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Using semiquantitative basis sets and ab initio multireference methods, we have investigated the electronic
structure of scandium aluminide cation, StAln addition to the ground state {X), we have constructed
potential energy curves for 20 more states spanning an energy range of no more than 1.5 eV. The first three
states, XA, 17I1, and 2=*, are practically degenerate within the accuracy of our calculations. They have
similar binding modes and a binding energy of about 30 kcal/mol with respect to their adiabatic fragments
ScfD) + AIT(S). The rest of the states correlate to"@P or °F) + Al(?P). For all states we report bond
lengths, dissociation energies, harmonic frequencies, Mulliken charges, and energy gaps.

1. Introduction As already indicated, the complete active space SCF (CASS-
CF) methodology was employed to describe the reference space,
followed by single and double configuration interaction out of
the CASSCF space (CASSCHF 1 + 2 = MRCI). Five
“valence” (active) electrons were distributed to 10 orbital
functions for the quartets (one 4s and five 3d’s ontSene 3s

and three 3p’s on Al), and to 11 orbital$- (one 4p) for the

The 3d transition metal aluminides form an important class
of high-temperature materials with some of them being candi-
dates for permanent magnét# systematic study through
electronic spectroscopy of 3d transition metal aluminides but
with the exception of the ScAl species is given in ref 2, while

for ScAl alloys there are some limited experimental data on S ] .
enthalpies of formatiof-® Given the increasing importance of doublets. The additional 4porbital function was deemed

2 + i
these materials, our interest in the isovalent metal borides, necefsary for the 2, T°I1, and 2X" states correlafing to Sc
M-B* (M = Sc, Ti, V, Cr)¢ and the complete lack of + Al™, but for reasons of uniformity the 11 orbital space was

maintained in all doublets. Depending on the number of orbitals
and the symmetry of the state, our reference spaces range from
432 to 1354 configuration functions (CF), with corresponding
Cl numbers ranging from 431 318 to 871 611 CFs at the MRCI

investigated via complete active space SCF (CASSCF) and Iﬁvel. By applyflng thglnternal cor;)tracttl)on (|EMII;\’CI|)Itec|hnlldﬂ_e,

multireference configuration interaction (MREI CASSCF+ the number of CFs is reduced by a (.)m ) alf. All calculations
single + double replacements CASSCF+1 + 2) methods. were _done unde€s, symmetry constraints; howe\_/er care was
In addition to the ground state £X, vide infra), 20 low-lying exercised for the CASSCF wave functions to display correct

. N axial angular momentum symmetry, i.eA| = 0, 1, 2, and 3
(13)1(20;? d%fitegoggi’ elgﬁe';z%lsiggﬁarglgzedi 421AO ngligfg ?:d or =+, II, A, and®, respectively. This means thAtstates are

10 quartet§ 15+, 19's+, 35, 1815, 4471, 10T, 17T1, 6°A, linear combinations of Aand A symmetries]T and® states

I . n _
16'A, 5*@}. One of the interesting aspects of the present report are comblrclja?ortlﬁ of Bing B symmettrles, anE_ and St"f:.tesl
is the comparable ionization potentials of Sc and Al atoms, 6.56 correspond to the Aand A symmetry species, respectively.

: MRCI wave functions do not display in general pure axial
and 5.98 eV, respectivelyas a result the ground and . .
the first two excitgd statews m, 22+) of ch:]AI+ cor%?ate to symmetry, being calculated ag Ar A2 and B or B,. With the

i 2 25+ —
ScfD) + AIT(1S), while the rest of the states correlate tdSc exception of the XA, 1 12_[ 227, and 32 states, the state
(3D or 3F) + Al(?P). average (SA) approatht?was used for the computation of all

other states. Numerical experiments performed for some of the
lowest states with and without the SA method and with and
without internal contraction showed absolute energy losses of
no more than 2 mhartrees collectively. Finally, the size
nonextensivity errors of our SAiCMRCI wave functions are
less than 1 mhartree.

All calculations were performed with the MOLPRO suite of
2. Methods codest® while some of the lower states were also checked with

the COLUMBUS codé#
For the Sc atom the ANO basis set of Bauschliéher

(21s16p9d6fag) has been used but with the functiong of
angular momentum removed. For the Al atom, the cc-pVTZ
(15s9p2d1f) basis set of Dunnthgas employed. Both sets were Absolute energies of ), Sc"(®D,!D,%F), and AléP), Al*-
generally contracted to [(7s6p4d&f)5s4p2d1f)], numbering (1S), atomic energy separations, and ionization potentials are
100 spherical Gaussians. listed in Table 1. The SCF and CASSCEF calculations were done

experimental and/or theoretical information on StAke have
decided to probe the electronic structure of this diatomic cation
by ab initio quantum methods.

In the present work the electronic structure of StA$

For all 21 states examined we report full potential energy
curves (PEC), binding energie®d), bond distancesR),
harmonic frequenciesug), Mulliken populations, and energy
gaps Te), while emphasis has been given in deciphering the
bonding mechanism(s) with the help of simple valence bond
Lewis (vbL) diagrams.

3. Description of the Atoms

10.1021/jp000894+ CCC: $19.00 © 2000 American Chemical Society
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TABLE 1: Total Energies (hartrees) of ScD), Sc(®D,'D,%F), Al(?P), and AI*(1S), Atomic Energy Separations (eV) of Sc, and

lonization Potential (IP, eV) of Sc and Al

Sc Al
method D P p P
SCR —759.735 546 5.353 —241.875 030 5.487
CISD —759.776 234 6.330 —241.929 677 5.899
CASSCP —759.736 719 5.385 —241.893 139 5.980
MRCI P —759.777 063 6.352 —241.931 231 5.941
FCIe —759.778 012 6.378 —241.931 618 5.952
expt 6.56 5.984
Sc" Al
method 3D 1D 3F D3 SF<—3D 1S
SCF2 —759.538 831 —759.520 837 —759.509 640 0.490 0.794 —241.673 376
CISD —759.543 617 —759.534 067 —759.517 701 0.260 0.705 —241.712 900
expt 0.302 0.596

a Spherically averaged SCF, CASSCHnternally contracted MRCE Full (valence) Cl, i.e., SCF1+2+3. ¢ Reference 7.

under spherically averaged restrictions; for the neutrals Sc andwith the following CASSCF atomic Mulliken populations, Sc/

Al full (valence) configuration interaction calculations (FEI
SCF +1 +2 +3) are also reported out of the spherically

averaged SCF reference functions. Notice the good agreemeniA:4s-253d%%%3

between theory and experiment of Al IP, its slight improvement
going to FCI results, the not so good agreement between
experiment and theory of the Sc IP even at the FClI level (smaller
by 0.182 eV= 4.20 kcal/mol), and the difference &f0.109

eV of the Sc3F — 3D energy splitting. Notwithstanding the
foregoing discrepancies, the overall performance of the chosen

Al. Obviously the Mulliken distributions are very similar for

50

2._y23(£)./503c£.2013d/).2014d().014®).014pg.13/
3§.823d().053d/).053p2.53

4313430(2)20%c£2503$§04p(2)12/3&843@3053@)0%@53

> 451.323di2.034pg.10/351.8?3@.043@).043@.57

basis set is judged as adequate for our purpose, the observed
differences between experiment and theory being rather causedll three states differing only in the symmetry-defining, “ob-

by differential correlation effect®

4, Results and Discussion

Table 2 presents total energieg),( bond lengths Re),
dissociation energie®{) with respect to the adiabatic products,
harmonic frequenciesu), Mulliken chargesdsg, and energy
gaps e at the CASSCF, ic-MRCI/ANO(Sc)-cc-pVTZ (Al)
level of theory, of 21 states with symmetrig&+, 2411, 24A,
and24®. Also, for indicative reasons, total energies and related
quantities are presented at the ic-MR@ (ic-MRCI +
multireference Davidson correcti¥h Figure 1 shows all
calculated potential energy curves (PEC), while Figure 2 depicts
relative energies of all states studied, along with a similar
diagram of the isovalent ScB? species for reasons of

comparison. Each state has been tagged with a serial number

in front of the symmetry symbol indicating its absolute energy
order with respect to the ground (X) state. Notice that we cover
a total energy range of no more than 1.5 eV, while some of the
states are practically degenerate within the accuracy of our
methods.

In the ensuing discussion we refer to the first three states
“naturally” grouped under symmetrigs, I1, andX, then we
discuss the " state, the rest of the doublets follow, and finally
we discuss the remaining higher nine quartets.

4.1. XA, 141, and 22X+ States.No state average (SA) was
employed in the calculation of the above states, which are tracing
their ancestry t9Sc,2D; M = £2, £1, 00® |AlIT, 1S; M = 00
At the equilibrium the leading CASSCF configurations are

XA~ 0.91[1A/2(110°20°16 . ' TH 10720716 D))

|10~ 0.92[1K/2(110°20° L, TH- |16°20° 17, D]
1222~ 0.9210%20°30*0)

server” electron, g d,, and 4, respectively.

All three states are practically degenerate (Figure 1, Table
2), with the XA being formally the ground state at the MRCI
level. However, after applying the Davidson correctigf),
the order between the?X and PIT states is reversed, and the
latter is stabilized with respect to the former by 0.5 mhartree.

In accordance with the asymptotic products and the popula-
tions, the bonding mechanism of these three states can be clearly
represented by the following valence bond Lewis (vbL) pictures:

16 '
+ % (D ="Sc-Al:
P, %\8 O

P

3

J
4

Sc(’D, M =+2) Al'('S) (XA)

Se(*D, M =t1) AT'(s)

3d,2
N 9 .
(3D =<Sc-Al
O
Se(*D, M= 0) Al'('s) Q%

We observe that in all the above three states the atoms are
held together by a pure-bond of practically equal energy
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TABLE 2: Absolute Energies E (hartrees), Bond LengthsRe For the XA and PII states MRCI calculations were also
(A),(c?rl]rjg)m% o%glelr\lgd(rer?b%; (okfcélllen::?rgh ?%rnmggl(c\l F)reglrjlgnues performed without the internal contraction scheme employing
() , ), 4 i i

Erelergy DifferencesT, (kcal/mol), at CASSCF, ?\/IRCI,a and Ejhe Cohl.‘thJ'\ngUSO%Ogdé' g\tis:cs)lutt; ert'1erg|efs tr][us Obta:jm%c_jl are
MRCI +QP Level ownshifted by 0.89 and 1.3 mhartrees for th&AXan

states, respectively as compared to the internally contracted

Xzzt‘ité cmAe;gocdlf 1001'218 =5 ;‘115 E;e5 : wiGONZO 51Teo 0 calculations. However, this energy lowering by about 1 mhartree
@ MRCI  —100154099 3.382 31.1 168 2050 00 It iS not only caused due to the relaxing of the internal
P '\c/:lﬁglst% _%88%'%% Z)s %324 3;%8 147 20 510'896 contraction scheme, but also it is due to the fact that our
MRCI  —100154003 3.312 309 163 2052 06 COLUMBUS CASSCF calculations do not possess pure axial

- MRCI+Q —1001.5422 3.30 31 —0.3 symmetry. Although the two sets of calculations, with and
Z2I(L)  CASSCE —1001.51886 3421 217 151 2046 31 without the internal contraction, are practically equivalent, in
MRCI+Q —1001.5404 3.35 30 0.8 the latter, the AT — X2A energy separation becomes 0.4 kcal/

3*=(1) CASSCF —1001.48555 2.754 21.0 253 20.49 20.9
MRCI —1001.527 44 2.755 32.6 257 20.41 8.5
MRCI+Q —1001.5298 2.76 34 7

mol as compared to 0.6 kcal/mol in the former. We observe
that going from CASSCF to ic-MRCI to MRCI(no ic), théll

44T1(2) CASSCF —1001.46294 2.974 19.0 189 20.45 350 __ y» .
MRGl . —100151832 2917 27.6 202 2044 142 X?A energy gap diminishes from 8.6 to 0.6 to 0.4 kcal/mol,
s (1) hé'ﬁ%t% —%ggi.igé ?3 %'326 91(213 10 20.38 1%9 0 and finally it is reversed at the icMR&IQ level (Te = —0.3
MRCI  —100151107 2930 228 227 2037 188 Kcal/mol, Table 2), possibly indicating that the ground state is
6AQ) “éff%t% —%881.2%9 %2 %ggs 224(1) o 190 2045 1;5 o of 2IT symmetry. Calculations done with the augmented basis
MRGI 100151002 3387 21.6 138 2048 19.4 Seton Al (one additional diffuse function for every different
— r\élﬁg&r:% _%881'451% ge 3.%2 2131 o 276 2042 1%8 o angular momentum of the plain Al set) showed imperceptible
MRGI  —1001550713 2.726 203 253 20.42 212 differencesonall calculated properties. Therefore, no other effort
#A02) I\éIRgIS-‘:(-:Q _1881'5105 %4 21 8 246 203 190 was made to extend the basis set size in the rest of the states.
ASSCF —1001.454 91 2.857 11.8 24 37 40.1 - o .
© MRCI —1001506 72 2.844 201 312 2039 215 4.2, 3¥~ State.This is the first state that correlates to neutral
PRI (2) hcAEgLIJ:% _%88%'451%2 gs %ggs 2918 104 20.36 2910 1 AI(%) and SE(D), [ 0 |SC, %P M = £1019 |A, P; M
I - . . . . . — . . .
Flg(?) CASSCF —100145234 2934 83 179 2039 417 +1L) as shown in the PEC of Figure 5. There is only one
msg o 7:1188%.283 gs %.8?5 2163.8 226 20.37 2(2)2.6 leading equilibrium CASSCF configuration, i.€3*= 0~
+Q —1001. _ 5o 14— 11— 1 . g
10'1(2) CASSCE —100144801 3.024 99 183 20.35 44.4 0.9210%20' LM, Owith the following atomic distributions,
MRCI —1001.504 35 2.937 18.6 219 20.34 23.0 SC/Al
MRCI+Q —1001.5087 2.94 20 21

1125+(2) CASSCF —1001.47088 3.509 23.1 117 20.41 30.1

MRCI —1001.500 14 3.359 155 130 20.44 256 4L 79303202 3083 L 3L 740 0% 208
MRCIHQ —1001.5017 3.34 15 25 G(Z)Z (lgz_yz dx)y 022 (ff)z B amy 2k

122(1 CASSCF —1001.444 47 2.926 6.9 238 20.30 46.6 723,,0.193,.0.199 .0.39
M RETT T100149856 3933 550 290 201 260 35730, 30 “3p)
, MRCI+Q —1001.5027 2.94 16 24

13E) ,%%?CF —%88%2232%9 %:gg% 145_9 i% %g'_ig gg'_% The o_bwous vbL iconin conformlty_wnh the above description
MRCI+Q —1001.5023 3.00 16 25 perspicuously suggests the formation of a lealind two half

8Ap(2) CASSCF —1001.46928 3599 226 115 2039 311 o0 4.
MRCI —1001.497 49 3.466 14.3 121 20.44 27.3 :
MRCI+Q —1001.4992 3.44 14 27

122A(3) CASSCF —1001.44806 3.046 12.0 374 20.38 44.4

MRCI —1001.49542 3.291 13.4 284 20.36 28.6 3y 3py APx
MRCI+Q —1001.5001 3.34 14 26 4s y
15'st(1) CASSCF —1001.45026 4.124 10.5 84 20.26 43.0 \ oAt
MRCI —1001.49540 3.820 13.0 90 20.32 286 + =SciAR
MRCI+Q —1001.4986 3.75 14 27
16'Ag(2) CASSCF —1001.43642 3.355 2.6 110 20.22 51.7 7
MRCI —1001.49193 3.094 10.9 170 20.29 30.8 1d
17°T1(3) '\CAE%EIQ: 7%88%'?132 112 %'%25 %45 111 20.19 2§19 .
- . . . . . 403 _+ 2 - 45 -
MRCI  —1001.49105 3.339 10.3 168 20.33 31.3 S¢ ("D, M==1) AP, M=31) G2
B MRCI+Q —1001.4980 3.29 13 27
1850 ,\CAQ%SCF :%88%:2188 g% %;‘5‘32 %g& 3% %8%8 g?:g About 0.2 € is transferred from the metal cation to Al via
V. “{;‘E%E% —%88%.383 29 %ggﬁ %02 136 2021 23.239 the o frame, 0.65 & is transferred from Al to Stthrough the
) MRCI 100148706 3332 7.8 204 2027 338 - frame, and anoth_er O._Zés promoted to the 4p orbitals of
16A0/(2) I\C/IE:%E% —%88}.218% ?15 %%%9 %5 07 20.30 53‘%.5 Sc'; overall the Al is losing to St approximately 0.4 &
| - . . —0. . . — PSH _
O MRQI 100148503 2617 65 300 2029 351 The ?2_ state has a binding enerdy. = 32.6 kcal/mol
150 2) I\C/IE%J&Q —%88%.2128 83 %%6 7150 61 20 303214 (MRCI) with respect to Sg(3D) + AlI(2P), or 24.1 kcal/mol
O GRCT . ~100147433 341 191 78 2034 a1g With respect to the ground state products?Bg(+ Al*('S).
20%27(2) CASSCF —1001.43563 3.273 8 239 20.23 The bond length of 2.755 A is shorter than that of thtAX

aInternally contracted MRCE +Q refers to the multireference state by 0.62 A, reflecting the bonding character, i.e., three half
Davidson correction, ref 16.The numbers into parenthesis refer to Ponds as compared to the singiéond of the XA or the 211
the ordering of states according to energy within the same symmetry and 2=" states.
manifold. In the isovalent ScB systen§? the ground state is ofS~

symmetry (Figure 2) with, essentially, the same bond character

content of about 30 kcal/mol (Table 2) due to the mute role of as in the 3=~ of ScAl*: three half bonds but witb. = 44.9
the symmetry-carrying electron, and with a significant charge kcal/mol atR. = 2.160 A (MRCI level). The difference between
transfer of about 0.57efrom Sc to Al via theo frame. Bond the ScAl" and ScB bond distances in these states, 2755
distances differ by no more than the 0.07 A with #iehaving 2.160= 0.60 A, is equal to the difference between the atomic
the shortest bond length among the three states. Potential energyadii of Al and B, 1.43 and 0.83 A, respectivéiylt is also
curves (PEC) of the states under discussion are shown in Figuresnteresting to note that at the ScA¢quilibrium bond distance
1 and 4. of 2.76 A, the X¥=- potential energy curve of ScBgives a
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Figure 1. Potential energy curves of all states but th8320of the ScAl" system at the MRCI level of theory.

2
_2042>_ ______
19'g——— 'y 1
14418's U z,
L6'A 171 1t
H 4 A2 25
12914°A 3T 4252 Z1os
3’y
2’a 1%
1’m
- 0.4
=402
0.4 -
2 — X400
021 402
12°s"
004 x%Ar—m1'11 1 os

Sc-Al" Se-B*

Figure 2. Relative energy levels of the isovalent species Scaid
ScBt at the MRCI level. Thin lines connect similarly bound states of
the species.

1222 O~ 0.9210%20°30*0)

binding energy of 30 kcal/mol, very close to 32.6 kcal/mol of
the ScAl" species.

4.3. X, A, 0, 1122+, 122, 131, 142A, and 20X~
States. 722, 20?%2~. The 2G=~ state for purely technical

reasons was calculated at the CASSCF level only. However,

from the MRCI potential energy curve of th&7 state (Figure

3), it is clear that there is an avoided crossing between these

two states (vide infra). The?Z~ was state averaged at the

CASSCEF level with the XA and 8A states, and around the
equilibrium it was extracted as second root of the MRCI matrix.
Asymptotically the 7=~ wave function is described by the
product wave functiofi72Z~[= |Sc", °D; M = £100® |Al, 2P,
M = F1[Jupon the approach of the two atoms and around 6.3
bohr, the above asymptotic character changes due to an avoided
crossing with the incoming 28~ state which correlates t&c',
1D; M = +£1[® |Al, 2P; M = F1[J(see inset of Figure 3). Thus,
at the equilibrium distance the in situ Satom carries the
memory of the!D (M = 41) atomic state.

At the equilibrium, and at the CASSCF level, the leading
configuration functions are

727 O~ 0.7410%20 Ly, L0+ 0.37( 1020 L, 1t T
116°20 Ly, 17,0

and with the CAS atomic population distributions (Sc/Al),

430.7830(2)2.073(£2.92yz3(269023({2.2673(@.2674%(3.044R(/).O44p(Z).11/
351.563@3293@).293@.37

At infinity, the atomic states are represented by the following
combinations

|Sc",'D;M=10F 1/V/2[|4(3d,, + i3d,) 'O~
|45(3d,, +3d,)'0

|AL2PM=—10= 1V/2[|35p,0- i|35p}]

showing that the bonding can be represented by the vbL icon:

=Scim AL

s¢i('D, M =%1) Al(>P,M=31) (7°%)
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Figure 3. MRCI potential energy curves of, =, and=~ doublets. Inset: CASSCF PECs o7 and 26X states (see text).
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Figure 4. Potential energy curves of doublets and quartetBlgnd ® symmetries at the MRCI level.

The above diagram indicates the formation of two half ~ 2.167 A, and an analogous avoided crossing with the #&xt
bonds and one putative haifbond as is evinced from the CAS  state of ScB.52
equilibrium Mulliken populations, and the asympotic population  As already mentioned, tH#?>" statehas been obtained only
distributions of St and Al. 0.4 € are transferred from Alto  at the CASSCF level of theory, showing the avoided crossing
the Sc¢ atom via thexr frame, while no charge transfer is  with the 2=~ previously discussed (see Figure 3). The leading
observed from the S¢4s3d24p,)0-7870.07+0.11 hydrid toward the CAS equilibrium configurations and corresponding Mulliken
Al (sp,)1-56t0-37 hybrid. distributions are

The bond distance, one of the smallest of all states studied, B o 1a1a 1 o 1 11
is 2.702 A with aDe = 20.3 kcal/mol with respect to the 202~ ~ 0.43(10°20" L L, O+ |10°20 L L7, [ —
adiabatic products, SED) + Al(2P). However, with respect 0.42(10%20 2727 H |10%20™ 2712710
to thediabaticfragments, St(*D) + Al(2P), theintrinsic bond T T
strengthis 20.3+ Sc"(*D—3D) = 26.3 kcal/mol (Tables 1 and 450'983@053C€'25%0{/12534@'024@0'024@09/351'653[32453pﬁ'453pg'l7
2). Mutatis-mutandighe same situation holds in the fir&~
state of the ScB molecule with aD = 27.4 kcal/mol aR. = leading to the following bonding vbL picture
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T T ’ T T T T T T T T
0.44 - Sc'CF) + AICP)]
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Figure 5. Potential energy curves &, =t, and=~ quartets of ScAl at the MRCI level of theory.

The bonding can be represented rather faithfully by the vbL

icon
= *Sc==Al
@0z = Sc<Al
The bonding is composed of two haifoonds and a putative
o bond; about 0.1 and 0.15 enove from Al to S¢ through SCCD,M=%1) AICP,M=*1) (8°A)

theswr ando frames, respectively. At the CASSCF equilibrium
bond length of 3.273 A ®, = 8 kcal/mol with respect to Se suggesting two half bonds and perhaps a putative hationd.
(®D) + AI(?P) is recorded, Table 2. About 0.4 € is diffused via ther skeleton from Al to St,
8%A, 1#A. Both states trace their origin t&c', °D; M = while along theo frame both atoms retain their electron
+2, £10® |Al, 2P; M = 0, +10atomic states, Figure 3. counts: about 1eresides on a (4s4)8-78"0-10hybrid and 2 &
However, the interaction between the two atoms is more on a (3s3p%61040 Al hybrid.
compounded than it appears to be in the PECs, so to glean some At the MRCI level of theory we predict a binding enerDy
insight of the bonding mechanism we have to follow the = 20.1 kcal/mol aR. = 2.844 A relative to St(3D) + Al(2P),
evolution of the potential energy curves from infinity to the Table 2. The bonding is very similar to the correspondi?y 1
equilibrium geometry. At this point it should be mentioned that state of the isovalent ScBspecie$? where also due to an
both states have been computed as a state averagep8Q, avoided crossing the global minimum carries the memory of a
14A, and 7=~ states employing (1,1,1,1) weighing vector,  Sc"(®D; M = 1) + B(®P; M = =£1) fragment. Due to the
but for the local minimum around 6.2 bohr a state average of smaller atomic radius of B, a smaller equilibrium distafze

X2A, 8A, 225+, and 122" states was used. (ScB*, 12A) = 2.233 A is recorded, with a synchronous
Now the &A state and up to about an interatomic distance development of a half bond andDe = 29.1 kcal/mol.
of 12 bohr exhibits its asymptotic character, i.e.;8D; M = The 142A statecorrelating to S¢(°D; M = £1) + Al(2P; M

+2) + Al(?P; M = 0). Moving further to the left, it experiences = +1) suffers an intense avoided crossing at 6.3 bohr with the
an avoided crossing with an incomirfgx state (Figure 3), previously discussed?8 state, Figure 3. As a result, the
correlating to S€(*D; M = 42) + Al(?P;M = 0). This character  equilibrium character of the A state is mainly represented
is carried to the PEC local minimunR(= 3.466 A), where it by Sc"(®D; M = £2) + Al(2P; M = 0). The leading CASSCF
suffers a second avoided crossing with théAldtate; therefore, equilibrium CFs and population distributions are
at equilibrium its character changes again t6(8@; M = +1)
+AI(’P;M = £1). 114A0~ 0.81/10°20'3016* O~ 0.3310°20" L, 177, [H-

At the global minimum (equilibrium) the CASSCF leading 0.lq1022011ﬁi1n§D

configurations and atomic distributions are
4§).823C€.l73c£.763(£.173(:€.174g(2.014 0.014 0.25/
2 20 1q=1q_1 20 14 _14-1 2 y oGz o0, B, 4P,
|8°Alr 0.62(10°20 L, L, I~ | 10”20 L, 1, [} 351_753‘1?_103@).103@_58

450'7%Ogéo%cﬁz'gzyﬁ089023dg'26730€'2674p2'034|08'034p2'10/ . | o -
3l 6130283 0.283 0.40 Due to the avoided crossing, the contamination at equilibrium
BB, op; from Sc"(®°D; M = =£1) is reflected in the above population
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distributions. The electron count of 3dM = +2) is 0.76 |92T10~ 0.6110°20' 30170~ 0.4310%20™ 35 Lr 0+
instead of 1.0, with 0.34 eresiding on 3¢, + 3d,, orbitals, ) *

26 14 _147%1 26 14 _1%1
revealing the entanglement of the’&D; M = +1) state. Again, 0.23(10°20" 17,10 [10°20" 1m,0°.[)

because of the avoided crossing no clear vbL picture can be = g5 0605 0.12 ~ 0115 0.255 0.25, 0.035 0.03, 0.13
drawn; the bonding can be represented by(a.81¢ = 0.65 4873 *3d, 3 "3, “3d); 4p *ap) “ap;

component of the icon 351-5%@-243@-243@45
Ad Taking also into account the detailed form of the CAS orbitals

1o ~ 3su, 20 ~ (0.70)4s. — (0.46)3s% — (0.70)3p A, 30 ~

(14%) (—0.73)3d2 sc + (0.56)3p,a1, and Iryx ~ (0.68)3d,sc + (0.72)-
3pwal, We can draw, certainly with some reservations, the

following vbL equilibrium picture
plus a~0.35 component of the previously reported icon of the

82A state. 3dy,
For the 14A state theD. andR. MRCI values are 13.4 kcal/
mol and 3.291 A, respectively, with a total electron migration  3d.2
of 0.40 e from Al to Sc'.
112=*. It was computed as a state average of three more
states, namely, 3\, 222*, and 8A, and at infinity can be

desc;riped_by the product wave functi¢fic’, °D; M = 00® suggesting a halé and a halfz bond. TheDe and Re values
|Al, 2P;M = OLJ Figure 3. The main CASSCF equilibrium CFs 516 "1 8 kcal/mol and 2.895 A, respectively with an overall

are transfer of 0.4 e from Al to Sct.
StatesI 311 and 12® are degenerate within the accuracy of
2t 1 2 1
|10°5" 0~ 0.7810°20'30° T 0.3510°20"40°0] our calculations and have, practically, very similar potential
energy curves, Figure 4. Both states present avoided crossings
at about 7 bohr as evidenced from the complete dominance of
1995 113~ 0.02 o 0.024.0.255 1815 0.055.0.05, 0.65 the asymptotic Sa!D; M = 4+2) ® Al(?P; M = F1, +1) atomic
4s’ g3d112 %cﬁz_yﬁcﬁy ap; "7 35 ]3p>< 5‘)’R/ 53p2 states for thell and @ vectors, respectively; therefore the
bonding at equilibrium carries the character of the (9o)
instead of the Su®D) asymptote.
The leading CAS equilibrium configurationsBomponents)
are

+ =*Sc Al

CR))

with corresponding Mulliken populations

and a total of 0.40etransferred from Al to Stvia theo frame.

The two atoms are held together, practically, hyl@ond (“352")

formed between the 3dand 3p atomic orbitals of St and Al,

with the single electron (“@2'") hosted on a rather undisturbed

45 Sc¢ atomig function.. The gbove observations can be captured |1321'ID~ 0_43(11022011]{11(—3{['_ |1022011(—511Hl|:j _

in the following vbL picture: Y X
0.30(16°26'L,16* O~ |16°26'16 1,0}

3dg

g@%@ — Sc=Al 112D 0~ 0.51(107°20" Lt 16" T 1072016 1ly —
4s 0.38(10%20" 1, 16" [H- [10°20™16} 1, )

Sc (D, M=0) AICP,M=0)  (11%5) ) , , ,
with corresponding CAS atomic populations as follows:

The MRCI D and Re values (Table 2), are 15.5 kcal/mol 7 3 33 3 2 23, 0.01,4.0.01,. 011
and 3.359 A, respectively. ( : 48 "3l 33l M3 3, U “ap) VA
Although in a similar state E*) of the ScB" the potential 351'643@"283@"283@'42
energy curve presents two minima due to an avoided cro8%ing,
the global minimum has similar bonding features with the 450-7030‘232-103,0&5323(%503oﬁ-zlﬁgdj)-zlﬁ4g?-044ﬁ/)-°44pg-10/
present 1= ScAl" state, presenting a rather weakbond 623 0.323 0323 0.41
(De = 24.6 kcal/mol) at a distance of 2.816 A. 35733 7°3R, 3P,
9211, 1311, 12®. These states trace their lineage to the ) .
asymptotic productiSct, 3D; M = +1, +2, 201 |Al, 2P; M The Sc popu_lat|c_)n differences between_the two states are due
=0, F1, £10 The 91 state was state averaged with tH&I1 to thg contamination of the ZH state with the previously
state while the 131 and 120 states have been obtained from described I state. The bonding, for both states, can be
a state average of four states, nameRLI19I1, 1311, and represented by the same vbL icons @§mmetry)
122® with aw(1,1,1,1) statistical vector. Figure 4 shows the
corresponding potential energy curves. 8,
The 91 state and within the range of 1210 bohr, interacts
strongly with a highefIT state correlating to S¢'D; M = £1)

3dy,

= ScTUAR

I+

+ AI(ZR; M = 0). Subsequently, and as we move toward the 3 / 1271/ 13°0)
equilibrium, at about 6.1 bohr the PEC changes abruptly its 3dy,

slope, possibly due to an avoided crossing with anctHestate

(but clearly not with the 14T), the origin of which we were  with the “—" and “+” corresponding to thell and ®
unable to locate unambiguously. symmetries, respectively. In both states the two atoms are glued

The main CASSCF configurations with the corresponding together by two half bonds,@and az. In the ® state 0.36 &
Mulliken populations are (Bcomponent) migrates from Al to Sc through theframe, resulting in a total
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transfer from Al to S¢ of 0.30 e; practically the same holds
true for thell state. As shown in Table 2, the binding energies
and bond distances aia = 14.9 and 15 kcal/moRe = 2.957
and 2.932 A, for the 131 and 12 states, respectively.

4.4, #11, 5°®, 6°A, 1011, 15°=, 16°A, 1711, 18~ and
19'>+ States.4*TI, 5*®, 101, 17'T1. All four states have been
state averaged withw(1,1,1,1) weighting vector, and all trace
their ancestry to S¢2D) + Al(2P) atomic fragments, Figure 4.

At infinity the 4I1 state(the lowest of thdT's) is described
by the product wave functiofSc', 3D; M. = +£100® |Al, 2P;
M. = O At the equilibrium the CASSCEF leading configuration
and Mulliken populations are

|4*[I0~ 0.781/V/2[16°20" 30" (1, + 1;)] 0
4509030(2)2613cﬁzigzscﬁyl%cgfﬁgcef%’pg13/351.723“(()223@)223@39

Taking also into accountthe asympotic population&dsd, >
35-933p,13p,23p,299, the bonding character can be pictured
as a superposition of two vbL icons

3dy,
7 =
4s 3dyz

indicating that the bonding is composed of two half bonds, a
and arr, with the 4s{-20) electron being essentially indifferent
to the bonding process. Via theskeleton 0.36 eis transferred
from Sct to Al while 0.81 e moves back through theframe,
amounting to a total migration of about 0.5 ffom Al to Sc*.

A binding energy of 27.6 kcal/mol is predicted Rt = 2.917
A at the MRCI level, Table 2.

The5*® and 1011 statescorrelate tgSch, 3D; M| = 2009
|Al, 2P; M_ = %1, F10product states, with their PECs at the
MRCI level shown in Figure 4. The dominant CASSCF
equilibrium configurations (Bsymmetry) are

=S AlL

@'

|5*® 0~ 0.67(10°20107 L, - |10°20™ 116 )

|10°MI0~ 0.60(10°20™167 1, (- |10°20™ 1,16 ) +
0.3810°20"30™ L0

with the 0.38 component of the 4I0 state carrying the character
of the previously described*l state (vide supra). Of course,
the B, components are completely symmetrical; i.e., the
orbitals are replaced ly, and vice versa.

Corresponding atomic Mulliken CAS distributions are as
follows:

5%p:
4507630(2320% '5023(1295%({2218:3@2184@)'014@-014p2.10/

- 351.673R(3.293R(/).293pg.34

1011

450893(£2203 .40 23(£y403c€.2143d/3.2144R?.014Fil).014p2.10/

- 351.683p2.343R(l)A343p(z).27

The bonding can be clearly represented by the following vbL
picture (Bisymmetry)
implying two half bonds ofo andx character, and a nonpar-
ticipating in the bonding process (observer) electrod-ofor

Tzeli and Mavridis

" 3dy,
+ % @%®: SCTALL
> -~ o /10*m)
3dy,

d-) symmetry. The 4" sign corresponds to th& symmetry
and the “" to the IT symmetry. A total charge of 0.38 and
0.35 e is transferred from Al to St in the ® and II
symmetries, practically via theframe only. As expected, bond
distances and dissociation energies of these two states are very
similar: Re = 2.930 and 2.937 A anB. = 22.8 and 18.6 kcal/
mol for the ® andII states, respectively (Table 2).

The 1711 stateat infinity is represented by the wave function
|Sch, 3D; M = 00® |Al, 2P; M. = 1[0 with switchedM values
as compared to the*H state (vide supra); its PEC is shown in
Figure 4. The equilibrium CASSCF wave function has two main
components:

117TIC~ 0.70[12(10°20™ 40 Ly CH- |10°20 40 10| +
0.47[1N2(|10°20" 30" Lm0+ | 10°20™30 L, )]

the second of which owes its presence to the mixing with the
4411 state. The Mulliken CAS populations are (Sc/Al)

451013C€2833£zl]3(£2114g0(04[£04p(2)08/351823@3393@)393@20

and, disregarding the “0.47” component, suggest the following
binding scheme:

3dy,
ol o
3dy; \45 —

The two atoms are, practically, connected with a hatfond
while a net transfer of 0.2€from Al to Sc* takes place through
the & system. This obviously weak bonding interaction is
reflected to the small dissociation ener@g = 10.3 kcal/mol
atR. = 3.339 A (MRCI level, Table 2). Notice also that this is
the first unbound excited state (by 0.2 kcal/mol) with respect
to ScéD) + AIT(1S).

6'A, 16'°A, 182", 15'=T, 19*=*. With the exception of the
18z, the rest of the states correlate to the ground state atoms,
Sct(®D) + AI(?P). The asympotic wave functions are given by
the product atomic function$ct, 3D; M = £2, +1, 0, £1®
|Al, 2P; M = 0, 41, 0,F1for the BA, 16'A, 15'=", and 19="
states, respectively.

The6*A statewas calculated as a state average with tix 3

described earlier. The CASSCF wave function of tHa &
practically the sum of the two CFs of symmetries @&nd A

Sc AL

(1741

0.9% 1/V/2(116°20"30M 61 [H |16°20™30*16* )}

The Mulliken equilibrium populations differ slightly from their
asymptotic counterparts due to a transfer of about 0.#@n
Al to Sc' along theo frame:

50

450993(£2153 2._y23£9504p2.27/351.833g?.033R0/.033p2.67

The relatively strong bindingDe = 21.6 kcal/mol atRe =
3.387 A, is caused by a half bond originating from the
interaction of the 3p(Al) and 3d24p, hydrid orbital on St,
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with no participation of the 4se The bonding mechanism is intrinsic bond strengththat is, with respect to the diabatic

captured by the following vbL picture: fragments SE(°F; M = F3 or £1) + Al(°P; M = £1), is 6.5
+ AE(F—3D) = 6.5+ 16.2= 22.7 kcal/mol.
k] Figure 5 shows thd8*>~ statePEC correlating to St°F;
M = 0) + Al(?P; M = 0), and suffering an avoided crossing
p + @.@%@:éc._Aﬁ around 5.9 bohr with an incoming (not computédl) state
J correlating to S¢(®F; M = 41) + Al(?P; M = F1). Due to the
3d;24p, 38~ (6*4) avoided crossing, there is a local minimuniRat= 3.41 A barely

sustaining a single vibration and a global minimumRat=
The developing local minimum in the repulsive part and 2.533 A, the shortest bond length of all states studied, @ith
around 4.9 bohr of this state’s PEC shown in Figure 5 owes its = 29.1 kcal/mol with respect to the adiabatic fragments.

existence to an avoided crossing withfAGstate correlating, in At equilibrium the leading CASSSCF configurations are
this region, to St(°F; M = F3 or £1) + Al(?P; M = +£1). 1 11 Lo
Finally, it should be mentioned that thé/6 state was also |18427|}v 0.8910°30 Lo, Lo [ 0.23 16%20 Loz, Loy [

explored employing an “augmented” (by ong 4p, on Sc
symmetry function) reference space resulting in a 11-function With the following atomic distributions:
CASSCEF. The result was an insignificant increase by 0.11 kcal/
mol in De, so this point was not pursued any further. 4¢ '383C€2'723C£591y23£90]3C€i49"3(£'z484g?'084®)'084p2'10/

Figure 5 shows the MRCI potential energy curve of 16éA 3§-593g?-4%|3§/’-4%p2-14
state produced by state averaging thé&Z3, 6'A, 16'A, and
18> states with av(1,1,1,1) weighing vector. At about 5.3  The “0.23” component corresponds to tH& 3 state previously
bohr an avoided crossing occurs with an incoming (not discussed.
computed)*A state (see previous'A description), correlating Taking into account the character change of thé &uod Al
to Sc"(®F; M = F3 or 1) + Al(?P; M = £1), while a second  species due to the avoided crossing fréin= (0,0) toM =
avoided crossing occurs at 4.9 bohr with the previously (+1,F1), in conjunction with the above findings, the binding

described A state. The local minimum is & = 2.617 A, can be rather clearly represented by the following vbL icon
Table 2. The dominant equilibrium CASSCF configurations for
the local (I) and global (g) minima are ~3dg
\
;'.‘\. +
|6'AL] = 0.69A 2[(|10°2" L2y |10°20™ Ly} + =-*Sc=*Al
(116°20* L2 0 |16°20" 21, )] (184s")
6°AG= 0.97K2( 1021_713(171;161,D+ |10215-1+17Ti1”;[)] This picture indicates a hybrid (3ds4p)1-2°¢ orbital, two half

7 bonds and a harpooning bond from Al to Sg via thex
ando frames 0.12 and 0.20 eare transferred from Al to S¢
respectively.
15>+, 19'>+. The dominant CAS equilibrium configurations
of these states at@5*=* [~ 0.9710220'3¢116 0and [19°=+0]
~ 0.67(10%20'm2m 0+ [10%20M1m,27,[). The two states
. 015 0.065 0.515 0.51, 0.02, 0.02, 0.08 interact through an avoided crossing, appearing as a small
g: 43°3d”3d 13C€Z AP AR, AR, /7 048048000 shoulder in the repulsive part-6.9 bohr) in the 15+ PEC.
3s-"3p 83R/' B30 In this state the bonding is caused by a halfond, while in
the 19>* the bonding is due to a dative bond from Al to'Sc
I: 453,33, >3k, Bl A “ap) V4 % atR. = 3.820 and 3.332 A anB. = 13.0 and 7.8 kcal/mol for
351.623p2.483®).483pg.06 the 18>+ and 19=* states, respectively, with respect to'Sc
(®D; M = 0, £1) + AlI(?P; M = 0, F1) atoms. Last, it is
interesting that at the SCF level the binding energy of tH&15
is 11 kcal/mol, almost equal to its MRCI value.
The following vbL icons explicate the bonding character,

Notice the presence of the;and A, symmetries on the above
wave functions resulting in pure axiah symmetry. The
corresponding Mulliken distributions for the local and global
minima are

At equilibrium the bonding in the “g” minimum can be
represented by the following picture

4p,
—'S¢SAl' RNV ;
=0 ' =Sc Al
(16*A) as” (1544
implying two half 7 bonds and a putativer bond, with The Mulliken population analysis at the minima of the two
practically no transfer of ethrough ther frame but with 0.15 s
e~ moving from Al to S¢ via theo frame. At the MRCI level (3d:24p2)
a De of 10.9 kcal/mol and aiR. of 3.094 A are obtained. 3dwg /]
The “I” minimum has a well depth of 2.84 mhartree or 623 AT

cm~t with an we = 300 cnt! (Table 2), possibly sustaining + =*ScAl
two vibrational levels before “leaking” to the “g” minimum. 45/ (19957

At the equilibrium distance of 2.62 A, th@. with respect to 3dy,
Sc"(®D; M = £1) + Al(?P; M = £1) is 6.5 kcal/mol, but its  states are



6870 J. Phys. Chem. A, Vol. 104, No. 29, 2000 Tzeli and Mauvridis

15>+ 450'993@2'044@'22/351'903R?'O%@'O%pgjs 6. With the exception of the ground and the first two excited
states where 0.5ds transferred from Sc to Al in the rest of
19>+ 451.023022.063(&5%(&504R(z.014d/).014p2.08/ E)hg zf:\tes charge migrates from Al to'Sarying from 0.2 to
3s '7339(2'483@0'4&3:!)?'09 7. On account of avoided crossings three of the states, i.e.,
8%A, 16'A, and 18, present two minima, a local and a global.
Overall about 0.2 & migrates from Al to S¢ in both states. 8. The harmonic frequenciesd) range from a minimum

value of 90 (18=%) to a maximum of 325 cmt (18'=7), thus
reducing the corresponding binding energies by ©0.36 kcal/
mol.

9. Figure 2 shows an energy level diagram of all computed
states in ascending energy order. For reasons of comparison
the diagram of isovalent species Sc@ef 6a) is also included,
with single lines connecting “similar” states.

10. It is rather clear from Figure 2 that for states differing by
about 1 mhartree we cannot be sure for their relative order, even
within the nonrelativistic Hamiltonian ansatz employed in the
present study. Disregarding the first three state3A(XI12I1,
2231), the following pairs differ by about 1 mhartee: 4@,

5. Final Remarks 6A), (722, 8A), (P11, 1041), (12D, 1310), (1£A, 15°H),

. (16*A, 17°T1), and (1711, 18'="). Notice that for the pair of

By employing the MRCI (CASSCF1+2) methodology “degenerate” states 24, 15'=", the ordering is reversed by
coupled with the ANO/cc-pVTZ= [(7s6pAd3fédSs4p2d1fy] adding the zero point energy correctidmd/2 = (284 — 90)/2
basis, we have explored the electronic structure of the diatomic _ o+ .+1 — 9 3 keal/mol. No other pair of quasi-degenerate
species scandium alqmlnlde cation, St_ATO the best (.)f our states is influenced due to zero point energy differences; in
knowledge, no experimental or theoretical results exist in the addition, the given ordering is maintained after applying the
literature. We report absolute energies, bond lengths, binding Davidson+Q correction
energies, harmonic frequencies, Mulliken charges, electronic '

energy gaps, and potential energy curves for a total of 21 states. Acknowledgment. D.T. expresses her gratitude to the
Our main findings can be synopsized as follows: Hellenic Scholarship Foundation (IKY) for financial assistance.

Comparing the 8\ and the 15+ states, we see that the only
difference is the orbital where the d electron ort $dy and g,
respectively) is localized. Although this electron does not
participate in the bonding process of either state, thelas a
shorter bond distance by 0.433 A and about twice as high
binding energy. The obvious reason is that in the case ol\the
state the Al pelectron is transferred to the hybridized, g,
orbital of Sc', while in the case oE symmetry the only allowed
process is a promotion af about 0.2te the 4p orbital of Sc¢
from the 3p Al function.
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