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Abstract. For the study of the nature of binding in the Scy dimer, the ground state, X>3 , was calculated
by the valence multireference configuration interaction method with single and double excitations plus
Davidson correction, MRCISD (+Q), at the complete basis set (CBS) limit. The employment of the Ca,
symmetry group, allowed us to obtain the Sc atoms in different states at the dissociation limit. From
the Mulliken population analysis and comparison with atomic energies follows that in the ground state
Sco dissociates on one Sc in the ground state and the other in the second excited quartet state, F..
The spectroscopic parameters of the ground potential curve, obtained at the valence MRCISD (+Q)/CBS
level, are: R = 5.20 bohr, D. = 50.37 kcal/mol, and w. = 234.5 cm™!. The obtained value for the
harmonic frequency agrees very well with the experimental one, w. = 239.9 cm™~!. The dissociation energy
with reference to the dissociation on two Sc in the ground states was estimated as D. = 9.98 kcal/mol.
In contrast with many other studied transition-metal dimers, which are attributed to the van der Waals

bonded molecules, the Sce dimer is stabilized by the covalent bonding on the hybrid atomic orbitals.

1 Introduction

Already many years ago, due to their catalytic and mag-
netic properties, the transition-metal clusters with 3d elec-
trons have attracted a great interest both experimentally
and theoretically [1]. It is worth-while to mention that
ab initio calculations of 3d-clusters (even dimers) are still
a challenge to theorists. The main reason is that they can-
not be treated by single-reference approaches, on which
the modern standard methods: configuration interaction
(CI), coupled cluster (CC), and Mgller-Plesset perturba-
tion theory (MPPT) are based.

As was shown by Roos et al. [2], a reliable po-
tential curve for the ground state of the Cry dimer
can be obtained only by multireference (MR) methods.
Bauschlicher [3] demonstrated that in the case of Mng, the
ground state wave function found at the complete active
space (CASSCF) level has a pronounced multireference
character. In its configuration expansion the Hartree-Fock
configuration appears with the coefficient ¢, = 0.08, while
among other configurations more than 130 configurations
have coefficients ¢; > 0.05. Thus, instead of one base con-
figuration in the CI procedure, a large number of reference
configurations must be treated equally.

In spite of only one electron in the 3d-shell, the Sc,
dimer also presents a complex computational problem.
The existence of a very large number of degenerate and
quasi-degenerate terms makes the precise calculation of
Sco potential curve extremely complicated.
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The ground state of the Sc atom is 2D, (4s?3d) with
the first three excited states *F, (4s3d?), ?F, (4s3d?) and
4F. (4s3d4p), which are located 1.43, 1.85, and 1.96 eV
above [4]. The relatively small excitation energy makes
quite probable the existence of several asymptotic dissoci-
ation limits for the lowest potential curves; the symmetric
Sc(*Dy) + Sc(*Dy) and the three asymmetric: Sc(*D,) +
Sc*(*F,), Sc(*Dy) + Sc*(?Fy), and Sc(®*Dy) + Sc*(*F,,).
In the second and fourth limits the maximum total spin
of the dimer is S = 2. Thus, for these asymptotes the Scs
dimer can possess S = 0, 1, and 2. The total number of the
lowest terms having these four dissociation limits is very
high and equals 270. In Table 1 we represent the 160 pos-
sible triplet and quintet terms arising in the second and
fourth dissociation limits.

In the ESR experiments by Knight et al. [5], the ground
state of Scy was assigned as 5. Let us stress that it was
not obtained in a direct measurement. Processing their ex-
perimental data, the authors [5] made some assumptions.
Several years before, the quintet ground state, °%;, was
predicted in the DFT calculations by Harris and Jones [6].
They employed a rough (but the best at that time) local
spin density approximation (LSDA). So it is surprising
that Harris and Jones were able to predict by their method
such exotic ground state, corresponding to an asymmetric
dissociation. They mentioned that the triplet state, 32;,
can also be a candidate for the ground state.

It is interesting to mention that in all published, to
the best of our knowledge, DFT calculations of Scy [6-13],
the quintet state, Y, was claimed as the ground state.

U’


http://www.epj.org
http://dx.doi.org/10.1140/epjd/e2010-10607-y

264

The European Physical Journal D

Table 1. Molecular states stemming from the interaction of one Sc atom in the ground 2Dg state and one Sc atom in the

excited *F state.

Sc(3d4s?; 2D) + a Sc*(3d%4s; *Fy)

Triplets Quintets
TH(2),°51 () °SH(2).°5E @)
°%,(3).°50 (3)  °%; (3),°%5 (3)
*TL, (5),°T, (5) I, (5),°IL, (5)
SN, (4), 200 (1) PA,(4),5A, (4)
30, (3),%0,(3) Py (3),°®. (3)
Ty (2),°Tu(2)  °Ty(2),°Tu (2)

*H,,%H, °H,,°H,

This consensus is in a sharp contrast with the DFT calcu-
lations of other transition-metal dimers, e.g. for Mns the
DFT results are quite conflicting, see discussion in refer-
ence [14]. Although it should be noted that only in lim-
ited DFT studies [6,7,9,10], the different spin states of Sco
were comparatively studied; in other published DFT cal-
culations only 5, state was selected and authors studied
the dependence of obtained results on functionals used.

As in the case of other transition-metal dimers, pre-
cise computational results for Sco can be obtained by
ab initio multireference (MR) methods with large basis
sets. Among widely applied MR methods are the MR
CISD method [15-19] often used in conjunction with the
Davidson quadruple correction [20,21], denoted as MR-
CISD (4+Q), and the multireference average coupled func-
tional pair (ACPF) approach [22,23].

Till recent time, the most precise ab initio calculations
of Scy were performed by Akeby et al. [24] using a mul-
tireference treatment at the ACPF level and by Suzuki
et al. [25] at the MRCISD (4Q) level. After these publi-
cations it became widely accepted that the ground state
of Scy is the quintet 5, state.

In 2008 Matxain et al. [26] revised the problem of the
Sco ground state. They stressed that at a high level only
the °Y, quintet was studied [24,25], whereas the triplet
terms were calculated in reference [27] using not very pre-
cise the CASSCF approach. Matxain et al. [26], applying
the quantum diffusion Monte Carlo (DMC) method [28],
have calculated at the same level of theory ten low-lying
states of the scandium dimer, including the °%, and 3%,
terms (the upper index in the ¥ terms was not speci-
fied). According to their calculations, the triplet 3%, state
is more stable than the 53, state by 0.17 eV. The au-
thors [26] claimed that the correct ground state of scan-
dium dimer is the triplet 3%, state, but not the quintet
Y, state, as was accepted in all previous investigations.

However, the calculations by Matxain et al. [26] did
not have a sufficient level to be safe. The authors [26]
used a relatively small basis set and checked the DMC
results comparing it with CASPT2 calculation (the latter
was taken as a final criteria). It should be mentioned that
for transition metals the CASPT2 approach often predicts
an artificial stability [29]. CASPT2 and connected with it
the MRMP2 approach [30] are very sensitive to the choice

Sc(3d4s?; 2D) + z Sc*(3d4sdp; ‘Fy)

Triplets Quintets
Ty (3),°25 ) °EL3),°S ()
’%,(2),°5,(2) °%,(2),°%0 (2)
T, (5),°Mu (5)  °I, (5),°Iu (5)
A (4),°00(4)  PA (4),°Au(4)
20, (3),°0u(3) PPy (3),°Pu (3)
Ty (2),°Tu (2) °Ty (2),°Tu (2)

*H,,3H, "H,,H,

of the active space. The use of non-closed active space can
lead to large errors [29]. This is what happened in the cal-
culation [26], as was noted by the authors in erratum [31].
They noted that the use of 10 active orbitals instead of er-
roneously reported 12 “doubts on the reliability of the re-
ported MRPT calculations, which might yield meaningless
results”. It is also important to mention that the CASPT?2
and MRMP2 methods suffer from the intruder state prob-
lem [32]. Thus, the conclusion of Matxain et al. [26] had
to be verified in a more precise calculation. This has been
done in the recent publications [33,34].

In the study by Kalemos et al. [33], the MRCISD
(+Q)/cc-pVQZ calculations were carried out for the two
competitive terms °Y; and 3. It was established that
the quintet state 53, is really the ground state and the
triplet state ¥ is located just 1 kcal/mol (0.04 eV)
above. These results were qualitatively confirmed in the
study by Camacho et al. [34] where the multireference
n-electron valence state perturbation theory (NEVPT)
method [35,36] was employed. The authors found that the
triplet 3% state is located by 0.10 eV above the ground;
5y, state.

In the present work we performed a detailed study of
the nature of binding in the ground state of the Sco dimer
using the valence MRCISD (+Q) method at the complete
basis set (CBS) limit. Special attention was paid to study
the dissociation limit. For the possibility to obtain the
two Sc atoms in different states, we used the Csg, sym-
metry restriction (in all previous studies of Sco, including
reference [33], the Dyj, symmetry group was used). From
the Mulliken population analysis and energy calculations
follows that the dimer Scy dissociates on one Sc in its
ground state and the other in the second excited quartet
state 1F,, (4s13d4pt).

2 Methodology

2.1 Computational method

The wave functions were optimized by means of the
CASSCF method [37,38]; the active space was defined by

the 3d, 4s and 4p orbitals, making a set of 18 active or-
bitals and 6 active electrons, 3 from the atomic valence
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shells of each atom. As was discussed in Introduction, the
total spin S = 2 in the ground state of the scandium
dimer, the °Y,, state, stems from the interaction between
one ground state Sc atom and other in an excited state,
therefore the calculations were done under Cs, symme-
try constraints. The Csy, calculation is more time consum-
ing than Doy, one, but it allows to obtain at the dissocia-
tion limit the two Sc atoms in different states, as it takes
place in the °Y; state. The Cg, or Doj, symmetry groups
are used instead of Coo, or Deop, because in the MOL-
PRO suite of programs only the Abelian groups can be
exploited. As follows from the studies in reference [39], for
some molecules (e.g. FeO™) the change of symmetry group
used in the calculations can lead to a change of the energy,
while for the Fey dimer it does not change. The same is
valid for the Sco dimer. The binding energy and equilib-
rium distance obtained under Cs, and Doy, restrictions are
the same.

The energy results were obtained by the valence
multireference internally contracted configuration inter-
action (MRCISD) method, see references [18,19]. The
size-inconsistency error was corrected only through the
Davidson (+Q) approach [20,21], since this error in the
case of Scy is small; according to our results, the quadru-
ple Davidson corrections lead to small changes, e.g. the
difference in D, is about 0.04 eV. For the cc-pV5Z basis
set, the number of configuration functions (CFs) in the ref-
erence wave functions was approximately 34 000, their cor-
responding valence MRCI expansions are about 1.65 x 103
CFs, which are internally contracted to 6.7 x 105 CFs ac-
cording to a procedure described in references [18,19]. For
all calculations the MOLPRO 2009 suite of programs [40]
was used.

We employed the Dunning-type basis sets, see refer-
ence [41], presented in the Pacific Northwest National
Laboratory basis set website'. To study the dependence
of calculation results on the basis set size and finding
the complete basis set (CBS) limit, we performed cal-
culations with three basis sets, cc-pVX7Z with X = 3,
4, and 5. The largest basis set, cc-pV5Z, is constructed
with [28520p12d4 f3g2h1i] functions, which are contracted
to [9s8p6d4 f3g2h1i], and comprises 153 contracted spher-
ical gaussian functions. The scalar relativistic calcula-
tions were obtained at both calculated levels, CASSCF
and MRCI, by means of the Douglas-Kroll-Hess approach
in the second order scheme [42], which is corrected in
reference [43], and with the relativistic basis set cc-pV5Z-
DK [41].

2.2 Complete basis set limit

After the development by Dunning [44] of the correlation-
consistent cc-pV XZ basis sets, it was recognized that the
sequence of results obtained with different X7 allows an
extrapolation to the CBS limit [45-47]. Calculation of Ex
with different values of X makes possible to find the CBS
limit, F, using some analytical function of X connecting

! https://bse.pnl.gov/bse/portal
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Ex and F,. At present, several asymptotic formulae for
finding the CBS limit at the HF, CASSCF, and MRCI lev-
els have been developed, see reference [48] and references
therein.

In this study we applied the procedure for obtaining
the CBS limit at the MRCI level, based on the presenta-
tion of EMECT 35 two terms,

EMRCI — ECAS+Edc, (1)

and finding the CBS limit for each term separately [48];
see also previous publications [49,50].

As we see from equation (1), the energy obtained at
the MRCI level includes some additional electron correla-
tion energy, %, in comparison with the CASSCF energy.
This energy is named the external or dynamical correla-
tion energy [48,51]; it arises from the non-specific instanta-
neous correlation motion of electrons and was introduced
by Sinanoglu et al. [52,53].

The studies by Sinanoglu et al. [52-54] showed that
the correlation energy can be roughly divided into two
types: dynamical correlations, which are transferable from
system to system, and non-dynamical correlations, which
are not. Usually non-dynamical correlations are responsi-
ble for a correct description of the dissociation products
and in some papers is named left-right correlation [55].
Sinanoglu stressed that a good example of the transferable
correlation energy is the closed 1s? shell for the first-row
atoms. At that time the MRCI approach was not created.
Brown and Truhlar [51] divided the dynamical correla-
tions into core and valence contributions. The latter cor-
responds to the dynamical correlation energy defined by
equation (1).

3 Results and discussion
3.1 Calculations at the complete basis set limit

As we discuss in Section 2, at the MRCI level the CBS
limit can be found separately for each term in the presen-
tation of MRCI energy according to equation (1).

For energy at the CASSCF level we used the Karton-
Martin [56] extrapolation formula. The equation employed
is

EGAS = ESAS + A(X + 1) eV, (2)

in which A and b are parameters found after solving equa-
tions and £S49 is the quantity sought for. Inserting in
equation (2) the energy E{AY calculated for X = 3, 4,
and 5, we obtain three equations for three unknowns: A,
b, and ESAS, which can be precisely solved.

First we determined a proper value for parameter b.
With the energies obtained at the CASSCF level and the
basic equation (2), it is easy to set the three-equation sys-
tem:

E§AS = EGAS + 4Aexp (—bV3),
EfAS = EGAS 1 5Aexp (—2b), 3)
EE)CAS = EZA% 4 6Aexp (fb\/5) .
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Table 2. Parameter A and CASSCF total energy (in hartree)
at the CBS limit obtained by setting parameter b = 5.925, see
equation (3) and the text below.

(a) k‘34 (b) k‘45
8.5881973960 8.5870548880
(a) using A from k34 (b) using A from kas

Parameter A

EZM (X =3) -1519.5339605170  —1519.5339603570
ESAS (X =4)  -1519.5339605160  —1519.5339604750
EZM (X =5) —1519.5339604870  —1519.5339604750

If we subtract EEAS from E?JCAS denoting the result as k34,
and then subtract ES4% from EF4S denoting this result
k45, and divide k34 on k45, we obtain the equation

Ky de—bV3 _ 5p—2b

kus  Be—2b — Ge—bV5’

(4)

from which we can find parameter b by trial and error
method. It should be mentioned that in the original work
by Karton-Martin [56] the parameter b was optimized on a
great number of simple molecules with light atoms. They
recommended b = 9. Since our dimer is formed of 3d
transition-metal atoms, we put b as a free parameter. We
found that b = 5.925 gives better results than b = 9. At
this point we could determine the value of parameter A
through the equation

B k34
" 4ebV3 _5e—2b

ks

= (5)

A 5e—20 — Ge—bV5 '

As parameter b was not determined analytically, and ks34
and k45 have different values, it follows from equation (5)
that parameter A will have two values. Nevertheless, the
differences in the final values of ES4Y are negligible, see
Table 2.

The CBS limit for the dynamical correlation energy,
Ed was found using the Varandas USTE scheme [48].

The employed equation has the following form:

a 1/4
<A3+CA3/>

(6)
where a and ¢ are fixed numerical coefficients and Az is a
parameter that has to be found. Thus equation (6) has
two unknowns, E% and Aj. They were found using a
code, which is based on the least-squares method, and
was kindly presented to us by Varandas. The best results
were obtained for the basis set pair with the highest XZ,
X =4 and 5, which produces two equations:

B =E5+

3 [1+ !
(X —3/8)° (X —3/8)?

A [ 1 A9 1

+a)’ | (+a)® \4s |
(7)
] . ]
E" = BT 4 As 5 |1+ ! ) <A5 - cA;/‘*)
G+a) | (Bt As
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Fig. 1. Potential energy curves for the ground state of Sco at
the CASSCF, MRCISD, and MRCISD (4Q) levels calculated
with cc-pV5Z basis set.

They were solved by the least-squares method. The ob-
tained values are the following A3 = 0.087390 hartree and
ES" = —0.040620 hartree.

The dependence of obtained results on the basis
set is presented in Table 3. The CBS limit data are
also included. The final results at the valence MRCISD
(+Q)/CBS level were obtained as a sum of the CBS es-
timations of £¢4% and E9¢. We also calculated at the
CBS limit the harmonic part of the ground state poten-
tial curve and found all spectroscopic parameters by the
Dunham analysis [57].

According to Table 3, the larger is the basis set the
stronger is the bonding. The dissociation energy D. at
the CBS limit is equal to 2.183 eV (50.3 kcal/mol).
The obtained equilibrium distance R. at the MRCISD
(+Q)/CBS level is equal to R, = 5.2 bohr (2.752 A).
The account of the 3s3p correlation effects in our pre-
vious study [33] does not change D., but reduced R,
on 0.2 bohr. Thus, the corrected value of R, should be
5.0 bohr (2.65 A). The harmonic frequency we, at the
MRCISD (+Q)/CBS level, is equal to 234.5 cm™!, which
is in a very good agreement with the experimental value
239.9 cm™1! [58].

The potential energy curves of Scy in the ground state
5%, calculated at the CASSCF, MRCISD, and MRCISD
(+Q) levels with the largest basis set cc-pV5Z, are repre-
sented in Figure 1. The last two curves almost coincide (in
the hartree scale). This fact and the data in Table 3 for
the equilibrium distance indicate that in the case of Sce
the size-inconsistency error is small, in contrary to the
Mny dimer case [14]. Thus, the MRCISD (+Q) approach
can be considered as a quite satisfactory approximation
for the study of the Scy dimer.

In Table 4 the scalar relativistic calculations with cc-
pV5Z-DK basis set are compared with nonrelativistic MR-
CISD (+Q) calculations with cc-pV5Z basis set at the
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Table 3. The dependence of the equilibrium distance, Re (ao),
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total energy, E (hartree), dissociation energy, D. (eV), and the

harmonic frequency, we (cmfl), on the basis set cc-pVXZ and the CBS limit for Scpin the ground state, >%, .

Basis set MRCI
Re E D.
TZ 5.202 —1519.567779  2.073
QZ 5.195 -1519.570613 2.107
57 5.193 -1519.571661 2.122
CBS

MRCI (+Q)

We R. E D, We
222.6  5.214 —1519.569566 2.111 223.6
224.5 5.206 —1519.572522 2.150 224.8
226.3 5.204 —-1519.573631 2.166 229.2

5.200 -1519.574560 2.183 234.5

Table 4. Comparison of the dissociation energy, D., and harmonic frequency, we, for the Sce ground state potential curves
calculated at the scalar relativistic level with cc-pV5Z-DK basis set and the nonrelativistic MRCISD (+Q) level with the basis

set cc-pV5Z; energies are in eV (kcal/mol), frequencies are in cm™".

1

. CASSCF MRCISD MRCISD (+Q)
Basis set
D, We D, We De. We
57 1.563 (36.01) 217.1 2.122 (48.90) 226.3 2.166 (49.91) 229.2
5Z-DK 1.578 (36.37) 223.9 2.127 (49.01) 229.0 2.169 (49.98) 229.1

Table 5. Mulliken population in Sco at the equilibrium and dissociation limit distances at different levels of theory.

(a) MRCISD
Re:
R = 50(10:

481‘223(11'294])0‘461 481.223d(z)é493d2é0iy2 3dgz393d22393d21?14pg2241721241)212

SC(4S23d1)Z 4814823d(z)42013dg,202y2 3d2z013d2z013d2584pg05413205417205

SC(4813d14p1)2 4SOA953d(;A2023d2A298y2 3d2‘2013d0‘013d2£04p2‘984p2‘014p0‘01

(b) CASSCF
Re:
R = 50(10:

Yz Yy

481‘223(11'264])0‘471 481.223d(z)é483d2é0iy2 3dgz383d22383d21?14pg2341721241)212

SC(4S23d1) . 451823(12‘2003(12‘2581/2 3dgz003d2z003dg;194p8064p2054p205

SC(4813d14p1)2 4SOA963d(;A2023d0A50y2 SdgzolBd(;zol3d0A504p(;984p2A014p0A01

same equilibrium distance, R., which is not changed at
the relativistic level. As follows from Table 4, the differ-
ence in the dissociation energy, D, in comparison with the
value obtained at the nonrelativistic level, is very small; at
the CASSCEF level it equals 0.36 kcal/mol and at the MR-
CISD (4Q) level it is only 0.07 kcal/mol. The change of
the harmonic frequency, w,, is also small; at the CASSCF
level it equals 6.8 cm™! and at the MRCISD (+Q) level
it is reduced up to 0.1 cm~!. The small values of the rel-
ativistic corrections for the 3d-transition metals can be
expected [41,59]. This is the reason why we did not take
into account the spin-orbit effects and other relativistic
corrections.

3.2 Dissociation limit

The determination of the dissociation limit of the Sco
ground state potential curve is a rather delicate prob-
lem. From the experiment [5] and precise calculations, see
discussion in Introduction, it follows that the Sco ground
state corresponds to the °X, term, which can be obtained
if one of Sc is created in an excited quartet state. Only in
this case the total spin S of Sco can be equal 2. But ac-
cording to Table 1, the quintet term °¥; can have the
two dissociation limits: Sc(*D,) + Sc*(*F,) and Sc(*Dy)

z2— Ty Y

+ Sc*(*F,). In both limits Scq dissociates on one Sc in the
ground state and another in an excited state. In the Dy,
symmetry restrictions, applied in previous studies [33,34],
one cannot distinguish Sc atoms because of the inversion
symmetry. For obtaining two Sc in different state we em-
ployed the Csy, symmetry restrictions. Although, in the
wave function, describing the dissociation limit, both scan-
dium atoms should have the same population, see discus-
sion below.

In Table 5 the Mulliken atomic valence orbital pop-
ulations at the equilibrium, R., and dissociation limit,
R = 50 bohr, distances are represented. From it follows
that at the MRCISD (+Q) level, Sca dissociates on one Sc
in the ground state, Sc (4s%3d'; 2Dy), and another in the
second excited quartet state, Sc* (4s'3d'4p'; *F,). The
same dissociation limit is obtained at the CASSCEF level.

Thus, the Mulliken population indicates that the
ground state potential energy curve of Sce has the asym-
metric Sc(*D,) + Sc*(*F,) dissociation limit. On the
other hand, both Sc atoms are identical and each of them
can be excited. So, at the dissociation limit the wave func-
tion of the dimer must be a linear combination of the wave
function, in which the one Sc atom is in the ground state
and another Sc atom is in an excited state, and the wave
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Table 6. Comparison of the dissociation limit energy of Sca in the ground state and energies of the Sc atom in the ground and
excited states calculated with the basis set cc-pV5Z at different levels of theory; energies are in hartree, A is in keal/mol.

CASSCF
—1519.476420
—1519.465245
—1519.467668

SC2(R = 50&0)
Sc(®*Dy) + Sc*('Fy)
Sc(®*Dy) + Sc**(*F,)

A('Fy)* 7.01
A('F,)? 5.5
*A(*Fy) = Sca(R = 50a0) — [Sc(*Dy) + Sc*(*Fy)]
PA(*Fy) = Scz2(R = 50a0) — [Sc(®*Dy) + Sc**(*F.,)]

function describing the opposite possibility:

1

V2
X [Wo (Sca) ¥n (Scp) + ¥y, (Sci) Wo (Scp)] - (9)

W (Scg, R — o0) =

Thus, both Sc atoms
451'53d14p0'5.

The dissociation on one of the atoms in the second, but
not in the first, excited quartet state seems quite unusual.
For verifying this result we have compared the dimer en-
ergy at R = 50 bohr with the sum of atomic energies in
different excited quartet states calculated at the same level
of theory. As follows from Table 6, the energy of Scy at
R = 50 bohr corresponds to the sum of energies Sc(?D,) +
Sc*(*F,,). The dissociation level Sc(*D,) + Sc*(*F,) is lo-
cated on 0.0141 hartree (or 8.82 kcal/mol) below, which
is much larger than the calculation error. At the CASSCF
level we cannot arrive to definite conclusions using the
atomic energy calculations.

We would like to note that in our recent study [33]
of 5%, state with the Dy, symmetry restriction, the
Sc(®*Dy) + Sc*(*F,,) dissociation limit was obtained. Nev-
ertheless, it was rejected as a wrong asymptote and the
creation of one of Sc in *F, state was postulated. Camacho
et al. [34], basing on an almost negligible 4p population
obtained in their studies, also made erroneous conclusion
that at the dissociation limit Sc does not appear in the
4F, state. On the one hand, a negligible 4p population
obtained in Camacho et al. studies [34] indicates that the
NEVPT method does not give a reliable Mulliken popu-
lation. On the other hand, from the population of excited
orbitals at the equilibrium distance it may not be done any
conclusions about the population at the dissociation limit.
The interatomic interactions at the equilibrium distance
can populate excited orbitals, although this does not pre-
vent atoms to dissociate in their ground states. Just this
takes place in the case of the alkaline-earth dimers [60].

Thus, more detailed analysis performed in the present
study demonstrates that the conclusions about the disso-
ciation limit of the Sco ground state potential curve made
in references [33,34] were not properly substantiated.

The values of the dissociation energy, D., obtained
at the CBS limit and corrected on the scalar relativis-
tic effects are presented in Table 7. For obtaining D,

have an equal population:

MRCISD
—1519.493675
—1519.498898
—1519.493072

3.27
0.38

MRCISD+Q
~1519.494029
~1519.508093
~1519.494483
8.82
0.28

Table 7. CBS D. values with relativistic corrections for two
dissociation limits; energies are in eV (kcal/mol).

D. D.
Method
erho 2D, +1F, 2Dy +2D,
CASSCF 1.58 (36.40)  —0.196 (-4.52)

MRCISD (+Q)  2.186 (50.37)  0.433 (9.98)

at the symmetric dissociation limit Sc(?Dy) + Sc(*Dy),
the calculated atomic excitation energy E[Sc*(*F,)] —
E[Sc(*D,)] was subtracted from D, obtained in the dis-
sociation limit Sc(?D,) + Sc*(*F,,). At the CASSCF level
the negative value of D, for the symmetric dissociation
limit was obtained. This is connected with a lack of preci-
sion for calculating the atomic excited states at this level.

3.3 The nature of bonding

According to the Mulliken population and energy calcu-
lations, at the dissociation limit one of the Sc atoms is
formed in the second excited quartet state (it has the
populated 4p-shell). When atoms are approaching, the
atomic orbital population is redistributed between atoms.
The Mulliken analysis (even at the Cs, symmetry re-
strictions) gives at the equilibrium distance the same or-
bital population for both atoms. As follows from Table 5,
the MRCISD orbital population on each atom is equal
to 451:223d1294p%46 . A part of the 4s electron density is
transferred to 3d orbitals and the 4p orbital has as it is at
infinity about 0.5 electron.

The main references configurations obtained in our
CASSCEF calculations are the following:

72, ) = 0.826 |4s0°4s0'3d.20" 3d, ., 3d,. T )
—0.237 [4s0°4s0 ' dp.o' 3dy. o dpy T, )

—0.237 [4s0°4sc ' 4p.o dp,mi3d,.m)) . (10)
In their early study of Sce, Walch and Bauschlicher [61]
analyzed only the dominant configuration, which does not
contain the 4p orbitals. They did not consider the par-
ticipation of the 4p-orbitals in bonding and stressed the
important role of the one-electron 3dm bonds. But if we
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take into account that the mean radius of 3d shell is
(rsq) = 1.68 bohr [62], which is much smaller than the
equilibrium distance R, = 5.2 bohr, it became evident
that the 3d-overlap integrals are very small and in reality
the one-electron 3d-bonds do not contribute to the bond-
ing. It is also worth-while to mention that the 4s shell has
a much larger mean radius, (r4s) = 3.96 bohr [62] and
(ras)/{rsa) = 2.36, meaning that 3d electrons are deeply
inside the 4s electron shell.

The second and third configurations in expansion (10)
contain molecular orbitals built of 4p atomic orbitals. So,
the 4p orbitals are involved in the bonding process. The
latter also can be concluded from the Mulliken population
at the equilibrium distance: 4s'-223d'-294p%-46. This pop-
ulation is favorable for the atomic hybridization [63]. The
hybridized orbitals enhance the overlap in the bond region
increasing the strength of the bond. The most probable is
the creation of three hybrid orbitals on each Sc

h1 = a14s + a24p;,
h2 = b13dwz + b24pma

h3 = Cl?’dyz + Cg4py. (11)
It can be concluded that the dimer is stabilized by the
formation of one two-electron hiog-bond and two one-
electron homg,- and hsmy,-bonds. These hybridized or-
bitals should make the bonds stronger. Thus, in the Scg
dimer there is a covalent chemical bonding in contrast
with the Mng dimer [14].

4 Conclusions

The study of the Sco dimer was carried out at the va-
lence MRCISD (+Q)/CBS level. The calculations were
performed under the Cs, symmetry restrictions. The lat-
ter allowed to obtain at the dissociation limit the differ-
ent Mulliken population on Sc atoms. Namely, it has been
demonstrated that the ground state potential curve, 53,
has the asymmetric dissociation limit, Sc(?Dy) + Sc*(*F,,)
with one of the Sc atoms in the second excited quartet
state. While in the wave function describing the dissocia-
tion limit both scandium atoms have the same population.

The ground state dissociation energy at the va-
lence MRCISD (+Q)/CBS level is equal to 2.186 eV
(50.37 kcal/mol) and in respect to the thermodynami-
cally stable dissociation limit with both Sc atoms in their
ground states it is equal to 9.98 kcal/mol. The harmonic
frequency w, = 234.5 cm ™! is in an excellent agreement
with the experimental value 239.9 cm~! [59].

In all 3d transition-metal atoms, the 3d-shell has a
small mean radius and is located deeply inside the 4s-
shell. The unpaired 3d-electrons densities practically are
not overlapped, so the contribution of the one-electron
3d-bonds should be very small. Usually the atoms with
the closed valence 4s-shell are bound by the weak van der
Waals dispersion forces; but the Sco dimer is an exception
from this tendency. At the equilibrium distance a strong
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atom-atom interaction populates the 4p atomic orbitals,
which remained populated at infinity; it transfers 0.29e on
3d orbitals and makes the closed 4s shell partly open. This
favors the atomic hybridization. The dimer is stabilized by
the formation of one two-electron (4s4p.)o, bond and two
one-electron bonds: (3dy:4ps )Tz and (3dy.4py)Tyu. As a
result, the Sco dimer has a chemical covalent bonding.
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sions. The authors would like to acknowledge the National
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