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Ground-state spinorbit splittings in \b*, VNb", and Nk were investigated with spinorbit configuration
interaction (SOCI) calculations using the intermediate neglect of differential overlap method for optical
spectroscopy (INDO/S). Splittings found for thé=X ground states of ¥ and VNb" using a CI treatment
isolating essential correlation of the ground and isoconfiguraticidl and F>~ state wave functions agreed

well with experiment. The size of the splitting for Mbwas predicted. In all three cases th&aand B=~

states were found to be strongly coupled by the-spirbit operator. Several perturbative models for predicting
energies of interacting excited states based on measured splittings were analyzed by comparing to SOCI
results for \4, VNb, and Nb. Second-order perturbation theory, treating only the isoconfigurational states,
and neglecting overlap and CI in computing couplings was the best choice of approximations due to cancellation
of errors. An empirical model treating the isoconfigurational states of the cations was developed within these
guidelines and agrees well with SOCI calculations fgr Mhe empirical wave functions were divergent for

Nb," due to similar energies of the doublet states. Analysis of correlation effects in the INDO/S model indicates
that a charge-iterative method could be effective for systematically correlated semiempirical calculations on
metal cluster ions.

I. Introduction successful with these molecules as long as correlation is handled
carefully1516 This paper extends that work to the cationg V
VNb*, and Nb* and examines several outstanding issues left
ﬁy previous work on the neutral molecules.

The ground states of )y VNb, and Nb have unusually large
spin—orbit splittings!®2° 75 cntt for V17 230 cnrt for
VND,8 and 410 cm? for Nb,.2! (These experimentally deter-
mined splittings are henceforth referred to A9 All three
molecules have ¥~ ground states with valence electron
configuration (dr,)*(log)?(204)%(dg)? as established by both
experimentdl’—20.22-24 gnd theoreticab 162531 investigations.
The splitting has been attributed to second-order -sprbit
interaction of theQ" = 0 component of the ground state with
the isoconfigurational=" state (henceforth referred to d&d)
in each casé> 1922 The splittings are large because tHES’a
state has a very low energy, as is often the case with transition
metal clusters due to near degeneracy and orbital localization

Transition metal clusters are an area of active research
because of their relevance to heterogeneous catalysis, but ther
are some major difficulties associated with their investigation.
One important problem lies in preparation and characterization,
as bare clusters tend to be highly refractory. Second, application
of theoretical methods to metal clusters is not straightforward
due to the severity of the electron correlation problem for these
molecules. Even the diatomics remain a challenge for accurate
ab initio methods, and detailed application of highly correlated
calculations to clusters larger than just a few atoms is often
impractical. This is unfortunate because clusters of even slightly
larger size are of vital interest as examples of states of matter
intermediate between molecules and bulk aggredases as
models of metal surfaces.

Clusters of intermediate size are potentially within reach of
efficient semiempirical methods (recent calculations were effects30.32
reported on nickel clusters of up to 51 atoms in §ieut special Sevéral electronic transitions to excited states have been
problems are posed by the rather ad hoc treatment of correlation b d f d N I Empirical dels f
effects in semiempirical calculations. In these methods, dynamico served for A an b as Well. Empirical models tor
correlation is thought to be incorporated in an average, Predicting ';ggfnergles of the interactiriy;a states have been
unsystematic waya scenario suggested on the basis of the ap Propose#??2¢and used to assign some of the transitions. In
initio effective valence shell Hamiltoni&ni4 rather than an ~ theseé empirical models, an approach such as second-order
examination of working semiempirical models. An in-depth perturbation theory is used to treat the interaction of the two

understanding of the nature of correlation effects in the models states, W_ith their sp:rﬁort?it m"?“”x (_ale_ment taken as a Iin_ear
themselves will be necessary if the methods are to be rationally Combination of atomic spirorbit radial integrals. The resulting
applied to transition metal clusters. Recent sgrbit enhanced expression fpr the perturbation of the ground state is set equal
configuration interaction (SOCI) calculations on the neutral to the expenmental \(alue of, and rearrangement yields an
diatomics \4, VNb, and Nb using the intermediate neglect of ~EXPression for the excited-state energy. Estimates of}%aﬂid
differential overlap Hamiltonian parametrized for optical spec- 1196 cn* **have been made for the energy of th& astate

troscopy (INDO/S) showed promise that this method can be Of V2, depending on how the coupling matrix element is
calculated. On the basis of the former, an excited state observed
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T Present address: Department of Chemistry, Indiana UniveiBitydue at 1_860 cm |n+matr|X lso!ated res.onance Raman wirwas
University Indianapolis, Indianapolis, IN 46202. assigned as'a; 2? (the spin selection rule was assumed to be

10.1021/jp014108s CCC: $27.50 © 2004 American Chemical Society
Published on Web 05/06/2004




Spin—Orbit Effects in \4, VNb, and Nb

relaxed due to triplet contamination of the excited singlet state).
A similar situation holds for Nj where the energy of the
interacting éZ;r state has been empirically estimated as
237518 or 2834 cm1,19 and a resonance Raman transition has
been observed at 2445 chpy*

Several theoretical investigations on ¥d Nk have been
reportedt®16.25-31 Semiempirical spir-orbit enhanced config-
uration interaction (SOCI) calculations using the INDO/S model
on V, showed close agreement with = 75 cnt! and the
empirical prediction of 1196 cni for E(a12;r). These results
cast doubt on the assignment of the state observed at 1860 cm
as ézg. In the case of Nj however, both INDO/S SOCI
calculation® and empirical models giv«E(alZg) in reason-
able agreement with the observed transition energy (244%)cm
The calculations did not indicate the presence of any other low-
lying states for the two molecules. It is thus difficult to
distinguish between the two hypotheses, that the excited state
observed for ¥ and Nk are the éz; states, or are some other
low-lying state the molecules have in common.

More recent complete active space self-consistent field
calculations followed by multireference configuration interaction
(CASSCF/MRCI, ref 35) on Nbdid not help clarify the
situation.A was estimated as 56000 cnt? (experiment 410
cm12) and E(alzg) as 7871545 cnt! depending on the
level of calculation. The CASSCF/MRCI results do not provide
a strong possibility for a low-lying state other than th‘é:;%l
state that could account for the observed transition. Further
experimental and theoretical work is needed to elucidate this
question.

The cations ¥*, VNb™, and Nb™ have X=~ ground states
with (dry)*(1og)?(204)Y(dg)? valence configuration®:29.27 In
these cases, it has been suggested that-gphit interaction
between theQ2 = 41/, components of the isoconfigurational
X4Z~ andZ=* (henceforth &1) states causes the splitting of
the ground staté measured ad = 2018 and 21 cm! 20 for
V," and 82 cm?! for VNb™.28 A has not been measured for
Nb," but was estimated to be 142 chusing unperturbed state
energies determined with density functional thedmx. theoreti-
cal prediction made with explicit consideration of sprbit
coupling has not been presented, however.

The spin-orbit effects observed for the ground states of the
cations could provide a useful analogy for the neutral molecules,

but there is less experimental evidence available about the

interacting excited states. The energies of #¥ atates in 4"
and VNb" were predicted with the empirical model using the
experimentally determined splittings of thé3 states'® There

is also a third isoconfigurational state for ar(§f(1og)%(204)*-
(0¢)? configuration, referred to here asXy, which was
presumed to play no role in ref 18. CASSCF/MRCI calculations
on Nky™ confirmed that the ground state ié‘}Eg and provided
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new empirical model incorporating the doubtetoublet inter-
action was designed by reexamining the empirical calculations
on the neutral molecules. This also allowed a systematic
examination of the effect of the various approximations used,
which has not been made previously even though these models
are often applied to metal clusters (e.g., see refs 36 and 37).
In summary, this paper presents results of INDO/S SCF/SOCI
calculations on Y, VNb™, and Nb*, along with a new
empirical model describing isoconfigurational sporbit effects
in the cations that includes coupling between tF&aand B>~
states. An analysis of the various approximations employed in
previous empirical models has also been made. The paper is
organized as follows. Section Il describes the methods of
calculation used, including the INDO/S SOCI calculations and
the empirical models. Section IIl provides presentation and
discussion of results, including comparisons between results

Jound with INDO/S and experiment for the cations and neutrals,

as well as with various realizations of the empirical models.
Conclusions are summarized in the fourth and final section.

Il. Methods

A. INDO/S SOCI Method. The SOCI calculations on ¥,
VNbT, and Nb* were performed using the INDO/S motfet*
implemented in the ZINDO software pack&§dhe calculations
consist of three steps: a self-consistent field molecular orbital
calculation, a configuration interaction calculation in a basis of
spin-adapted configuration state functions constructed using the
SCF MOs, and the final spirorbit calculation involving matrix
diagonalization in a basis of components of Cl states of
multiplicities linked by the spir-orbit operator. A brief descrip-
tion of each step follows.

Self-consistent field molecular orbitals are obtained in a
valence orbital basis set consisting of the nine valence ns, np,
and @ — 1)d orbitals on each atom. Following previous
work,516 SCF calculations were performed using either the
configuration-averaged Hartre€ock (CAHF, ref 43) or re-
stricted open shell Hartred-ock (ROHF, ref 44) procedure.
Two ROHF formulations were used, in which the SCF orbitals
are partitioined into a closed shell part and one or more sets of
open shell orbitals. The SCF energy is expressed as

1
Eronr = ZZhi + Z(Z‘Jij — Ky + Eznm(z‘lim — Kip) +
] 1<) Lm
1
anhm + —z Z Z znmnp(Za‘”Jmp —b"Kyp (1)
m 4 vV Meupev

wherei, j, etc. represent closed shell orbitals;p, etc. represent
open-shell orbitalsny, is the number of electrons in orbitad;

he, Jug, and K are the usual one-electron, Coulomb, and
exchange integrals, respectively;v, etc. represent open shells

some predictions about the energies of the various excited states(i-€., separate groups of open shell orbitals); aftdand b

These are compared with the results of INDO/S SOCI calcula-
tions below.

Initially it was expected that INDO/S calculations on the
cations would be similar to the earlier efforts with the neuttals,
giving reasonable agreement with the empirical predictions and
CASSCEF calculation®, but certain discrepancies were found.

are the “vector coupling coefficients” that couple the open shell
electrons. The choice of vector coupling coefficients fixes the
configuration or average over configurations used in the
calculation. In the standard ROHF definition, there is one open
shell containing theanddy MOs, each occupied by anspin
electron., angt =v=1,a=1,b= 2. A second ROHF ground

These included larger disagreement between empirical andstate was defined with two separate open shells. The first

INDO/S energies than found for the neutrals, and quartet

included the & and 2r MOs with coupling coefficients

contamination of both excited doublet states. This unexpectedrepresenting an average over configuration®&* and 11202,

outcome motivated a more detailed investigation of the two-
state empirical models. In the case of the cations it was
discovered that there is a significant coupling between 8¢ a

and [¥X~ states that was neglected in ref 18. This coupling can

and the second consisted of #gMOs with single occupancy.
The coupling coefficients for this case @¥ = 8/9 = b'!, a'?

= 1, b'? = 4/3, a?? = 1, b?? = 2. This second nonstandard
definition was used for VNbdue to SCF convergence problems

be quite large because the two states have similar energies. Avide infra).
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Once a set of self-consistent field MOs has been obtained, orbitals. It was previously assumed that tdg MOs are
configuration interaction (CI) calculations are carried out for completely local®22 but this is only partially true for these
states of multiplicities linked by the spirorbit operator. In the molecules. Even though the two configurations are not coupled
case of the cations with=~ ground states, then, this would by the one-electron operatbi®-©, the CI does indirectly affect
typically include doublets and sextets in addition to quartets. the matrix element when overlap is retained. Because the amount
Spin-adapted configuration-state functions (CSFs) are obtainedof Cl is itself also related to the overlap (greater Cl occurs as
using a Rumer diagram techniqtf® The resulting non- the overlap gets smaller), the two approximations just described
orthogonal valence bond structures are orthogonalized using theare together referred to as “neglect of overlap” throughout this
Schmidt procedure prior to diagonalization of the Cl matfix.  paper. A
In an additional step, matrix elements of the spimbit operator The coupling matrix elementX3=~(0")|HS-Cjal=+(0")0
(taken as an effective one electron operator) in the basis of developed here includes both overlap integrals and Cl between
components of the Cl states are computed using only one-centethe configurations with open-shell occupanciég?and 2.
terms and empirical values for spiorbit radial integral$? The Spin-adapted linear combinations of Slater determinants rep-
resulting matrix H + HS©) is diagonalized to yield the  resenting the? = 0 components oE symmetry are
spectroscopic level$, and transition probabilities between

. . 1 _ _
selecte_d Igvel§ are calculated assuming the dipole length 3@02_(|(§§a595| + |5g,359(1|) 2)
approximatiorf: NG
The bond length of ¥ was set equal to the value of 3 1, 4 o
determined experimentalf,1.735 A. In contrast to the neutral Dy = 7(|5u ad, Bl + (0,60, al) 3)
diatomics, where bond lengths have been determined experi- 2
mentally for V5,17 VNb,?® and NB,!® bond lengths for VNb 1 1, v .
and Nb* have not been determined experimentally. Values (D0:72(|6g a0y il = 10404 ) (4)
predicted by DFT calculations on the catiéhare used here,
1.885 and 2.044 A, respectively. These are likely good estimates, lay — Lo+ s—n i stps—
because the bond length predicted by the DFT calculations for o= \/E(léu ad,pl — [0y60,a) (5)

Vot (1.741 A) agreed with the experimental value (1.735 A),

and similar calculatiori8 yielded bond distances of 1.777 A Wave functions for the ¥~ (0")and1=*(0") components are
for V, (experiment 1.766 K) and 2.08 A for Nb (2.078 AL9). then

The DFT value of 2.044 A for N is adopted rather than the

value of 2.151 A found with CASSCF/MRCI calculatiéhs P(x3(0M) = 3C13<I>O + 3C23<1>() (6)
because the bond length of Npredicted by these calculations
was~0.10 A too long, whereas the DFT calculations estimated p(="(0")) = 1c11q>o + 1(:21(1)6 7)

this bond length to within 0.002 A of experimelit.

B. Empirical Models for Neutral Molecules. In this section The coefficients can be readily obtained with a small CI
empirical equations similar to those used previolisly are calculation.
developed to predict the energy of the perturbilgj‘astate for The spin-orbit coupling can be determined by expanding
the neutral molecules. A particular goal is to investigate the the Slater determinants in terms of the atomic orbitals that make
various approximations involved in these models. The most up the molecular orbitals, and evaluating the resulting matrix
effective combination found for % VNb, and Nk by comparing elements. All matrix elements listed in this paper are derived
to the more accurate INDO/S SOCI restfitsill then be applied using a more efficient procedure based on Rumer diagf&fis.
to the cations. This investigation is of general interest, as Two important assumptions are used in doing so. First, two-
empirical models of this sort are often used for predicting state center radial integrals are neglected (a standard assurffjption
energies for metal clustef&37 Second, because théX and &=* states are isoconfigurational,

The basic strategy of these models is the reverse of the typicalit iS reasonable to assume that the extent of localization is similar

icati i i in the two states, and therefot€; = 1C; = C; and®C, = 1C

application of perturbation theory, because the size of the ¢ : 10751 1= 2= 2
perturbation is known from experiment\), Because the = C,. With these assumptions the coupling term is given by
couplings can be approximated, the difference in unperturbed B s NSO e Loy
energies of the ground state and interacting state can be found W (X"Z (0"))IH*=W(Z"(0"))0=
Adding the perturbations of the ground and excited states then _
gives the perturbed energy of the excited state. There are three 2g(d) + ] (8)
. = S ) ) a+s @-9
important approximations made in this procedure, including

neglect of orbital overlap and Cl in determining coupling matrix here&, is En-1a for V2 and Nb, and the average dfq and

oo ok

elements, order at which the perturbation of sginbit coupling Eaqin the case of VNB! The values of,-1)d (145.0 cnt? for

is treated, and inclusion of only two states in the model. Each yanadium and 448.8 cm for niobium) are taken for the

of these is considered below. nsi(n — 1)c* configuration of each metal, which is the diabatic
1. Evaluation of Coupling Matrix Element with&@rlap. Two dissociation limit of the molecules. Equation 8 reduces to the

related approximations were made in previous derivattd®s.  previously uset$22 value of Z(d) when the overlap is zero
The first is neglect of overlap integrals in evaluating spin  but is more general because it is also applicable w@és
orbit matrix elements, which omits terms proportional to nonzero. BecausgC,| is greater thanC,| whenSis nonzero
Cin-1)dS, where S is the delta-symmetry overlap integral. The andSis positive, inclusion of overlap reduces the magnitude

second is neglect of the extensive Cl of the(d(dog)?(sog)* of the coupling and thus decreases the estimate made for
(ddg)? and (dr,)*(dog)?(sog)?(ddy)? configurations, which is  E(a'=").
known to be large for Y and Nk.1516.29.30.35Thjs CI imparts 2. Order of Perturbation Expansioin second-order pertur-

local character to the delocalized MO description of the bation theory, the perturbation of tlf¢"" = 0 component of
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the ground state is

n Hli2
A=5——r0
! ;E(lm _ Ei(O)

whereE? is the unperturbed energy of tith level, andHy; is

the spin-orbit coupling of the ground level and tlidn excited
level. The number of states considered in the modellisnited

to two in the previous treatment$22In the following discus-
sion, it is assumed that thie= 2 level is the &, (0;) level.

The perturbation of this level is given by

9)

n H2i2
A=y ———
2 ;E(ZO) _ Ei(O)

If nis limited to two,A; and A, are equal in magnitude but
opposite in sign:

(10)

2
H12

A= —
0 0
EY — EY

A =Ay= 11)

A is therefore positive in sign becaus® > EL. With these
definitions, the energy of the excited level is then

H 2 + 2
E@s) =P -EQ+2A=—"2—"—

A 12)

An analogous expression that is correct through infinite order

can be obtained by diagonalizing a 2 2 matrix32 The
appropriate matrix equation is
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the estimate oE(alzg). This is true because with two states,
the model assumes that all of the perturbation of @e= 0

level arises from interaction with thé%;r state. If a part of the
perturbation in caused by other states, however, the perturbation
caused by thelEg+ state is smaller than the observed splitting.
Because the coupling between states is constant, a smaller
perturbation can be obtained only by increasing the energy of
the excited state.

Exactly this situation was found previously for jln which
the INDO/S SOCI eigenvector for t®" = 0 component of
X32§ was found to be contaminated by several singlet CSFs
other than those representing th&} statel® If the other
molecules behave similarly, then including additional states
should systematically increase the estimate E(nlzg). Be-
cause higher levels of perturbation theory and including overlap
effects tend to decrease the estimate, the two-state model at
second order with no CI or overlap could benefit from some
cancellation of errors.

C. Empirical Model for Cations, Second-Order with No
Overlap. For the cations the results of the next section, that
the best choice of approximations is second-order perturbation
theory with neglect of overlap effects, is anticipated, and the
empirical model is developed accordingly. James é¢ have
already considered this problem, assuming second-ordet spin
orbit interaction between the isoconfigurationd®X and &=
states. Their analysis is incomplete, however, because they
neglected coupling between the isoconfiguratiorf@*aand
b?>- states. Configuration-state functions for the three spin
components apé

sty

1 + = +oe— + o=
Cy Cp, 1 E(lo) Hy][c, Cu E, 0 i Eﬂogaég ady B+ |04004 fog alH |00y ad ol (15)
Co Couf [Hy, EQ Cu Cy|l [0 E (13) 1 1
(2" (7)) = Tollogeo; 0, B0~ lo0dgho5a]  (16)
Solving by means of a secular determinant and rearranging leads V2
to
v )=
2 2 2
EEs) =BV —EQ+2a =28 gy 1 Yoo, Yoo, B,
2 1 A —=[2]04804 0dg A= |04004 00 ST |ogac$g,3(§g ol (17)

(see ref 18 for a more detailed derivation of this), which is
smaller than the second-order expressiombyhe spin-orbit
splitting of the ground state. Extension of the model to infinite
order thus reduces the estimate E(hlig) compared to the
estimate made at second order.

It should be noted that different analytical expressionsfor
are implicitly assumed in eqs 12 and 14, but in each dase
substituted as an empirical parameter to solve for the excite

state energy. Though it seems apparent that the most exact
expression should be used, this is not necessarily the case due
to cancellation of errors caused by the other approximations

(i.e., limitation to two states and neglect of overlap).
3. Limitation to Two Statedt is more difficult to quantify

the impact of including other states in the empirical model.

Additional singlet states could interact with t&¥' = 0 level

of the ground state, lowering its energy and thus increasing the

ground-state splitting. Similarly, additional triplet states could
interact with theQ" = +1 levels, lowering their energy and

decreasing the splitting. The overall effect would then depend
on the identities of the interacting states and their energies,

which are unknown. If the additional interactions were primarily

Ve

CSFs for theMs = —1/, components are analogous to these,
with theo andp spins exchanged, and have the same coupling
interactions derived below for tHds = +1/, components.
Matrix elements between the CSFs are straightforwardly
evaluated using the Rumer diagram meth%tf. Under the
assumption of zeré@ symmetry overlap and neglecting two-

d-center spir-orbit radial integrals, the matrix elements are

ﬁ(“z‘(i%)‘ﬂs-o a22+(j:%)D: % (18)
@42*(1%)‘@0- bzz*(i%)ﬂ= 0 (19)

e (el (D)= - Z_jé _
- %ZE(AZ_(%)‘“S'O a22+(i%)ﬂ (20)

Herelyis again taken as the averagelpf 1) for configurations

with singlet states, however, then their inclusion would increase corresponding to the diabatic dissociation products of the
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cations. The values are as follows: fop™V [Ar]4si3d}, {zq = can be expressed in terms of the Slat€ondon factors; which
145.0 cnrt and [Ar]3dt, {3 =172.5 cm1?; for VNb, [Ar]3d4, have been fit empirically to atomic energy levels for the 3d
C3a=172.5 cnmt and [Kr]584d", {4q = 448.8 cnt; for Nby ™, metals®® Two cases are considered, in which the open-shell
[Kr]4d4, &4q = 479.1 cnT! and [Kr]584d*, 4q = 448.8 cnTl. bonding MO is & in character or d in character. With the

Equation 18 agrees with the previous development of James etappropriate substitutions (see ref 40) eq 28 becomes
a|.18

In evaluating interactions between the states at second order, AE(so'do?) = %Gz(sd) _ 35 F4(dd) (29)

the following definitions and equalities are assumed: 441
pPo=xs pPo=dst pPo=b’s AE(do*do?) = 4%F2(dd) - jTolF“(dd) (30)
_ 4&1 _ _ 1 . )
le—T Hi3=0 Hys= _Tle An alternative approach would be to obtain the molecular
6 2 exchange integrals directly from an SCF calculation, but
E(lO) =0 E(lZ) =—A E(30) — Eg)) + AE (21) proceeding in this fashion would sacrifice the empirical aspect
of the treatment.
whereA is the experimentally determined splitting of théx Care must be exercised in selecting values for the Stater

state, andAE is the difference in the unperturbed energies of Condon integrals of eqgs 29 and 30 because their values depend
the F=~ and &=+ statesAE = EO(bZ) — EQO(&="). With on charge. For vanadium, for example, different values of
these assumptions the following equations are obtained: G(sd) and Fi(dd) have been fit on the basis of atomic
spectroscopy for V, 3d*4s' and V*, 3d*. Here averages of these
H,,2 values are used, 26 650 cinfor F4(dd) and 7090 cm! for
e — (22) G2?(sd). A careful fit of SlaterCondon integrals has not been
E—E performed for the 4d metals, but values fA(dd) andF4(dd)
can be extracted from the Racah parameters B affdADain
£Q) — Hy,o N H,s” B H,,” 1H 23 there are different values for neutral anzd positive niobium, which
2 Eg” _ E(lo) Eg)) _ Es(o) Ego) _ E(10) 2 AE fg(;\r/eFi\(\:j%r;ge values of 29 127 chfor F3(dd) and 27 733 cmt
A final point to consider is that the couplings of eqs-1®
imply that both excited doublet states have partial quartet
character. Though the?B~ state does not mix directly with
the quartet ground-state, spinrbit mixing of the 8= and 5=~
states imparts some quartet character to #¥ Istate. This
can be seen by considering the wave functions for each state
correct through second order. Assuming intermediate normaliza-

A=—-A

2 2

@ _ Hy 1Hp

3 T @ 0
E(3)_E(2) 2AE

(24)

Using E = E9 + E®, making substitutions of eqs 21,
rearranging, and taking the appropriate subtractions gives

H..2 + 2A2 1H 2 tion and eqs 21, the relevant expression§Zare
E@Sh) — E(X*S) = “T -3 fé (25) A
WO O (WOXE) - W OE@E ) O
Hy,2+ A% 1[H,,> + 2(AE) 12
2oy 4oy _ T2 M2 2
ER’E) - BX'E)=—F—+ 2( AE (26) 1A WO ?s7)0(31)

V2H, 7+ AEA

Equation 25 can be compared to eq 12, which is valid in the

case of two coupled states. The coupling between the excited . ) > . A 1 (0) A (0) 2t

states thus changes the energy of tRE*astate according to (P(aE )= |_|_|IIJ (X2 )T W (=) 0+
. . 12

the second term on the right side of eq 25.

Equations 25 and 26 require an additional parameté, 1—H12|‘P(0)(b22_)D(32)
the difference in unperturbed energies of tR&'aand =~ V2AE
states. This difference can be obtained from empirical fits to
atomic energy levels. Using eqs 16 and 17 and the Condon - 1 H122A -
Slater rule¥ for evaluating matrix elements between Slater |W®(b’S7)0= — = ——————|¥OX*=)0-
determinantsAE is given by V2 AE(H,," + AEA)

H
AE = EOW?S") — EO&S") = 2(K, 5. — Kys) (27) %ZA—lEZI‘P“’)(ffE*)D+ wOb’s")0(33)

whereKyp, is the exchange integrahblbal) and the fact that . I
K,s* = K5~ has been used. In each case, the molecular The magnitude of the contribution of each zeroth-order wave

exchange integrals are expanded over the atomic basis set. Undegr":\r)ig[i'r?n Iﬁ these fec?ntﬂ-orderﬁ\:v?vr?tflun((:j’[ilrc])nstr?ar; br? Iﬁunrg bry
the INDO approximatiofi® Equation 27 reduces to g the square of the coetlicient 'eading the zeroth-orde
function by the sum of the squares of all three coefficients.

AE = 0% 1y T By Iy v 0 28 _The fact that both excitgd dou_blet states are spin-contaminat_ed
Bl x Bl x (28) with quartet character is an important point, because spin
for the homonuclear case, where is an atomic orbital ofr contamination was invoked in assigning low-energy excited

symmetry (eitherr{ — 1)d2 or ns), ang," andy~ are d orbitals states observed forpand N as ézg 3334These assignments
of & symmetry. In the case of VNbthese integrals are replaced have recently come under questisri®18 If the observed
by averages of the integrals for each elent¥ériEquation 28 transitions are as assigned, however, and if the cations behave
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TABLE 1: Compositions and Orbital Energies of INDO/S Molecular Orbitals from the ROHF Ground States of V,*, VNb™,
and Nb,™ 2

\Zu VNb* Nb,*
composition (%) composition (%) composition (%)
orbital 3d 4s energy (eV) d S energy (eV) 4d 5s energy (eV)

drm,° 95 0 —13.87 95 0 —-13.16 95 0 —12.65
doge 99 1 —12.81 90 8 —11.98 30 67 —11.63
sog° 1 99 —11.04 8 92 —11.09 68 32 —10.91
Og° 100 0 —12.58 100 0 -12.23 100 0 —-11.74
so @ 0 96 —6.33 1 85 —6.48 1 83 —6.93
o9 100 0 —6.16 100 0 —-6.27 100 0 —-6.21
drg? 67 0 —4.31 38 0 —-3.84 47 0 —5.19
do? 100 0 —-4.14 97 2 —4.58 99 0 —4.86

aSmall contributions from p orbitals are omittédThe g and u labels serve only to distinguish the bonding and antibonding combinations in the
case of VNB. ¢ Energies of open-shell ROHF orbitals do not correspond to ionization potentials, so should not be compared directly to the closed-
shell orbital energies! Orbital energies relative to the energy of the open-shgbrbitals.

analogously, it might then be possible to observe two low-energy  The SCF MOs obtained for, VNb™, and Nb™ (Table 1)

resonance Raman transitions in the cations. are similar to those obtained for the neutral molecifeas

with the neutrals, thea}, MO is lower in energy than theog

lll. Results and Discussion MO in V,* and VNb', but higher in energy in Ni¥. Other
A. INDO/S SCF/SOCI Calculations, Cations. 1. Self- differences between the neutral and cation ground states are

found in the hybridizations of the, orbitals of VNb" and Nip*.

In the former case, the& MOs of VNb were considerably

hybridized!® whereas those of VNbare much less so (Table
1). In VNb the ¢ bonding MOs are very close in energy
(separated by-0.24 e\t% whereas in VNb they are separated

Consistent Field Ground StateéSCF calculations on the cations
displayed poor convergence behavior similar to that found for
the neutral$>16 As done previously, refined orbitals were
obtained using the CAHF formalisfi. The configurational
space used in defining the average was obtained by fixing six ) . .
eﬁactrons in the closedg-shelﬂrgibonging MOs and Ioweét Iyin% by ~0.91 eV, which could explain the different extents of
og hybrid MO, and distributing three electrons in the remaining hybridization in thg .tWC.’ molecules. )

fifteen MOs in all possible arrangements. These calculations N the case of diniobium, the; MOs are considerably more
converged very rapidly for all three cations, and the resulting hybridized for the cation than they are for the neutral molecule,
orbitals were used as the Starting point for Subsequent ROHFdeSplte the fact that the orbital energies have a similar (Sizable)
calculations. The standard ROHF calculations converged to Separation in the two cases. It is not clear why the hybridizations

stable ground states for,V and Nl*, but additional problems ~ are different. An in-depth examination of the two electron
were encountered with VNb integrals in the two cases might provide an explanation, but

In the case of VNb the starting guesses for the and 2r this was not attempted because extensive configurational mixing

MOs were considerably more hybridized than they were in the occurs in the Cl calculations anyway.
homonuclear cations. A similar observation was made regarding 2. Spin-Orbit Enhanced Configuration Interaction Results.
the orbitals of VNb and was attributed to much largetdss The primary goal of this work is to obtain accurate estimates
overlap!® This occurs because the bond distance is intermediateof the ground-state spirorbit splittings in the cations. The
between those of ¥and NI and the vanadium and niobium  magnitude of the splitting depends largely on the difference in
orbitals are of different sizes. The same phenomenon occurs inthe energies of the ground state and interacting isoconfigura-
the case of VNb. Though in itself this is not problematic, the tional excited states. Given the highly correlated nature of their
starting guesses for thesland 2 MOs were also very close in ~ wave functions, that difference cannot be obtained accurately
energy, which led to convergence problems because thestwo without a proper treatment of correlation. This is not straight-
MOs would alternate between the closed shell and open shellforward in a semiempirical scheme like INDO/S, which
during the course of SCF iterations. As a result, it proved very incorporates some correlation directly by obtaining parameters
difficult to obtain a standard ROHF ground state for VINb  from experiment or fitting parameters to reproduce experimental
This problem was circumvented by adopting the nonstandard results. This implicit correlation is thought to be dynamical in
approach described above, in which an average of the occupahature®-41 Essential correlation is not incorporated in the model
tions 16220 and 11202 was used. Oscillation of the orbitals and must be included in cases where there are extensive essential
between the closed shell and open shell is thus prevented bycorrelation effects. This must be done without also including a
making both orbitals part of a separate open shell. An SCF partial estimation of the dynamic correlation, however, which
calculation on VNB using this model converged quickly. The leads to the well-known “overcounting problem” and consequent
resulting converged orbitals were much less hybridized and deterioration of results. This is known from fundamental
further apart in energy than the starting orbitals had been.  considerations*!4®and was clearly demonstrated for neutral
The ground states just described were fixed to b&bf V2, VNb, and Nb.16
symmetry with open-shell configuratia®?, in accord with the The strategy used here is the same used previously for the
results of DFT calculation¥. An alternative SCF ground state  neutralst® The general idea is to identify configurations (more
of 2A4 symmetry with configuratiom?9? that is analogous to  properly, CSFs) making essential correlation contributions to
the3A, 010! ground state of B~ was investigated for ¥ the X4=~, &>, and B=~ wave functions, and then use only
but was found to be much higher in energy. The Cl calculations those configurations in an SOCI calculation. The details are as
described below confirm that the ground states of all three follows: first, molecular orbitals experiencing significant
cations are ofX~ symmetry. More recent DFT calculations also  localization corrections are identified through populations of
found a’X; ground state for y*".3! antibonding MOs in ground-state Cl wave functions expanded



5022 J. Phys. Chem. A, Vol. 108, No. 23, 2004 O’Brien

TABLE 2: Populations of the MOs of V," Listed in Table 1 TABLE 3: Configurations Contributing to the X 4X;~ and
from Full CI Calculations Using the Orbitals of Each a%x’ States of \b* from Full Cl in the d ¢ and dé MOs
Symmetry as Active Spaces Listed for V L in Table 12
orbital population, " population,\ state configuration weight
dr, 3.93 3.92 X%y (dm)(dog)X(s0g) () 0.811(0.779
dog 1.88 1.94 (drr,)4(dog)?(sug) (O,)? 0.096
S0g 0.97 1.87 (d7y)¥(dog)(Sog)(g) H(0u)(dow)* 0.056
ddg 1.65 1.62 (dr,)4(S09) (0g)X(do)? 0.034
doy 0.35 0.39 (A7)} (s09) (00)4(d0r)? 0.013
SOy 0.01 0.13 (d70)4(S09) (06)A(00)? 0.005
doy 0.12 0.07 syt (drr)*(dog)2(s09)H(0g)? 0.727
drg 0.07 0.08 (A7) (dog)?(sug) () 0.164
a 16 i (dr)H(dog)(So9)H(g)*(0u)(dou)* 0.091
Results for \6'® shown for comparison. (dm.) (s (02 (don)? 0035
in active spaces restricted by symmetoy &, or 9). Orbitals 2 All configurations with coefficients of magnitude greater than 0.01

with important localization corrections are those with large are listed.” Some of these weights are sums of contributions from more
electron populations in the antibonding combinations. The than one CSF derived from the configuatiéiweight of (dr,)*(dog)?
second step consists of full Cl calculations using as active space(Sog)*(dg)* configuration in the X5~ wave function of \, ref 16.

Fhe orbl_tals found to have large _essgnnal correla_t|on corrections. o) & 4. Configurations Contributing to the X “E- and

in the first step. All CSFs contributing to the*X~ and &=* 222+ States of VNG from Full Clin the d o and dé MOs

state wave functions with coefficients greater than 0.01 are thenListed for VNb* in Table 12

incorporated in the final, “essential correlation only” SOCI

. . state configuratioh weight

calculations. The value of 0.01 was chosen on the basis of —— TR
careful consideration of the composition of the ground-state  X'> (g”u)‘l(gffg)z(s%)1(29)2 8.34713 (0.779
wave function obtained previously for{# and gave satisfactory Edzﬂg4§dgzglgssg$1§ 531( 50X(day)? 0.049
results for the ground-state spiorbit splittings of the neutrals. (A7) (S09) H(0g)2(dor)? 0.027
Results obtained for each step of the procedure are presented (drry)*(sog)(Ou)3(doy)? 0.007
and discussed below. (dru)*(s06)(96)*(0u)? 0.007

Molecular orbital populations obtained fosVfrom Cl wave (g”u)j(g%)i(s%)1(39);(301l 0002
functions of the XS state expanded in active spaces of each s+ EdzE;AEdgzgzgziglgéggz( o) 0.746
symmetry are collected in Table 2. It should be emphasized (drm)4(dog) (o) (Ou)? 0.137
that these results are obtained from three separate Cl calcula- (drry)*(dog)(s0g) (9g)*(Ou)(doy)* 0.088
tions, with active spaces restricted to thew, andd orbitals (dry)*(s09) (0g)(dou)? 0.026
from Table 1, respectively. Thewldo, and & MOs behave as (dm)¥(s09)(09)* 0.021
expected on the basis of the previous results fp(also found a All Configurations with Coefficients of Magnitude Greater than
in Table 2)16 with very limited localization of the d orbitals 0.01 Are Listed? The g and u labels serve only to distinguish the

(less than 0.05 electrons in each antibonding orbital) and morebondingf and a,fl‘)tib,ondi”fg Combi”atiﬁﬁfsome %fstlf:‘eze }Neidgf;ts areh
significant corrections for thecdand d orbitals. The occupation ~ SUmS of contributions from more than one CSF derived from the
ofgthe singly occupiedd, orbital of V™, in contrast, is vir'?uall configuration. Weight of (dz.)*(dog)*(s5)*(dg)” configuration in the
aly Pie0c, OrbIte 2 ’ y X332~ wave function of VNDb, ref 16.
unaffected by configuration interaction.
This result is rather surprising on walcomparison to the  TABLE 5: Configurations Contributing to the X “X;~ and
neutral diatomic but simply follows the dissociative behavior azzg States of Nb* from Full CI in the s gy, day, and do

of a singly occupied orbital, which does not require an essential MOSs Listed for Nb," in Table 12

correlation correction to the wave function. If the orbital were state configuration weight
doubly occupied, as it is in ¥ then localized orbitals are X4s - (oS0 (D)2 0.913 (0.86
obtained via the configurational mixing ’ Ednﬂgz:gdgggzggglgéﬁgz 0:058( 869

1 1 (dru)*(dog) (o) (09)*(0u) (dow)* 0.017

W — = (1551 =105 1) =—(AB| — |A (drmu)*(s0g) (O} H(Ou)? 0.005

qI|OC \/§(| Ggog| |Ou0u|) \/é(lAB | |AB |) (34) (dﬂu)4(503)1(62)2(d0u)2 0.002

&yt (dr.)*(dog)*(sog)(0g)? 0.829

- [ i (du)*(dog)*(sog) (1) 0.126

where A and B are-symmetry atomic orbitals on each center (dnu)“(soj)l(ég)g“ 0014

andp spin electrons are indicated by the horizontal bars. The
right side of eq 34 is a singlet CSF in which one atomic orbital a All configurations with coefficients of magnitude greater than 0.01
on each center is occupied. This is directly analogous to the &€ listed> Some o_fthese weights are sums of g:ontributions from more
well-known dissociation problem of the ground-statg con- than one CSF derived from the configuatisiweight of (dr.)¥(doq)
figuration of dihydrogert? The singly occupiedsy orbital in (805)%(d9)* configuration in the Xz, wave function of Nb, ref 16.

V' is then analogous to the ground state of Hvhich does . . o
dissociate properly without configurational mixing of the form than or equal to 0.01. The e_sse_ntlal correlation contnb_unon to
of eq 345 Because the singly occupieg orbital does not then the ground-state wave function is largest fortVintermediate

require essential correlation, the active spaces used in subsequeri®’ VND™, and smallest for N, as shown by the respective

calculations are limited to the doubly occupieglorbital, the increase in size of leading coefficient. This indicates a decrease
corresponding antibonding, orbital, and the fouth symmetry in the multireference character of the wave function in the same
combinations. This gives rise to modest numbers of CSFs, 1200rder. This follows from the very compact nature of the 3d
quartets and 210 doublets. orbitals relative to the 4d orbitals, leading to a greater contribu-
Tables 3-5 list all configurations contributing to the*X~ tion of local character to the wave function when vanadium is

and &=* states of the three cations with coefficients greater present. This is known to be true in general when comparing
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TABLE 6: Results of INDO/S SOCI Calculations of the TABLE 7: Mafrix Elements Hj, =
Energy Levels of \b*, VNb™, and Nb," 2 W(X3E~(0"))|Hso [¥(X"(0"))ODetermined with and without
level of calculation quantity y VNb™ Nby™ Overlap

- - - ; Hi,, no overlap Hio, with overlap

essrti;’t‘l%lllcorrelanonA 18 (2) 77 (8%) 145 molecule (cmY) s ICaP? (cm)
E(bZZI) 3000 2071 6074 V, 290.0 0.0397 0.8073 283.4
E(e=") 3899 4014 3180 VNb 593.8 0.0490 0.8532 574.6
quartet character, 0.995 0.971 0.963 Nb, 897.6 0.0714 0.9183 848.3

X43~ state ' ' ' '
restricted active spacA 57 205 244 o 3
full Cl , Unfortunately the splitting of the % state of Nb* has not

E(b2) 1215 1427 4711 been measured experimentally, which would allow a definitive
E(2=") 1832 2599 2961

discrimination between the varying predictions.

2 All energies are in cmt and experimental results are shown in 3. Analysis of Correlation Effects in the INDO/S Model.
parenthesesh is the spir-orbit splitting of the X<~ ground state of - Comparison of spirorbit splittings computed at different levels
each cation” Reference 20 Reference 18. (Table 6) allows an examination of correlation effects in the
3d and 4d diatomic®32The same trend was observed for the INDO/S model. The results are similar to what was found for
leading coefficients for the neutral diatomits. the neutral molecule®,with splittings from larger active space

Results of SOCI calculations using the configurations listed full CI calculations much less accurate than those computed
in Tables 3-5 are shown in Table 6 along with experimental with only essential correlation contributions. This indicates that
results. Considering first¥ and VNb, for whichA has been ~ the parameters do contain some ad-hoc level of dynamic
established spectroscopically, good agreement between calcucorrelation. The discrepancies are in fact larger than were found
lated and experimental values of the splittings are obtained. Thefor the neutrals, an unexpected result because according to the
agreement is not as close as was obtained for the neutralsleading coefficients in the ground-state Cl wave functions the
however. This is not unexpected because the INDO/S model cation ground states are not as highly correlated. The larger

was parametrized for neutral transition mefdist is clear discrepancies in the case of the cations likely arise because the
nonetheless that the calculations are properly accounting for theempirical parameters used by the method are obtained from
second-order spirorbit coupling in the ground states obV spectroscopy of the neutral atoms, as mentioned above. If these

and VNb'. The spin contamination of the ground state is larger parameters do incorporate some dynamic correlation, this
for VNb*, as expected because spurbit effects are larger correlation is appropriate for neutral atoms rather than cations.

for the heavier niobium atom. This would further complicate the “overcounting” problem. A

The value of 145 cmt reported in Table 6 for NI is the systematically correlated semiempirical model might require a
first explicit estimate of the splitting of the“X,, ground state charge iterative Hamiltoni&h®%to overcome this complication.
of this cation. This agrees closely with the value of 142°&m B. Analysis of Empirical Two State Models for Neutral

found on the basis of a difference of 3895 ¢hn unperturbed Diatomics. In this section the various realizations of the
energies of the X, and &23’ states obtained with DET  empirical models developed in section Il for the neutral
calculationg’ This agreement must be considered somewhat diatomics are analyzed to determine the most effective approach.
fortuitous, however, because James et al. did not account for T "€ three principal sources of error are neglect of overlap and
coupling between the isoconfigurational doublet states. This C! in evaluating coupling matrix elements, the order at which
coupling is very large between the INDO/S Cl wave functions the perturbation _theory is evaluated, and the (_:onS|derat|on of
for the ¥, and 525 states, perturbing the energy of the only one perturbing state. Overlap and CI are incorporated by

lower lying 8?—2;r state to roughly 800 cnt below the un- using eq 8 for the coupling matrix elemerifa, which requires
perturbed energy predicted by DFT. The inversion in the estlm'a.tes of thed symmetry overlap integralS anq .the
ordering of the & and BY- states in Nb* compared to ¥* coefficientsC; andC, for each molecule. These quantities are
and VNbB" oceurs gecause gf the differiaa orbital occupations easily obtained with INDO/S CI calculations and are shown in
(vide infra) g P Table 7 along with the resulting values of HThe inclusion

. " of overlap is seen to reduce the coupling in each case, which
dis-l:alhgerese(s)(;Ihgrsgllr;ﬁﬁhoigzeeig%gyo?f fﬁ%gﬁ%ﬁ:gd!\é?e q will decrease the prediction &(a'="). The trend in the other
by the CASSCF/MRCI calculations of Balasubramanian and guantities in Table 7 is as expected, with the overlap increasing

; . from V, to VNb to Nb, due to the greater extent of the 4d
35 1
Zhu>The same calgulatlons predicted an energy O,f 4984'cm orbitals, and the multireference nature of the ground state
for the k?Zg state, in much closer agreement with the un-

A i decreasing as the overlap increases.
perturbed INDO/S Cl+energy_of 4742 cifor this state. _It is Table 8 displays values &(a'=*) computed at second order
puzzling that the &, state is estimated to be so high in (eq 12) at infinite order (eq 14), and at second order with
energy by the CASSCF/MRCI calculations, because this state gyerjap for the three molecules. The INDO/S results from ref

interacts with the ground state to cause the spirbit splitting. 16 are shown for comparison. All empirical predictions are seen
Second-order per(tol;rbatlg? theory with given by eq 8 and g pe too small. It is interesting to note that the least exact model,
13 000 cmit for E;” — E;” yields only 44 cm* for A. This second-order perturbation theory with no overlap, gives the best

value seems too small given the trends in measured values ofresults. Because inclusion of overlap and infinite order should
A for the neutrals (75 crrt for V2,17 230 cmi't for VNb,18 410 reduceE(al=") even further, limitation to two states appears to

cm* for Nb,?!) and cations (Y* 21 cnm,20VNb* 82 cnrt 19). increaseE(al="), leading to cancellation of errors. This was
It should also be noted from Table 6 that th@} state is found to be the case for NBf so it is not unreasonable to
estimated to be very low-lying for both,¥ and VNb", and assume that the same is true for the other diatomics. It is

the ground-state spirorbit splittings of these cations are therefore recommended for future applications to similar
accurately estimated by these calculations. It therefore seemsamnolecules that overlap effects be neglected and second-order
unlikely that the éig state of NB™ has such a high energy. perturbation theory be used.
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TABLE 8: Predictions for E(a'X"™) Made with Several Empirical Two-State Model$
model E(a'=") given by V, (A =75cnT?) VNb (230 cn1?) Nb; (410 cn1?)
second order, no overlap H(? + 2A%)/A 1271 1993 2785
second order with overlap H(12)% + 2A%)/A 1221 1896 2575
infinite order, no overlap H1? + A?)/A 1196 1763 2375
INDO/S 1306 A 75 cnmY) 2014 (232 cm?) 2705 (419 cm?)

aHj, is the coupling matrix element without overlap, aftl, is the matrix element with overlap, eq 8.

TABLE 9: Results of Empirical Three-State Model (Details

] 1 matrix element, but it is unclear how to develop such a model
in Text) for Energy Levels of V,© and Nb,* @

for three states.

guartet character,

molecule E(bZ=) E(a2=) X4Z=(Y>) level 4. Conclusions
Vot (A =21 cnTl)P 2476 3298 0.993 .
V;’ gA =18 cm—lgc 3006 (3009 3826 (3898 0.995 (0.995 A. INDO/S SOCI Ca.llculatllons on V2+, VNb+, and Nb2+
Nby' (A =145cm})c 5480 (6074 4009 (3189  0.964 (0.969 INDO/S SOCI calculations yielded’€~ ground states for ¥,

VNb*, and NB* in accord with previous experimental and
theoretical studie¥20-27.31.3Ground-state spinorbit splittings
in good agreement with experiment were obtained fgt ¥hd
VNb*. The prediction of 145 cmt for the splitting in Nb*
(the first estimate made with a method that explicitly accounts
C. Empirical Three State Model for Cations. In this section for spin—orbit coupling) agreed well with a prediction of 142
the three-state empirical model developed earlier is applied tocm™! made on the basis of DFT state energiem all three
Vo™ and Nk™. In applying egs 25 and 26 de(aZEJ) and cases both isoconfigurationaP3 and B=~ states were
E(b%), the experimental value of 21 crhis used forA for contaminated with quartet spin character, even though only the
V," 20 and the calculated value of 145 cin(Table 6) is used a&>* state interacts directly with the ground state. This occurs
for Nbyt. Hio is computed with eq 8 USina(n—l)d as defined due to second-order spitorbit coupling between doublet states.
previously. Because the open-shelbrbital is of s7 character The ground-state spirorbit splitting depends strongly on the
in Vo and dr character in Np", eq 29 is used foAE in the relative energies of the three isoconfigurational states, and those
former case, and eq 30 in the latter. The resulting values areenergies in turn depend strongly on obtaining a reasonable
—697 cnrlfor Vot and 1120 cm? for Nby*. It should be noted approximation of the correlation energy for each state. The
here that this inversion in sign agrees with the order of state INDO/S SOCI calculations were designed to isolate essential
energies found for the two molecules with SOCI calculations correlation in the three states to avoid the well-known problem
(Table 6). of “overcounting” the dynamical correlation incorporated into
Table 9 displays state energies and quartet character computedhe semiempirical parametef8? Much better results were
according to eqgs 25, 26, and 31 fog™Vand Ni*. Though the obtained using this method compared to larger restricted active
basic features of the isoconfigurational interactions proposed space full Cl calculations that also incorporated some dynamical
to cause the ground-state splittings in the cations are demon-correlation. The discrepancies in results were larger for the
strated by these results, agreement with the SOCI results ofcations than for the neutrals, suggesting that semiempirical
Table 6 is much poorer than was found with the neutral parameters fixed for neutral atoms contain an averaged dynamic
molecules (Table 8). The energies and wave functions are verycorrelation contribution that is most appropriate for neutral
sensitive to botth and AE, however. If the SOCI value of 18  species. This complicates the overcounting problem when the
cm1for A of V5t is used instead of the experimental value of method is used with charged species. Semiempirical methods
21 cnr?, for example, very close agreement is achieved betweenthat use charge-dependent paramétéfsnight therefore be a
the empirical and SOCI results (second row of Table 9). The better choice for charged transition metal clusters and com-

2 All energies are in cmt and INDO/S SOCI results from Table 6
are shown in parentheseA.is the spinr-orbit splitting of the X~
ground state of each catiohExperiment, ref 20¢ Calculated (Table
6).

energies computed empirically for th&a and B=~ states of
Vyt using A = 21 cnt are likely better estimates than the
SOCI energies because of the discrepancy.in

The empirical-state energies computed for,Nbave large

plexes.

B. Empirical Models for Predicting Interacting State
Energies.An analysis of approximations involved in empirical
modeld822for predicting perturbing-state energies given mea-

errors when compared to the SOCI predictions. In this case it sured values of spiforbit splittings was carried out. It was

is likely that the empirical estimate &fE = +1120 cntl is
too large. When spinorbit coupling is not included in the
INDO/S calculations, an unperturbed energy of 4441 kin
obtained for &". When spir-orbit interaction with BX~ is
included, the &* state moves to much lower energy (3180
cm~1, Table 6), indicating that the interaction is very large and
hence that the states are quite close in energy. InAdefrom

ClI calculations without the spinorbit interaction is only on
the order of+300 cnt!. Unfortunately, the second-order wave
functions for the &" and I¥>~ states of eqs 32 and 33 are
badly divergent with this value akE, but clearly reducing the

found that second-order perturbation theory with neglect of
overlap and CI in matrix elements gives the best results. This
arises due to cancellation of the errors incurred by these
approximations with the error incurred by limiting the number
of states. An empirical model treating interactions between the
X4Z~, &=T, and BZ~ states of the cations was developed along
these lines, using integrals obtained from atomic energy [&vels
to fix the (unperturbed) energy difference between the excited
doublet states. This model gave excellent agreement with the
SOCI results for ¥ if the SOCI value of the ground-state
splitting (18 cnT! versus experiment 21 cth?9) is used in the

difference in energies of these coupled states from 1120 to 300model.

cm~t will lead to a much larger difference in their energies

The same model did not give good results for,NHn this

predicted by the empirical model, more in accord with the SOCI case, however, the difference in the energies of the excited
results. Matrix diagonalization should be used in cases wheredoublet states was obtained from much less reliable Racah
the difference in state energies is smaller than the coupling parameters for niobium. The resulting valuedt did not agree
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with the unperturbed energy difference found with INDO/S CI
calculations.AE obtained from the CI calculation was small

enough that the second-order wave functions used in the

empirical model were divergent. Caution is indicated in using

empirical models at this level for cases that have pronounced

near-degeneracy effects.
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