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Electronic structure and chemical bonding of 3 d-metal dimers ScX,
X=Sc-Zn

G. L. Gutsev,? P. Jena, B. K. Rao, and S. N. Khanna
Physics Department, Virginia Commonwealth University, Richmond, Virginia 23284-2000

(Received 22 January 2001; accepted 3 April 2001

The electronic and geometrical structures of the ground and excited states of the homonyclear Sc
mixed ScTi, ScV, ScCr, ScMn, ScFe, ScCo, ScNi, ScCu, and Sam&al dimers and their
anions have been calculated using the density functional theory with generalized gradient
approximation for the exchange-correlation potential. The ground states of the neutral dimers are
found to be’S | (Sc), 83" (ScTi), 'S (ScV), 43" (ScCy, 33" (ScMn), 2A(ScFe, 3 (ScCo,

23+ (ScNi), 2A(ScCu, and*s " (Sczn. A natural bond analysis reveals an antiferrimagnetic spin
coupling in the ground states of ScCr, ScMn, and ScFe. This is due to the electron transfer from Sc
to the opposite atom and specific bond formations. While each dimer has a unique chemical bonding
pattern, most curious is the localization of twe dlectrons at both atomic sites in the grouid;

state of Sg, which leads to formation of two lone pairs and the bonding scherrtde+631)i(4s

+4s);. No appreciabladhybridization is found for the ground states of the ScX dimers except for
ScNi. Even though the electron affinities of the ScX dimers are relatively low and do not exceed 1
eV, each ScX (except ScCo) possesses at least two states stable towards detachment of an extra
electron. ©2001 American Institute of Physic§DOI: 10.1063/1.1373693

I. INTRODUCTION able to consider first the trends in formation of ground states
for mixed d-metal dimers, for example, ScX EXTi—Zn)

Elemental(also named as monoatomic or homonudlear which have lower symmetnZ..,. Sc atom in its ground
3d-metal dimers have received a considerable attention itate [Ar]4s?3d!) possesses a singled3electron which
theoretical and experimental studiesMost recent theoreti-  could serve as a probe when interacting witheédectrons of
cal paper$* have addressed the applicability of a number ofother 3j-metal atoms.
contemporary density-functional theofpFT) and hybrid Simultaneous computations of the corresponding nega-
DFT methods by means of comparison between computefively charged ScX ions would providé an additional con-
and experimental properties of the dimers from ®Cw. It fidence in a correct assignment of the ground states of the
has been showf that the results obtained with the use of aneutral ScX dimers. Even if there is no theorem proven that
generalized gradient approximation for the exchangethe ground state spin multiplicity of an anion differs byl
correlation functional that consists of Becke'’s excharayel from that of the corresponding neutral parent, no example
Perdew—Wangs' correlatibn(referred to as BPW9lare, which violates this relationship has yet been reported.
generally, in better agreement with the experiment than those  Among the mixed ScX dimers, theoretical data appear to
obtained with other DFT or hybrid DFT methods. be available only for the ScNi dimer. Calculatiohéor dif-

The ground-state spin multiplicities do change irregu-ferent spin-multiplicity states of this dimer have been per-
larly along the series of @ dimers from Sgto Cw, but o formed by a combined approach in which a complete-active-
reasonable explanation for such a behavior as well as trendgace self-consistent-fiel{CASSCH technique has been
in chemical bonding of the dimers seem to have been sugsed in geometry optimizations followed by total energy re-
gested in the literature. A common practice is to rélamp-  eyajuations using a multireference configuration-interaction
erties of the dimers withsdtransfer energiesAsy  approach. The ground state of ScNi was found t&bé.
=E(4s'3d" ")~ E(4s3d"?) of the constituent @ atoms. Experimental data are available for StErand
However, Tj, V,, and N have the same ground-state spin 5N 2-14 Based on the analysis of electron-spin-resonance
multiplicity of three while theirAgys are very different (EgR) data, the ground state of ScCr has been predicted to be
(0.81, 0.25, and-0.03 eV, respectively’ A similar disparity 63 and that of ScNi to béS. The latter assignment is in
is observed for Scand Cg, which have quintet ground agreement with the results of theoretical computatidns.

states. Resonant two-photon ionization spectroscopy has been ap-

FormalD..,, symmetry of nuclei in homonuclear dimers plied to a study of jet cooled Sc.No data seems to be
could not be the symmetry of electronic states if the latter arg,y5ilaple for the ScX anions.

antiferromagnetic, i.e., when local magnetic moments at the ¢ present work is aimed at a detailed study of mixed
nuclei have opposite signs. Therefore, it seems to be reasoly_metal dimers ScXX=Ti, V, Cr, Mn, Fe, Co, Ni, Cu
and Zn along with their singly charged negative ions using
dElectronic mail: glgutsev@hsc.veu.edu the BPW91 approach. This approach was found to be ca-
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pable for a fair reproduction of experimental data such aslirect product of symmetries of partially occupied Kohn—
spectroscopic parameters ofl-Bnetal dimersi* 3d-metal  Sham molecular orbitalgMOs) as in conventional Hartree—
monoxides®> and dioxides? as well as electron affinities of Fock theory.

3d-metal monoxides and dioxidé%® FeO, FeQ,"'® The orbital and spin angular momenta each have a mag-
MnOs;, MnO,,'*?°and pure metal clusters fFand Fg.° In  netic moment associated with théfhand the total magnetic

addition, we have performed computations of,Since this  moment may be defined as= —MB(|:+ 25),%0 whereug is
dimer opens the ScX series and a number ofthe Bohr magneton. Within the Heisenberg model, one omits
experimentd'~*" and theoreticaf~** data are available for e total angular momentum operatér and definesy

eonuraton merector. metvod wih amtes and doupies01s5: whereg s close 0 he ‘spin-ony” vlue of 2
9 9 " In order to determine spin densities at atoms which are

bonl;lri]norﬂerrm:?nc?r?ljc?:arm:r:%h:n;)?;n?;faln git#]r:rsofwcehﬁg:/lgal responsible for the local magnetic moments, one can use
9 ' conventional Mulliken population analysiSHowever, a re-

appli_ed a natural bond ork_Jit{alNBO) an_alysis‘fz Our results . cently developed approach called a NBO anafjstspro-
obtained for the ScX series are believed to be helpful in .\ " .o convenient scheme for partitioning the elec-
understanding general trends in formation of mixed an(i/

homonucleard-metal dimers as well as the nature of their ronic density of a system into atomic contributions by
. . constructing localizedLewis) bonding MOs. Inspection of
chemical bonding.

such bonding MOs would allow one to get an insight into the
nature of chemical bonding in a transition-metal compound.
Advantages of the NBO analysis are followin@; it is less
I. COMPUTATIONAL DETAILS sensitive than the Mulliken analysis to basis sets u@gt

never results in negative charge values in neutral systems,

N Oulr_ computaﬂgns are per;‘ormed_ usmg_alusual apprdoachii) it describes more reasonably atomic configurations and
when linear combinations of atomic orbitals centered a1 ingin ionic compound@

dimer atomic sites constitute Kohn—Sham one-electamn The NBO analysis is based on the use of special ortho-
moleculay orbitals. For the atomic orbitals we h?]/%e used a,,ma sets of orbitals constructed by the method of an
[15611p461f/10s7p4d1f] basis due to WachtetSand  .,coynancy-weighted symmetric orthogonalization” from

4 .
Hay* ri‘;e”e‘?' as o 6-31£G* in the GAUSSIAN % an initial {¢i} MOs. This orthogonalization differs from a
software’” Optimizations were performed for each perm'ttedconventional symmetric Ledin’s procedurd which

spin multiplicity for both neutral and anionic d3metal searches for such a set of orbit&ls"} that
dimers until further increasing the spin multiplicity would '
result in a dimer state whose total energy is above the energy E 8- — 2= min @
of dissociation to the corresponding ground-state atoms. In 4 ! !

each case, the geometry optimization was carried out by ex- ) ] ) )

amining the gradient forces at atomic sites until the maxity using a weighted search for localized orbitals

mum force was below 8104,

Kohn and Shaff have formulated the DF theory for the > wil| = ¢i]|2=min, 3
ground states. This theory has been extended*laférto !
excited states comprising the lowest energy states in eachhere the weighting factaw; is the occupancy of the orbital
particular symmetry(spatial and spinchannel. This is im- ¢,
portant for justification of the DFT application in the present
case because transition metal (_jimers may possess a number Wi:f f ¥ (1T (1]17) (1) drd 7, (4)
of closely spaced states of various orbital spin and angular
momenta, thus making determination of the ground states tgnqr(1|1’) is the one-particle density operator
be a nontrivial problem.

The operator of the spin momentum is not defined in a
conventional density functional theory applied here, where
only the densitiep® andp”? of electrons witha and 8 spins ()
are available. However, having assumed that the total eleGince no explicit wavefunction corresponding to optimized
tron densityp(r)=p“(r) + pP(r) corresponds to some wave DET electronic densities is available, a reasonable choice
function W satisfying conditionsS*¥=(S+1)S¥ and  appears to be the use of Slater determinants built on Kohn—
S,¥ =S¥, one can relate the spin multiplicityl=2S+1  Sham molecular orbitals in Eq5) in the same way as in
and the number of electrons in the spin-up,X and spin-  conventional unrestricted Hartree—Fock approximation.

r(1|1')=Nf V(1,2,...N)W*(1’,2,..N)dr,- - -d7y.

down (ng) representations as The bond rupture energy of a ScX dimer is computed as
the difference in the ground-state total energies of the dimer
25+ 1= f [p“(r)—pP(r)]dr=n,— ng+1. (1)  and its constituent atoms:
Do(ScX) = Eo SO + Eoi X) — Eqor( SCX) (6)

Spatial symmetry of an electronic state obtained from opti-
mizations with a fixed number of “spin-up’(«, majority) neglecting the zero-point vibrational energy of the ScX
and “spin-down” (B, minority) electrons is defined by a dimer, which is smaller than 0.05 eV.
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TABLE |. Composition of bonding orbital$BO) and lone pairgLP) in the ground states of $@nd Sg .
Eigenvalues of molecular orbital;j are in electron volts.

a spin B spin
56(480.983d1.484p0,045 SC(4SO.4%dO,Ol)
Sa S¢ Sa S¢
SG, 53, € 4%  3d%  4s%  3d% € 4s%  3d% 4s% 3d%
LP -4.77 100 0 0 0
LP —4.77 0 0 100 0
BO —4.00 1 48 1 48 -534 49 0.5 49 0.5
BO -3.89 0 48 0 48
BO -3.89 0 48 0 48
a spin B spin
80(430.973d1.474p0.05 SC(4SO.493dO.374p0.115
Sa So Sa S¢
Sq |, *11, € 4s%  3d% 4s%  3d% € 4s%  3d% 4% 3d%
LP -0.95 100 0 0 0
LP -0.95 0 0 100 0
BO +0.50 0 47 0 47 -1.84 495 0.5 49.5 0.5
BO +0.75 0 49.5 0 495 +122 0 37 0 37
BO +0.88 0 49 0 49
IIl. RESULTS AND DISCUSSIONS less accurate methods used in earlier studies found any of the

earlier states.
) Pgpai and Castrd have obtained larger total energy
An ESR stud§® has predicted the ground state of, §& separations between tH& ", 357, and®3 states using

5 . .
be > while resonance F\%{;\man spectra of §epped in ar-  he BP86 approach which is similar to the BPW91. This is
gon matrices have shownits vibrational constant to be probably due to the fact that they have used a smaller

239.9 cm®. No experimental_ data are ava'ilable for.th'e equi-(63:,,21/5211/4)l basis set. Aeby and Pettersdh have ob-
Ifrlugn bond Izngth of the dlmer.hTheorbetlce;IIpred|§:t|((j)nfs O tained many more closely spaced states of 8¢ singlet,
the Sg ground-state symmetry have broadly varie romtriplet, and quintet spin multiplicities at a CASSCF level;

l + . . . . .
2y to triplet and quintet states with various spatial however, their calculations failed to predi®¥ to be the

symmetrie$®-%° At present, there seems to be a CONSeNSUS, o\ state of Sc and the calculate®, of 2.51 A in this
with respect to the ground state symmetry o0f,:St . state appears to be too short ¢ '

However, different methods provide different equilibrium .
bond lengths of the dimer in this state. For example, a Our early calculation¥ performed by an X method

. . . +
CASSCEF calculatiotf performed using a basis of Slater-type W!th a numerical basis hgve favoréﬁg as the ground state
atomic functions(double-zeta 4p, 4d, and two 4 ) has with R,=2.21 A and a triple bond. The present NBO analy-

resulted in R.=2.70A2%° while another CASSCE sis confirm Sg to possess a classic triple bond in ’rﬁg
calculatior? car?ied out 1with the use of a conventional State: and the effective electronic configurations of Sc atoms

H 9 1.954~,0.07 : H .
Gaussian-type basis of a rather good quality—" this state are €°%Bd*%%4p°% Now a question arises:

(14s11p6d3f )/[8s7p4d2 fl—has arrived at a value of What k;ndi of bonding is realizgd in the Sdimer in its
2.79 A. The computed vibrational frequencies differ by 4gground>%, state? Let us examine the results of the NBO
cm L. DFT methods provide more consistent valuesRgf analysis presented in Table I. First, note that the MOs have
within a shorter range, 2.630.02 A 3439 no appreciabledmixing. The MOs are almost pured3r 4s
Because calculations performed by various methods lea@nes and may contain a small admixture gf and higher
to different ground state electronic configurations of, $tdis ~ atomic orbitals. One could also see from Figa rather un-
interesting to consider the states of, ® several spin mul-  usual type of chemical bonding in the ground state of Sc
tiplicities at the BPW91 level of theory. According to our There are two lone pairs, each occupied by one electron,
computations, at least three states of, Smmely,'3, g* (Re  Wwhich are entirely composed ol4tomic orbitals localized
=227A, w,=287cm?, T,=0.35eV, 33, (R,=2.61A, at Sc sites. That is, instead of an energetically unfavorable
we=256cm?!, T,=0.18eV}, and 7Ag (Re=2.50A, w, promotion of two 4 electrons which would approximately
=240cm?, T,=0.49eV} are thermodynamically stable, cost2As4(S0=2.86¢V, the two 4 electrons prefer to form
and the spectroscopic parameters of the two latter states al@ne pairs at the corresponding two atom sites. There are one
rather close to those of the grourdl, state(R.=2.63A, 4s+4s and three 8+ 3d single bonding orbitals. Since a
we=241cm?!, T,=0.0e\). Thus, it is not surprising that (4s+ 4s) ; bonding orbital can accommodate only one elec-

A. Sc, dimer
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tiplicities. Beginning with ScNi, the spin multiplicity in-
creases to four at ScZn. The anion series shows a similar
behavior.

Effective electronic configurations of Sc in the ground-
state ScX dimers are rather different. They are close to
4s°3d'in S, and 45'3d? in ScTi, ScV, and ScZn, while
they are closer to #3d® in ScMn—ScCu. Therefore, one
needs additional data in order to understand the peculiarities
of the internal structure of various states. The number and
content of bonding orbitals and lone pairs appears to be
rather helpful in understanding the chemical bonding in the

EeV) °Y-(0.0eV)
308

-6.0 4s+ 4s

'3, (+0.35eV)

3.0k —3d* SeX (_jimers. s .
S Y AAS e F|r_st, let us get an insight in the structure of hlgh and
3d low spin multiplicity states of ScTi, ScV, and ScCr. Figure 2
40 1s . 4s presents the bonding scheme for the two lowest-energy states
\ , 3c+ 3d of ScTi. In both cases, one can see a promotionoekec-
S0 p -5:0) trons into the 8* manifolds and formation of a doubly oc-
\4&— 4s(LP)  4s(LP) cupied 4+ 4s orbital. Flipping-up the spins of two electrons
60|gc  4s+4s Sc -60]g. Se occupying the (8+3d); MOs, which is required formally
- to obtain the®S ™ state from thé> * state, does not change
Sc, STATES the number of bonding orbitals but brings a 0.16 eV gain in
total energy.
FIG. 1. Bonding patterns in four states of,Sds(LP) denotes a lone pair at Compared to ScTi, ScV shows a rather different bonding

Sc sites occupied by a single electron.eléhd le shows schematically the  phehavior in both high and low spin multiplicity statésee
transfer of 4 electrons in 8* manifolds. Fig. 3. Its ground’> " state has a glone pair at Sc, a
3d-lone pair at V, a 4+4s bond and two 8+ 3d bonds.
Note that we preserve the term “lone pair” for a molecular
orbital consisting of a localized atomic orbital which is oc-
cupied by one electron and the term “bond” for a molecular
orbital occupied by two electrons with coupled spins, in or-
der to be consistent with the terminology developed dpr
compounds. In this state, a4lectron of V is promoted into
a 3d* orbital. The3A state, which is higher in total energy
by 0.1 eV, has a @-lone pair at V, while a 4 electron of Sc

tron, another 47 electron is promoted to thedd manifold
in order to participate in formation of ad3-3d bonding
orbital in the a-spin representation.

Figure 1 presents bonding patterns in all four low-lying
states of Sg Except the “classically” bondeélEg state, all
other three states contairs 4bne pairs. To indicate a promo-
tion of a single 4 electron from both Sc sites, we use gn

designation at each site. Atomic energy lev@igenvalues | ’ f i .
to the Kohn—Sham equationgre taken from the corre- IS promoted into an excitedd? orbital of Sc. Formation of

sponding atomic computations performed at the sam@" additional 8+ 3d bonding orbital appears to be not suf-
BPWO1/6-31% G* level. Formally, all three’S , 53 ficient for compensating the promotional energy at the Sc
. ’ u u !

and’A, states possess four bonding orbitals, but the topmo&ite' . . )
7 J ; ; ; o hi The high-spin®ll state of ScCr possess two lone pairs
A4 state has no gH-4s bonding orbital. This state is higher gn-sp > : P . P

in total energy than théS; state by 0.15 eV only, even (4s and 3) at the Sc site and fivedlone pairs at the Cr site

though the latter has six bonding orbitals. Thus, the numbesee Fig. 4 It has a 4+ 4s bond and no @+ 3d bonds. The

4 + . . . . .
and type of bonding orbitals in a particular electronic state odfound’> " state has an interesting bonding scheme which is
a 3d dimer does not seem to be related directly with thedifferent from those found previously in the ground states of

thermodynamic stability of this state. S, ScTi, and ScV. A 4 electron of Sc is partially pro-
moted to an excited & orbital at Sc and partially trans-

ferred into 31* manifold of Cr in order to form a (&
+3d)z bonding orbital. Thus, the formal effective configu-
The results of our computations for the ScX and ScX rations of Sc and Cr are close ta®d*"® and 4s'3d°2°,
series are presented in Tables Il and Ill. Following,RcTi  respectively. There is a double lone dair at Cr, two 4
and ScV continue to favor high-spin ground states whoset+4s bonding orbitals, and five &+ 3d bonding orbitals.
spin multiplicities are six and seven, respectivedge Table Note that the formation of five &+3d bonding orbitals
II). However, the low spin multiplicity states of ScTi and compensates thesdpromotion at the Sc site and thed 3
ScV, which could be considered as following ﬂﬁg state  promotion at the Cr site and provides a 0.23 eV gain in total
of Sc,, are rather close in total energy to their ground highenergy with respect to the promotionlé$$ state, which has
spin multiplicity states. ScCr prefers to form a low spin mul- only one doubly occupied @ 4s) bonding orbital. As
tiplicity ground state*S.* which is below its high-spifTl shown in Fig. 5, the ground states of ScMn and ScFe have
state by 0.23 eV. ScMn decreases its ground-state spin mulather similar chemical bonding patterns. In both of these
tiplicity with respect to ScCr by onesee Table I; ScFe and  states, there ared3lone pairs at Mn and Fe sites, and the
ScCo continue the trend of decreasing ground-state spin mulewering in the the spin multiplicity when going from ScCr

B. Mixed ScX dimers
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TABLE II. Equilibrium bond lengths(R,, in A), harmonic vibrational frequencie&,, in cm 1), bond
dissociation energie®, in eV), dipole moment$DM, in Debye, magnetic moments on ator(ys,, , in Bohr
magnetoh, effective atomic electronic configurations, and number of bonding orbitadsand 8 spin repre-

sentationgNBO) of the neutral 8-metal dimers ScX, % Sc, Ti, V, Cr, and their aniond E,, (in eV) denote
relative positions of the corresponding dimer states.

So ScTi ScV ScCr
SEU— 22+ 62+ 3A 72+ 42+ SH
FM FM FM AF FM AF FM
Re 2.630 2.065 2.290 2.001 2.513 1.990 2.915
We 24717 382 272 342 246 262 166
DM 0.0 1.07 0.57 1.54 0.13 1.58 0.43
Msc 2.0 0.30 1.50 —0.13 1.50 —0.65 1.60
x 2.0 0.70 3.50 2.13 4.50 3.65 5.40
Sc 481'473d1'48 480'883d1'90 451'173d1'73 450'953d1'80 481.5(‘73dl.25 481'023d1‘7l 451.483d1.36
X 451'473d1'48 431'103d3'02 450'813d3'24 431'033d4'18 481'173d3'98 450.983d5.28 451'223d4'88
NBO  3a)1(B) Ha)3(B) 6(e)1(B) A)3(B) 5(a)1(B) 3(a)3(B) Ya)L(B)
AE 0.0 +0.16 0.0 +0.10 0.0 0.0 +0.23
Sc, ScTi” ScVv- ScCr
4Hg 12 + 72 + ZA GH 52 + 92 +
FM AF FM AF FM AF FM
Re 2.701 2.135 2.368 2.055 2.194 2.039 2.871
We 207 318 237 309 239 223 155
Msc 15 0.395 2.12 —0.72 0.82 —0.03 1.93
o 15 —0.395 3.88 1.72 4.18 4.03 6.07
Sc 481'863d1'52 451.343d1.85 451'663d1'72 451.283d1.78 481'673dl'62 481'573d1‘63 451.793d1.90
X 451.86‘3d1.52 431'583d2'99 451.283d3.22 431'5&3d4'16 451.283d4.29 451.333d5.28 451'123d4'93
NBO  3(a)0(B) 2a)A(B) 5(@)1(p) A2)2(B) 5(a)2(B) 3(a)3(B) 0(a)1(B)
AE 0.0 +0.16 0.0 +0.36 0.0 0.0 +0.44

#Experimentalw.=239.9(see Ref. 2%

TABLE IIl. Equilibrium bond lengths(R,, in A), harmonic vibrational frequencigs,, in cm 1), bond
rupture energie$D,, in eV), dipole momentgDM, in Debye, magnetic moments on atonGa, , in Bohr

magnetoh, effective atomic electronic configurations, and number of bonding orkiO) of the neutral
3d-metal dimers ScX, XMn—-Zn, along with their anions.

ScMn ScFe ScCo ScNi ScCu ScZn
32+ 92+ ZA lEJr ZA 3A 4E+
AFP FMP AF NM FM FM FM
Re 1.935 2.859 1.849 1.799 2.047 2.497 2.706
We 382 186 474 513 349 215 172
DM 1.74 1.16 2.33 2.65 1.82 1.96 1.37
Mse -1.21 2.35 -0.68 0.0 0.84 1.91 2.66
Ix 3.21 5.65 1.68 0.0 0.16 0.09 0.34
Sc 450.883dl.69 451'243d1'91 430'903d1‘59 430'923d1'50 481'273d1'15 451'143d1'42 481'063d1‘94
X 451'123d6'25 451'413d5'21 451'103d7'40 451'073d8'28 451'4%(.19'14 431'493d9'87 431'833d10'00
NBO  4(@)4(B) 0(a)1(B) 4(a)5(B) Aa)4pB) 3)4P) Ux)1(B) 0(@)1(B)
ScMn™ ScFe ScCo ScNi™ ScCu ScZn
4E+ 32+ 22+ 12+ ZA 3E+
AF FM FM NM FM FM
Re 1.997 1.877 1.822 2.095 2.623 2.787
We 279 423 472 317 167 152
Hse -0.41 0.13 0.64 0.0 0.96 1.62
iy 341 1.87 0.36 0.0 0.04 0.38
Sc 451'483d1'63 431'423d1'55 431.3%d1.48 431'823d1'35 431'823d1'08 451.9%d1.76
X 451'413d6’25 481'453d7‘41 451'483d8'51 481'773d9'17 451'793d9'89 451'923d10‘00
NBO Aa)4PB) 3(a)5(B) 3(@)4(B) 3(a)3(B) 0(a)1(B) 0(a)2(B)

2The ground state vibrational intervAlG}, is 334.5-1.0 cm ! (see Ref. 14
PThe ground state is th& " state and®S " is +1.45 eV above.
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3
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7 Sc 4s+ 4s v
-7.0 . .

- Ti FIG. 3. Bonding patterns in two states of ScV.

FIG. 2. Bonding patterns in the high and low spin multiplicity states
of ScTi.
the electron transfersi.—4s¢,, which is feasible because
the latter atomic orbitalAO) is not populated in the ground-

to ScFe is due to increasing the number of {33d) ; bond-  state Cu atom. It is shown in Fig. 7 as a half-of-electron
ing orbitals. transfer from the Sc site to the Cu site. Two lone pairs at Sc

According to Tables Il and 1ll, ScCr, ScMn, and ScFe are formed in thex spin representation and tew &lectrons
have antiferromagnetically coupled magnetic moments abf Cu form five coupled @-lone pairs, whose energies are
nuclear sites. As one could see from Figs. 4 and 5, there is nshifted downward with respect to one-electron energy levels
local magnetic moment related to a lone pair at the Sc sitesf the Cu atom. There is ones4 4s bond with larger con-
which is antiferromagnetically coupled to a lone pair at thetributions from Cu 4 AOs. ScZn possesses formally one
opposite site. That is, this antiferromagnetic coupling is enbonding orbital which can be represented as B.48¢,
tirely different from couplings in typical antiferromagnetic +0.88<4sz,. As is seen from Table IV, this bonding is
3d-metal dimers such as CrMA.Antiferromagnetic cou- very weak and the dissociation channel SeZc+Zn has
plings in ScCr, ScMn, and ScFe is due to a partial promotioran energy of 0.16 e\3.7 kcal/mo) only. Rather, ScZn has
of a Sc 4, electron into a 8} vacant AOs of Cr, Mn, and  to be considered as a van der Waals system.
Fe. Attachment of an extra electron increases the population

Electron promotions in ScCo are similar to those inof 4s AOs (see Tables Il and IJ| which exceeds the popu-
ScCr, ScMn, and ScFe. The grouhl* state of ScCo has lation in reactive states43d" 1. Since 4 states can only
one 45+ 4s bond, three 8+ 3d bonds, and two double lone form bonding 4+ 4s and antibonding 4—4s molecular or-
pairs at Co. This dimer is thermodynamically most stable inbitals, it might be anticipated that an antibonding-44s
the ScX seriegsee Table IV. ScNi has théA ground state, MO is filled by an extra electron in the anion states. How-
there is a 4-lone pair at Sc and five @lone pairs at Co, ever, the NBO analysis shows thas £lectrons prefer to
four of which are coupled to each other. This state has &rm lone pairs at both sites. Thus, the gain in total energy is
similar bonding pattern as the ground state of ScCo, exceptdue mainly to lacking promotions ofs4electrons into 8*
more noticeable mixture ofgland 3 orbitals in the bonding manifolds. A special case is presented by ScZwhere 4
MOs. electrons at both sites are partially promoted inpoAOs. In

The bonding pattern in the grourfd state of ScCu is the lowest®s " state, there is two bonding orbitals: as(4
similar to that in théll state of ScCr. The main difference is +4s) one as in the neutral ground state plup ¢44p) one.
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FIG. 4. Bonding patterns in the antiferrimagnetf& (') and ferrimagnetic

8
(*1I) states of ScCr. FIG. 5. Bonding patterns in the grourdntiferrimagneti¢ states of ScMn
and ScFe.

Despite the relatively low binding energies of an extrastates in the ScX and ScXseries are presented in Fig. 8.
electrons, all the ScX anions except ScCopossess at least There are plenty of closely spaced states in the beginning of
two states which are stable towards detachment of an extthe series, while electron-rich ScFe, ScCo, ScNi, and espe-
electron. The relative positions of different spin-multiplicity cially ScCu possess states well separated in total energy.

TABLE IV. Bond rupture energies[), atomic inter-configurational splitting energids = E(4s'3d""1)
—E(4s?3d"?), adiabatic electron affinities(,)), and vertical detachment energiég ) for the ground-state
ScX dimers, along with experimental atomic interconfigurational splitting energigs= E(4s*3d" 1)
—E(4s%3d"7?), as well as the experimental electron affiniti@® and first ionization potentialéP) of the
constituent ground-state atoms. All values are in electron volts.

So ScTi ScVv ScCr  ScMn  ScFe ScCo  ScNi ScCu  SczZn

SEJ 62+ 72+ 42+ 32+ ZA 12+ 22+ 3A 42+

Do 153 222 2.57 1.07 1.98 3.19 3.91 3.30 1.74 0.16
Asd(X)b 1.43 0.81 0.25 —1.00 2.15 0.87 0.42 -0.03 —1.49

Axg 0.86 0.88 0.74 0.66 0.52 0.51 0.52 0.80 0.86 0.89
A(X)® 0.18 0.079 0.525 0.666 0.0 0.163 0.661 1.156 1.228 0.0
EygM—1¢ 514 550 6.18 6.55 6.56 6.86 --- 5.67 5.72 5.73
E.wM+19 548 536 6.32 6.00 6.20 6.40 6.57 7.21 7.36 8.47
IP(X)® 6.56 6.83 6.74 6.77 7.44 7.90 7.86 7.64 7.73 9.39

#ExperimentalD,=1.12+0.22 (see Ref. 2], 1.65+-0.22 (see Refs. 22-235

PNegative values mean that &'8d"~* configuration is the ground state configuration. The lowest excited
configuration of Zn is 4'4p*3d*°

‘See Ref. 56.

M is the spin multiplicity of the neutral ground state avid- 1 are the spin multiplicities of the corresponding
cations.

°See Ref. 8.
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FIG. 8. Relative energies of the excited states of the neutral ScX dimers and
their anions given with respect to the total energies of the ground states of
each particular neutral dimer. Numbers within the circles denote the spin
multiplicity of the corresponding state.

whereR, andR,_ denote equilibrium bond lengths of a neu-
tral AB dimer and its AB anion, respectively. Since the

differences in zero-point vibrational energies, computed
C. Adiabatic electron affinities within the harmonic approximation, were found to be less

The adiabatic electron affinityX,) of a neutral dimer is than 100 cm™ (0.01 eV, they were neglected.
defined as the difference in the ground-state total energies of OUr computed values of the,es in the ScX series are:
the dimer and its anion. Within the Born—Oppenheimer ap-SCZ 0.86 eV, ScTi 0.88 eV, ScV 0.74 eV, ScCr (_)'66 ev,
proximation, one could evaluate thgg as ScMn 0.52 eV, ScFe 0.51 eV, ScCo 0.52 eV, ScNi 0.80 eV,

ScCu 0.86 eV, and ScZn 0.89 eV. Thesgs have the larg-

Aad= Etof SCX,Re) — Eiof( SEX™, R, ) est and nearly same values in the beginning and at the end of

1 1 _ the series and reach the minimum value of about 0.5 eV at
~20e(SCX) + 306(SCXT), ™ ScMn, ScFe, and ScCo. The estimated full configuration in-
teraction(Cl) valué! of Sc, is 0.91 eV, which is in agree-
ment with our value of 0.86 eV. Comparison of the dimer
EeV) ScCu A (0.0eV) Aads with atomic electrpn affinitie§ does not show any
. simple correlatior(see Fig. 9.

Experimental electron affinities are available for homo-
nuclear dimers Gr (0.505+0.005eV)>"°® Fe, (0.902
+0.008eV)>*° Co, (1.110+0.008eV)*® and Ni, (0.926
+010eV)® as well as the mixed NiCu dimer (0.979
+0.010eV)® These values have to be compared to our
BPW91/6-31% G* results on theA,q computations of the
above dimers: Gr, 0.43 eV% Fe,, 0.94 eV? Co,, 0.91
eV;% Ni,, 0.79 eV® and NiCu: 0.85 eV* As is seen, the
largest difference between experimental and theoretical val-
ues does not exceed 0.2 eV. Such an accuracy has been
achieved inA,4 computation® of typical spcompounds per-

FIG. 7. Bonding patterns in the ground state of ScCu. formed by an infinite-order coupled-cluster method with all

FIG. 6. Bonding patterns in the ground states of ScCo and ScNi.
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in these states, respectively. The bonding pattern irfhe
state is similar to that ifS ;| state of Sg (see Fig. 1if two
lone pairs are replaced by ag+# 4s), bonding orbital. To
arrive at this state, an electron should be detached from a
(3d+3d) MO. However, if to compare the bonding pattern
in the 4Eg state(one 4s+4s bond and three @+ 3d bond-
ing orbitalg, one would rather infer that the electron is re-
moved from a combination f{LP)+4s(LP), while another
half of 4s(LP)+ 4s(LP) forms a bonding orbital. The bond-
ing pattern in the‘aAg state[one (4+4s), and four (3
—3d) 4 bonding orbital$ would be the same as ?mg state
of Sc, (see Fig. 1if consider again that the electron is re-
moved from a combination fLP)+ 4s(LP), while another
electron of the combination has filled a bonding orbital. If
such an analogy is pertinent, then one could reasonably ex-
plain why theE, s of S are lower than the FIP of Sc. In
both cases, the electron leaves &ldne pair with a subse-
quent reconstruction of bonding patterns in the cation.
However, such an explanation is not satisfactory for the

Singles and doubles and noniterative inclusion of trlple EXCi-next ScTi dimer whose ground state possesses no lone pairs_

tations[CCSD(T) and a 6-31% + G(2d,2p) basis sef

D. Vertical detachment energies

Because detachment of an electron of from a neutra{

dimer state with the spin multiplicity oM could result in
final cationic states with the spin multiplicities M+ 1, we
have computed the vertical detachment energies as

Eva,M£1=E(ScX",Re,M = 1)~ Eoi( SCX,Re,M).
(8)

Our computedE, 4s for the ground state dimers are given in

Table IV. As is seen, the vertical detachment energies t§B) in the

high- and low-spin multiplicity states are similar for the

The optimized®A (R,=2.50A, w,=274cm?!) and 'S
(Re=2.27A, w,=295cn?) states of ScTi provide the
adiabatic electron detachment energies of 5.32 and 5.34 eV,
respectively. One can see a slight decrease with respect to
he corresponding vertical values of 5.50 and 5.36 eV, re-
spectively(see Table V. Effective electronic configurations
are: Sc[4s%983d34p%%% and Ti[4s%8%3d?"4p®% in

5A: Sc [480.463d1.844p0.03‘] and Ti [430'533d3'124p0'04] in

’A. This indicates that an electron is detached fromda 3
+3d MO during transition®S *—5A, while it is detached
from a 4s+4s MO in 63 " —7A. Correspondingly, the num-
ber of bonding orbitals is()/1(8) in the®A state and G)/

ST state, i.e., by one less than in the ScTi
ground statd 6(a)/1(B), see Table [J. Both these cationic

dimers from Sgto ScFe, while they are splitted at the end of St&tes have no lone pairs. Thus one COlfd surmise that a
the ScX series. The dimerE,qs are lower than the lowest 'elative lowering of total energies in (SX)" with respect

detachment energies of an electfafso called the first ion-
ization potential{FIP)] from the constituent atoms. In fact,
only detachment from ScCoto the singlet closed-shell

to (Sct+X) could be due to lacking unfavorite promotions in
the cation states.
The observation that the molecular ionization energies

ScCo provides the energy of 6.57 eV which matches the S&'® less than the ionization energy of either of the constituent

FIP of 6.56 eV.

atom means that the ddmetal dimer cations are more

This is rather surprising, because electrons are detach&tifondly bound than their neutral parents. ComEutations of
from bonding orbitals. Note that adiabatic detachment ener‘-j'ssoc""‘t'fn energies show the channel ;(S2)
gies should be even smaller. In order to get some insight i~ SCTSC to have the energy of 2.55 eV, while the channels

the nature of such an unusual trend in Eygs values of the
ScX dimers, we have optimized the lowest; and °A,

states of S£ as well as®’A and 'S of ScTi*. Adiabatic
detachment energies from the grout¥l, state of Sg are

ScTi"("S%)—Sc+Ti* and ScTf(’S*)—Sc"+Ti have

the energies of 3.39 and 3.00 eV, respectively. Comparing
these values t® values of Sgand ScTi given in Table IV,

we see that the cations Sand ScTi are more stable than

found to be 5.13 and 5.37 eV, which are indeed somewhdf'€ir neutral parents Scand ScTi, respectively, by about

lower than theE,ys of 5.14 and 5.48 eV, respective(gee

Table IV). Our value of 5.13 eV for the adiabatic detachment

energy of an electron in $ds in fair agreement with the
value of 4.82 eV obtained at the Cl levél.

According to the data of the NBO analysis, effective

electronic configurations of Sc atoms in tH&! (R,
=257A, w,=268cm?’) and °A; (R.=2.42A, w,
=270cml) states of Sf are 4°%93d“%p%% and
430'493d1'964p0'05,
pairs; the number of bonding orbitals i6a/18 and 5«)/08

1eV.

E. Ground-state spin-multiplicity rules

Our assignment of ground state spin multiplicities of the
ScX dimers is consistent with thex1 rule,” which states

that the spin multiplicity of a neutral ground state has to
respectively. Both states have no lone differ by =1 from the ground state spin multiplicity of the

corresponding anion, as is seen from the following chart.
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Sc,  ScTi ScVv ScCr ScMn ScFe ScCo ScNi ScCu ScZn

SEJ 62+ 72-%— 42+ 32+ 2A 12+ 22+ 3A 42-%—
Sc, ScTii Scv-  ScCr ScMn™  ScFe ScCo  ScNit  ScCu SczZnm
AHg 7E+ 61-[ 52+ 424— 32+ 22+ 12+ 2A 324—

According to a common point of view, the effective IV. SUMMARY
electronic configuration of ad®@metal atom is 4'3d" " in a
dimer, that formally allows the two remaining4lectrons to The results of our density functional theory computa-
form a (4s+4s) bond (or two bonding orbitals i and 3 tions of Sg and Sg compare well with the results obtained
spin representations Thus, one can costruct anticipated for Sc, and S¢ at most advanced levels of theory and ex-
ground state multiplicities oXY dimers in two extreme lim- perimental data. Our computed vibrational frequencies of Sc
its: coupling or decoupling of @electron spins in and ScNi, 241 and 349 cm, respectively, are in good
X 4s'3d"* ! andY 4s!3d™*?! effective electronic configura- agreement with experimental values of 239.9 ¢rand 334
tions. More formally, one might anticipate that the ground=1.0cm!, respectively, that allows one to anticipate a
state multiplicity (25+ 1)g s could be expressed as similar accuracy for other mixed dimers ScX.
_ This first systematic investigation on the electronic
(2S+1)g.s=[modn+1)+modm+1)[+1, )  structure and chemical bonding of thel-gnetal ScX and
where the mod function is defined aé—Integer (N/5) ScX™ dimers (X=Sc—Zn) has revealed a number of interest-

X5(1<N<11). Note that in Zn-containing dimers, an ef- ing features.

fective electronic configuration could be considered agj) Each dimer has a specific bonding pattern which is

1 10441 . . . L
4s73d™4p™. o ) . guided by different promotion schemes inside elec-
Let us check if this rule works in the ScX series. Sc has tronic configurations of the constituent atoms.

a 4s?3d* configuration, thus the $alimer should have the (ii
ground state spin multiplicity of 1 or 5 in dependence how
spins of 31 electrons of two effective electronic configura- (iii)
tions 4s'3d? are coupled, i.e., 8+1=1 or 5. Indeed, the
ground state spin multiplicity is 5. Let us consider the other
ScX dimers.

Local magnetic moments are coupled antiferrimag-
netically in the ScCr, ScMn, and ScFe dimers.

The ground state multiplicity of a ScX dimer is de-
scribed by a simple relatio(®) between the number
of 3d electrons in effective electronic configurations
of the constituent atoms.

(1) ScTi:Sc(4!3d?) + Ti(4s'3d3) should result in 3+1  (iv) Even though the electron affinities of the ScX dimers

=2 or 6. The ground state has 6. are within a narrow range (0.5e¥VA,<0.9eV),
(2) ScV:Sc(43d?) +V(4s'3d?) should result in S+1 each dimer except closed-shell ScCo possesses at
=3 or 7. The ground state has 7. least two states stable towards detachment of an extra
(3) ScCr:Sc(4'3d?) + Cr(4s*3d®) should result in $+1 electron. In particular, ScTi ScV-, and ScCr pos-
=4 or 8. The ground state has 4. sess at least four stable states.
(4) ScMn:Sc(4'3d?) +Mn(4s'3d®) should result in & (V) The 3d-electron poor dimers $¢ ScTi, ScV, ScCr,
+1=3 or 7. The ground state has 3. and ScMn possess several states of different spin mul-
(5) ScFe:Sc(4'3d?)+Fe(4s'3d”) should result in S+ 1 tiplicities which are close in total energy to the corre-
=2 or 6. The ground state has 2. sponding ground states, while excited states of the
(6) ScCo:Sc(43d?) + Co(4s!3d®) should result in S+1 3d-electron rich dimers ScFe, ScCo, ScNi are well
=1 or 5. The ground state has 1. separated in total energy from their ground states.
(7) ScNi:Sc(413d?) + Ni(4s'3d?) should result in 8+1  (vi)  Vertical electron detachment energies for a ground-
=2 or 4. The ground state has 2. state ScX dimer are smaller than detachment energies
(8) ScCu:Sc(43d?) +Cu(4s'3d'%) should result in S of an electron in the ground-state Sc and X atoms.

+1=23. The ground state has 3.
(9) SczZn:Sc(43d?) +Zn(4s'4p*3di% should result in
2S+1=2 or 4. The ground state has 4.
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