experimental polarizabilities of OgOand for RuQ a  those obtained in earlier studies based on relativistic DFT
value(53.45+1.01 boh?) obtained by extrapolation from po- calculations®3! On the basis of the trend obtained in the
larizability of OsQ, assuming that the polarizability is pro- present work, it is suggested to reconsider dispersion models
portional to the molar volume. Thus, a trend RgGDsQ,  of adsorption of MQ on a quartz surface in favor of more
<HsQ, precisely opposite to that of the present work waselaborate models which consider both electrostatic and dis-
obtained. However, such a trend, which is based on both thpersion interactions. For example, the adsorption enthalpy
results of unreliable calculations and a questionable extrapaorrelates well with the M—O bond ionicity suggesting an
lation procedur® rather than direct measurements, canelectrostatic component of adsorption.
hardly be considered as being reliable.
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