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Employing multireference configuration interaction and coupled-cluster methods in conjunction
with quantitative basis sets, we have explored the electronic structure of the charged diatomic
fluoridesMF~, whereM = Sc, Ti, V, Cr, and Mn. In addition, and in order to complete our recently
published work on the neutral diatomic fluorids=, M = Ti—Mn [C. Koukounas, S. Kardahakis,

and A. Mavridis, J. Chem. Phy420, 11500(2004], we have also examined the ground’e )

and the first excited statex®A) of neutral ScF. For the entire anioriéF~ series and the cations
ScF", VF*, and MnF", no experimental or theoretical results of any kind have been reported so far
in the literature. For the charged F~ sequence we have investigated a total o=29(MF")
+14(MF") states, reporting potential energy curves, energetics, and common spectroscopic
parameters. Two are the most interesting conclusions of the present (@prkhe Coulombic
binding character oMF* cations, i.e., the conformity of their equilibrium descriptionMg " F~

and(b) the atypical bonding of thB1F~ anions and their surprisingly high dissociation energigs

to 85 kcal/mol for theX A state of ScF). Considering the complexities of these chemically
“simple” systems, our results on ScF, Ti-and CrF are in very good agreement with the limited
experimental findings. €005 American Institute of Physic§DOI: 10.1063/1.183491)2

I. INTRODUCTION

Continuing our previous investigation of the first row

transition metal diatomic fluoride®IF, M=Ti, V, Cr, and

Mn,! we focus our attention presently on the cationic and

anionic serieMF andMF~, whereM =Sc, Ti, V, Cr, and

0.002287(55) cm', as well as spin—orbit coupling con-
stantsA,=63.28), 59.2(5) cm'!, for the®® and>A states,
respectively!

Schraler and co-workePsusing charge-stripping mass
spectrometry determined the vertical ionization energies of

Mn. The challenging difficulties and the inherent complexity TIF (15.20.3eV) and TiE" (28+3 eVv). The same
of the first row transition metal containing compounds, andvorkers employing the coupled cluster singles and doubles
the frequently insurmountable difficulties of obtaining reli- With & perturbative treatment of connected triples methodol-

able ab initio results of even diatomid1 X molecules, are

(RCCSD(T)[6s5p4d2 f/,,6s5p3d/e]), obtained

ogy

well known®? The situation becomes even more com-Pinding energi'esDe,sbonsd distan.cgse, agd energy separa-
pounded in cases, as the present one, where experimenti@ins T for TIF™ (°®,°37), TiF*" (1%A,2°A), TiF"

results are scarce(F"), or are completely lackingM F ™).
These reasons and our recent experience with the nédial

serie$ provided the motivation for a thorough and system—A (327,

atic investigation of theVlF~ sequenceM =Sc to Mn.

As was mentioned the information concerning M&"*
species is very limited: SEF VF*, and MnF are both
experimentally and theoretically unexplored. Pradeepl?
were, perhaps, the first to examine thMe&-. cations M

(=1, ZrF" (337), ZrPPt (PA), and ZrBt (13 7). Spe-
cifically, for the TiF", they reportr,=1.81 A (®) and 1.77

D, ((®)=5.6eV, and T, (33 —3d)
=5.7 kcal/mol, implying that® is the ground state. It is fair

to mention at this point that as early as 1968, Hastie and
Margravé reported a thermochemically obtain€x, TiF*
value of about 6.5 eV, as cited in Ref.(But see below In
1999 Focsa and Pinchemalsing dispersed laser-induced

=Ti, Cr, Fe, Mo, and Wn=1-5) as scattered products of fluorescence spectroscopy extended their previous work on

low-energy 100 eV) metal ions off a fluorinated mono-

layer surface. In 1998 Focsat al.* by means of velocity

TiF", by observing two low-lying excited states tagggdA
and C3II, located ~2040 and ~2200cm ! above the

modulation laser spectroscopy, asserted that the ground stajeound state. They also provided more accurate directly de-

of TiIF" is 3® (but see below Their work provided for the
first time spectroscopic numerical results on ¥i&b and a
[17.6] °A state of TiF. They reported equilibrium bond
distances .= 1.780(q1), 1.75091) A, harmonic and anhar-
monic frequenciesw./wX.=781(6)/3.4(2), 88(B)/3.82)
cm !, rotational-vibrational constanta,=0.002 285(55),
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termined w, values for the®® and 3A states, 762 and
860 cm !, respectively, as opposed to 7B8L and
880(8) cm ! previously determined.

On the CrF ion now, the only experimental results are
those of Kent and Margrafdimited to the ionization energy
(IE) of the (neutra) CrF molecule, obtained by high tem-
perature mass spectroscopy,=IB.4+0.3 eV. This value,
combined with the dissociation energy of Ciby=106.4

© 2005 American Institute of Physics
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+ 3.5 kcal/mol determined in the same work, allows for thell. COMPUTATIONAL METHODS
“indirect” determination of the CrF D, value through the

. In order of our results to be directly comparable with
expression

those of the corresponding neutral fluoridese same basis
sets and methods were used in the present work. For the Sc,
Ti and for V, Cr, and Mn metal atoms the atomic natural
Do(CrF) —Do(CrF") =1Eq(CrF) — IE(Cr), (1) orbital (ANO) Gaussian basis sets of Bauschli¢her
21s16p9d6f4g and 2315p10d6f4g, respectively, were
employed. For the F atom Dunnindfscorrelation consistent
or Do(CrF")=106.4 3.5 kcal/mok6.76 eV (Ref. 9 —8.4  basis set of quadruplequality augmented with a single se-
+0.3 eV (Ref. § =68.6+10.4 kcal/mol, a rather low esti- ries of diffuse functions, 1&p4d3f2g (aug-cc-pVQZ
mate by about 15 kcal/mol, disregarding the uncertainty o=AQZ), was used. Both sets were generally contracted to
10 kcal/mol(vide infra). We remind that for a diatomic spe- [7s6p4d3f2g/\,6s5p4d3f2g/r] engendering to a one-
ciesMX and its cationM X" dissociating intoM "+ X, Eq.  electron space of 164 spherical Gaussian functions. This ba-
(1) holds under the proviso that, asymptoticaltyshould be  sis set was used uniformly for the construction of complete
in the same state for both reactiobkX— M+ X andMX™ potential energy curve®EQ for the wholeM F* series and
—M*+X, andM, M ™ should be in their ground states.  states, as well as for two PECs of the neutral ScF molecule.
Almost two decades later Harrison publishad initio  For the TiF cation only, the relatively recently developed Ti
calculations on CrF based on configuration interactio@I) correlation consistent-type basis sets of Bauschlicher of qua-
methods with  modest size basis sets (CISD/druple (QZ=7s8p6d3f2glh) and quintuple (5Z
[5s4p3d/4s3pld/e]).2° The ground state was found to be =7s8p6d4f3g2hli) quality® were also tested on all four
of 53 % symmetry withDy, r., andw, values of 73.2 kcal/ TiF' states presently studied. Fluorine’s accompanying
mol, 1.755 A, and 769 cmt, respectively. However, it is bases are those of DunnifgAQZ and A5Z, respectively.
worth noting that Harrison suspected that the experimentdiloreover, in the core-valence calculatiofwsde infra), the
dissociation energy of 69 kcal/mol obtained using the result§i QZ and 5Z bases were further augmented i (CQ2)
of Kent and Margravéwas rather low, so he proposed that aand 1f1g1lh (C52) sets of core Gaussian functions. Thus,
more “realistic” D, value should be close to 90 kcal/mol, our largest one-electron space used for the*Ti#ystem,
which is, indeed, the cas@ide infra). In this work a®Il [7s8p6d5f4g3hli/;7s6p5d4f3g2h/g], consists of 305
state is also reported with ®.,=72.6 kcal/mol andr,  spherical Gaussian functions.

=1.773 A, 14 kcal/mol above th¥ >3, " state. The complete active space self-consistent field
As far as we know, no experimental or theoretical result§ CASSCF)}-singlet+double excitations (CASSCF1+2
of any kind exist in the literature on thdF~ anions. =MRCl/ snoiagz) approach was employed for the calcula-

We herein report high levedb initio quantum mechani- tion of all the PECs. Our valence space for M&" systems
cal calculations based on multireference configuration intereonsists of seven orbital functions correlating asymptotically
action (MRCI) and coupled-clusteiCC) methods combined to M* (4s3d)+F(2p,); note that the 82p,2p, F orbitals
with large to very large basis sets. For the catioM&" were not included in the active space. In the neutral ScF
series we calculated 3, 4, 5, 10, and 7 electronic states for theolecule the active space was extended bypa @&c) or-
ScF", TiF", VF*, CrF", and MnF, respectively, using bital, thus containing eight orbital functions. The zeroth-
both the MRCI and for certain states the CC methodologyorder space is constructed by allotting fo(8chH, three
For the anionicMF~ sequence the CC approach was used ScF"), four (TiF"), five (VF"), six (CrF"), and seven
exclusively; we calculated the ground and some low-lying(MnF*) electrons among eighSch and seven MF") or-
excited states. Finally, for reasons of completeness, we haugtal functions giving rise to 65, 34, 55, 60, 35, and 18 con-
also examined th& '3 * and thea ®A states of the neutral figuration functions(CF), respectively, and according to
ScF molecule which had not been investigated in Ref. 1. space-spin symmetries. All calculations were done ujer

For all MF* and ScF species and states studied, wesymmetry constraints but CASSCF expansions obey correct
present full potential energy curves, binding energies, chargaxial (|A|) symmetries.
distributions, and the usual spectroscopic constants d., Additional (dynamical valence correlation was taken
wXe, g, trying at the same time to rationalize the bondinginto account by single and double excitations out of the
mechanisms. We believe that this work, combined with outCASSCF wave functions keeping the2s2p3s3p/y, 1s/¢
previous investigation of the neutislFs (M =Ti, V, Cr,and  core orbitals doubly occupied, applying at the same time the
Mn),* will be of considerable help in understanding the elec-internally contracted technique as implemented in the
tronic structure of the transition metal monohalides, and thatoLPRO 2002.6package’* The ground state ic-MRCI expan-
will serve as a ground zero for future work on relevant poly-sions range from about 445000 (SKEZ ") to 1000000
atomic systems by experimentalists and theoreticians alike CFs (VF'/X*II). The corresponding TiF ic-MRCI

The paper is structured as follows: In Sec. Il we outlineexpansion within the extendedb;; A5Z/¢ basis comprises
some technical details and in Sec. Il we summarize result§.8x10° CFs.
pertaining to the neutrdlFs, M= Sc to Mn. Two sections Core-valence correlation was estimated by allowing
IVA and IV B, present our findings on thelF* andMF~ single and double replacements out of tr#3p® e~ of the
series, while a synopsis and some final remarks are given i atoms in the Cl procedure. These calculations will be
Sec. V. referred to as C-MRCI. The internally contracted C-MRCI



054312-3 Diatomic charged fluorides J. Chem. Phys. 122, 054312 (2005)

expansions increase considerably, ranging fromx1L@ =1.787 A, we/wX.=735.0/3.604 cm?!, and a,=2.638

(SCFX '3 ™) to 3.3x10° CFs (VF'/X “II) to 6.4X10° CFs  x 10 3cm™? from laser-induced fluorescence

(TiIF*/X3®), using the C5Z/A5Z one-electron basis. spectroscopy* permanent dipole moment=1.72(2) De-
For the entireMF" series and for certain states, ground bye from Stark shift measuremenits.

states included, we also performed coupled clussingles (2) a®A: r,=1.860 A, w./wx.=649.3/3.17 cm?, a,

+doubles including perturbative connected triples using re=258x10 3 cm™ !, andTy(a3A—X13")=1969.0 cm?,
stricted Hartree—Fock orbitalRCCSOT)]. These calcula-  from rotational spectroscopy.
tions were limited around equilibrium interatomic distances. |n 1967 Carlson and Moser calculated for the first time
RCCSOT) calculations including excitations out of the the 13+ and3A states of ScF at the Hartree—Fock level,
3s’3p°® semicore M electrons will be referred to as estimating semiempirically the effect of differential correla-
C-RCCSOT). tion between the two staté$They suggested that tH& *
Now for the anionic serieMF~, M=Sc, Ti, V, Cr, and  state is lower than th#A by just 461 cm*. The first “mod-
Mn complete potential curves for all states considered werern” work on ScF is that by Harrison, who 20 years ago
calculated at the RCCSD(TANO/,AQZ/e] level of  studied 30 states at low resolution by the generalized valence
theory, while C-RCCSD(T]/ANO/yAQZ/¢] calculations of hond (GVB) and valence CISD/(&p3d/3s3pld)
the same states were also performed around equilibriunpnethods® He found that'S * is the ground state with 2A
Certain calculations on thel F~ species were done with the 2420-4840 cm? higher, andDy(X '3 *) =100 kcal/mol at
ACESII programt® the GVB level.
Scalar relativistic effects for all species studied and prac-  |n 1988 Langhoffet al?® studied the S¢ and YX ha-
tically for all states, were estimated at both the MRCI andiides, X=F, Cl, and Br using MRCI and coupled pair func-

C-MRCI levels through the one-electron first-order Douglas+tional [CPF (Ref. 27] methods. In particular, for the ScF
Kroll (DK) approximatiort,® while keeping the ANOIM ™) molecule they calculated 17 states using a
and AQZ(F) basis sets uncontracted. [8s6p4d3f/s4s4p2dlf/g] basis, taking also into account

One of the most serious drawbacks of the MRCISD ap-Darwin and mass velocity relativistic effects through first-
proach is the lack of size extensivity, particularly influencingorder perturbation theory. The ground state was found to be
dissociation energies. Size nonextensivity errors at thef '3+ symmetry with thea3A-X13* splitting ranging
[MRCI(+Q), C-MRCI(+Q)] level are[1.03(0.26, 21.1  from 612 cm* (valence-MRC) to 2780 cm* (core-CPF
(3.8); 1.9(0.1), 21.9(4.0; 12.9(3.6), 29.6(4.7); 15.8(4.9,  +relativity). Their best CPBy, r, andu values for theX
31.4(5.0; 7.5 (1.2), 24.7(4.7] mEj, for the ScF, TiF",  state are 138.4 kcal/mol, 1.790 A, and 1.721 D, respectively,
VF", CrF", and MnF" ground states, respectively. Employ- in excellent agreement with the experimental results.
ing the multireference averaged coupled pair functional  Finally, Chrissanthopoulos and Maroufswith the pur-
(MRACPF) formulation'’” for the valence electrons, it is pose of obtaining accurate dipole moment and polarizability
found that size nonextensivity errors are comparable withalues of theX '3, * state of ScF, they used three basis sets of
those of the+Q (=Davidson) correction, being-0.28, increasing size. Their bestu value at the
—0.6, 3.3, 2.4, and-0.2 mE;, for the MF" sequence of CCSD(T)[7s5p5d3f/6s4p4d2 f] level is 1.500 D, 0.22 D
ground states. smaller than the experimental one.

Finally, two more points should be mentionéd) The Table | lists our numerical findings on thé'S " and
state-averagéf approach was used for most of the states ofa 3A states of ScF, while Fig. 1 shows the corresponding
the MF" systems for purely technical reasons, dbdbasis  potential energy curves. The main CASSCF equilibrium CFs
set superposition errof8SSE were not considered because and Mulliken atomic distribution$Sc/P of these two states
they are indeed negligible as compared to all other approxiare
mations made in the present work; for the dissociation ener-
gies of neutraM Fs and using the same basis sets, BSSEs do X 'S ")=0.95(core?10°20?30%1 751 75)

not exceed 0.4 kcal/mal.
451.524pg.174p)o(’.y123d22.373d)0(2'063d3206

3d0.01 SdSyOllzsl .962 p;..812 p>l(932p1 .93,

IIl. THE NEUTRAL MFs, M=Sc TO Mn x2—y2 y

In Ref. 1 we examined the neutral fluorides TiF, VF, CrF,  |a®A)=0.997(core*®10?20°30 17517155 )
and MnF. Here, and for reasons of continuity and/or com- 0845 0.189 40.125 10.049 40.044 41.0
pleteness, we present results for two states of the ScF system, 4s774p; %dzz ZSdXZ 43dyz 43dx2 y?
namely the groundX 1= *) and the first excitedg*) state, 3d0.09251 9%l #1991 94,

Table I. A very brief summary of the most important findings
on the ground states of all fivel Fs including relevant ex- where the orbital numbering refers to valence electrons only

perimental results, is given in Table II. and (core¥’=1s?25%2p®3s23p8(Sc)+ 1s%(F).

ScF What is known experimentally on thé¢'3* and About 0.6~ and 0.7@" are transferred from Sc
a A states of ScF in connection to the present calculationgp the 2p, orbital of F in theX 'S * anda A states, there-
can be condensed as follows: fore thein situ description is S¢(3d'4s!;'D)-F and

(1) X3 *: Thermochemically obtained dissociation en- Sc'(3d'4s’; 3D)—F, respectively. Adiabatically both
ergy, Do=140.8+3 (Ref. 19 and 143.23.2 kcal/mol®®r,  states correlate to SiD)+ F(°P). Note, however, that we
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TABLE |. Total energiesE (hartre@, bond distances, (A), dissociation energieB, (kcal/mo), harmonic and anharmonic frequencies, wXe (cm™?),
rotational-vibrational constanis, (cm™ ) dipole moments. (D), total charges on Sgs., and energy separatiofig (cm™ 1) for the X '3 " anda °A states
of ScF.

Method -E le Dea We WeXe Qe <:“>/:U“FFb Osc Te
X1z
MRCI 859.637 13 1.824 137.2 733 4.5 0.002 7 1.38/1.61 0.64 0.0
MRCI+Q° 859.65391 1.826 141.0 733 4.5 0.0027 0.0
MRCI+ DK 863.275 44 1.827 1.37/1.55 0.79 0.0
MRC|+DK+QC’d 863.292 07 1.829 0.0
C-MRCF 859.881 67 1.792 134.8 727 3.6 0.0027 1.23/1.70 0.62 0.0
C-MRCI+Q°%® 859.936 35 1.791 141.0 730 3.6 0.002 6 0.0
C-MRCI+DKY¢ 863.561 88 1.791 135.4 1.21/1.68 0.79 0.0
C-MRCI+ DK+ Q%¢ 863.620 02 1.790 140.8 0.0
RCCsSOT) 859.653 18 1.867 138.8 709 3.4 0.0012 -++/1.52 0.0
RCCSD(TH DK¢ 863.292 01 1.865 141.0 --+[1.42 0.0
C-RCCSOT)® 859.951 46 1.789 144.6 735 2.6 0.002 7 -++/1.70 0.0
C-RCCSD(T)H DK%e 863.637 02 1.790 144.5 --+/1.68 0.0
Expt.f 1.787 140.8 39 735 3.604 0.002 64 1.72
143.2+3.28
asA

MRCI 859.628 06 1.899 131.5 629 3.2 0.002 7 2.53/2.77 0.70 1990
MRCI+Q° 859.643 82 1.899 134.7 628 3.2 0.002 8 2213
MRCI+ DK 863.261 26 1.897 2.52/2.80 0.89 3113
MRCI+ DK+ Qc’d 863.277 14 1.897 3277
C-MRCI® 859.876 05 1.868 131.2 641 2.8 0.002 4 2.39/2.82 0.71 1233
C-MRCI+Q%¢ 859.928 93 1.863 136.3 644 2.9 0.0025 1628
C-MRCI+DKY® 863.551 55 1.868 128.9 2.40/2.85 0.89 2269
C-MRCI+ DK+ Q%€ 863.608 42 1.864 1335 2545
RCCSOT) 859.639 40 1.990 130.2 608 51 0.0017 -++/2.80 3023
C-RCCSOT)® 859.943 02 1.861 139.3 646 3.0 0.0025 -++[2.92 1853
C-RCCSD(T) DK% 863.624 56 1.862 136.7 -++[2.95 2735
EX[Z)I.f 1.860 649.3 3.17 0.002 58 1969.0

3with respect to ground state fragments $D)Y+F (2P).

®(w) calculated as expectation valyesr by the finite field method.
°+Q, the Davidson correction.

9DK, Douglas—Kroll relativistic corrections.

®The “core” 3s?3p°® electrons of Sc have been included.

fSee text.

9Dy.

were unable to calculate the adiabatic potential energyhe general observation is that finite field valugs:) are in
curves; the PECs shown in Fig. 1 rlaﬂ_mba“(i crlarascter, good to excellent agreement with experinféi both mul-
l.e., respresent the dissociations "¢ (X-X",a”A)  tjreference and coupled-cluster methods, but this is not true

1 3 —(1 ic i
—Sc'('D, °D) +F('S). This is also clear from the energy or expectation value€(u)) at the MRCI or C-MRCI level of
separation between the two states8aA which is 2573 theory; see also Ref. 36 for a discussion(af versusu e

(2428) cmi'! at the MRCI(+ Q) level, in conformity with values

the experimental atomic  splittifig Sc'(*D«'D) The first excited state is ofA symmetry located

=2407 cm L. 1 : . o
. 969.0 cm - higher according to the experimental findings
From Table | we can see that at the highest level ofél)f Shenyavskayzet al, reflecting thein situ S¢" (3D

calculation, C-MRC# DK+ Q or C-RCCSD(T) DK, the —1D) splitting® of 2407 cmrL. MRCI and C-RCCSDT)

calculated bond distance of the'S " state is in excellent JRARvE it . d t with
agreement with experiment, 1.790 versus 1.787 A. The sam-g‘f(a - ) results are in very good agreement wi

holds true forD,: the most recent experimental vaifies in ~ €xPeriment, while the C-MRGtQ value can only be con-

complete agreement with the C-RCCSDresult, while the _S|dered as fair dqe j[O Igrge size non—'extenswlty errors and the

C-MRCI+DK+Q D, value falls short by 2.5 kcal/mol. The inherent uncertainties in the Q Davidson correction. DK-

DK-relativistic corrections are practically negligible fog relativistic corrections, of similar size in both multireference

andD. in both the C-MRCI and C-RCCSD) methods, but and coupled-cluster approaches, increaseTthealues by

the D, value increases by 2.2 kcal/mol at the RCGED about 1000 cm!. At the highest level of calculation

level. For technical reasons it was not possible to calculat€-MRCI+DK+Q and C-RCCSD(T¥ DK, we obtain T,

the adiabatic supermolecule at the MRK level, so we =2545 and 2735 ct, respectively. These fluctuatinf,

do not report the correspondirigy, value. values upon gradually increasing the size of calculation but
Concerning now the dipole moment of the'> * state, not necessarily the “quality” of the wave function, indicate
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TABLE Il. Dissociation energie® (kcal/mo), bond distances, (A), harmonic frequencies, (cm™?1), and
dipole momentsy (D) of the ground state neutral fluorides ScFYE ™), TiF (X *®), VF (X °II),
CrF (X %3 *), and MnF X 73 *). Experimental values in parenthesis.

Species DS rd 0 u

ScP 144 1.790 727 1.70/1.70
(140.8-3)%"  (1.787  (735.0' [1.722)
(143.2£3.2)%

TiF? 135 1.839 655 2.95/2.80

(136.0-8)%'  (1.83113™ (650.7™"
VPP 130 1.788 652 2.82/3.25
(1.7758°  (670.7°

CrP 110 1.785 666 4.27/4.22
(106.4:3.5)%P (1.78399 (6641

MnF® 108 1.840 623 2.90/2.75

(104.5:2.39" (1.8387' (624.2'
(106.4+1.8)9¢

3Present work. IReference 21.
bValues from Ref. 1. KReference 22.
‘With respect to ground state atoms; 'Reference 28.
best estimates, see Ref. 1. MReference 29.
YRCCSOT) values including the £3p® electrons "AG 1= we— 20X,
of the metal atonfC-RCCSOT)]. °Reference 30.
®MRCI values including the §€3p® electrons PReference 8.
of the metal atom{C-MRCI). 9Reference 31.
fFinite field values at the C-MRCI/C-RCCS$D) level. 'Reference 32.
9D, values. *Reference 33.
"Reference 19. 'Reference 34.

Reference 20.

clearly the difficulties of obtaining reliable results on thesethe final value being 1.864 A, or 1.862 A at the
systems. C-RCCSD(THDK level, in excellent agreement with the
Concerning the bond distance, the usual convergence txperimental result.
the experimental value is observed as we move from the Finally, the same observations can be made as before
MRCI to C-MRCI to C-MRCH-DK to C-MRCI+DK+Q, contrasting(u) versusuge dipole moments. Our best esti-
mate for the dipole moment on the3A state of ScF is
2.90+£0.05 D; see Table I.

035 Sc (D)+F('S)
IV. RESULTS AND DISCUSSION
+ 3 1
040 ~ Se (D)FF(S) In what follows we first discuss the electronic structure
‘ of MF* species followed by th#1F~ anions,M =Sc, Ti, V,
Cr, and Mn.
-0.45
N A. The cations MF*
@ 050 - The IEs of Sc, Ti, V, Cr, and Mn atoms are 6.561, 6.828,
& 6.746, 6.766, and 7.434 eV, respectively, while that of the F
) ScF atom is 17.42 eV.Therefore it is clear that aMF" cations
Lﬁ 0.55 dissociate adiabatically tel * + F. An altenative dissociative
channel could beM?*+F~, but this channel is ruled out
immediately because it is higher than tMe"+F channel
0.60 by AE=IE(M")—EA(F)=IE(M")—3.40eV (Ref. 37
=9.49, 10.23, 10.80, 13.09, 12.24 eV, ft=Sc", Ti*,
Xz V™', Cr*, and Mn", respectively. Neverthelss, our calcula-
-0.65 4 tions clearly indicatdvide infra) that at the equilibrium the
— 771 in situ atoms can be described adequatelyis F~, or that
1 2 3 4 5 6 7 8 9 theMF* charged species are ionic. For all MBystems and

" (A) for all states studied the CASSCF and/or MRCI Mulliken
Sc-F populations indicate a charge transfer of @660.6%~

FIG. 1. MRCIAANO/AQZ) potential energy curves ok 'S+ andasa  from M ™ to F, about 0.&" less than in the corresponding
states of ScF. See text. Energies shiftedH§5%E,, . neutral fluorides. Hence, it is rather conceptually simpler to
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FIG. 2. MRCI PECs ofX 2A, A2 ", andB 2II states of ScF. Energies  FIG. 4. MRCI PECs ofX “II, A*A, B4, C*®, andD “II states of
shifted by -+ 859%,,. VF*. Energies shifted by 1042%,,.

consider that theVlF*™ cations are formed from the corre- a&tomic Mulliken equilibrium populations for everi/ F
spondingMFs by removing one “nonbonding” € or 3d state, while Figs. 2—6 show potential energy curves at the
metal electron. MRCI/(ANO/AQZ) level of theory. Because of the highly

All our numerical results oMF*s are presented in ionic character of theviF"s and following the notation of
Tables III-VIII: Table IX lists the leading CASSCF CFs and Ref. 1, their equilibrium configurational description in Table

] -0.72+
086 — —
A 2 7
T Ti (B)+(EP)
20,88 - I -0.76
-0.90 }
T -0.80
0924 1§
0.94
o ] ot X 0,84
&) TiF g
-0.96 - .
S 098+ g 0884
aa| 1 5]
-1.00
1 -0.92
1.02 1
1.04 1
] -0.96
1.06 -
I ) I 1 I 1 1
1 2 3 4 5 6 7 1

)

FIG. 3. MRCI PECs ofX 3®, A3S~, B3I, andC 3A states of TiF. FIG. 5. MRCI PECs ofX °3 ", ASII, B®A, a°l, b3®, ¢35, d I,
Energies shifted by+ 947&,,. e3A, f3H, andg 33" states of CrEE. Energies shifted byr 1142E,,.
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Mn'(G;sd)+F(P) the CrF" case suggests, see bejowhich are —1.4 and

0,24 4 —3.1 kcal/mol at the MRCtDK—MRCI, C-MRCI+DK
] —(C-MRCI), respectively, we obtainDJRCCSD(T)
027 4 =135.5-1.4=134.1 kcal/mol, and DJC-RCCSD(T)
] Mn'(D;d)+F(P) =143.3-3.1=140.2 kcal/mol at,=1.795 A. Note that the
2030 4 I, oottt o . RCCSIOT) approach, i.e., without thes33p°® electrons, fails
] in predicting a reasonable bond distance even in comparison
0.33 4 . Mn'('S;sd)+F(P) with the MRCI wave function.
. Taking also into account our C-MREIQ results we
X 0364 ‘s suggest thab (X 2A) = 140 kcal/mol and .=1.795 A.
S5 ) Mn'(S;sd)+F(P) The next two state$>, ™ and?Il, are practically degen-
56 039 4 erate at the MRCI level; see Table Ill and Fig. 2. However,
& ] by improving the quality of calculation the two states split
M g4d apart by more than 2000 cm, the?S ™ becoming the first
i excited state. Indeed, at the highest multireference level,
0,45 - MnF" C-MRCI+DK+Q, AE(?I1—23")=2443 or 2045 cm*! at
) the C-RCCSDT) level. Including the relativistic effects as
-0.48 - obtained from the C-MRCI, (C-MRCGiDK) to the
i C-RCCSOT) results, the above difference becomes
-0.51 4 2908 cm L. Therefore it is certain that the ordering of states

— is X2A, A23" andB2II with A23 " —X2A, B2[I—-X2A
( A) 6 separations of about 3000 and 5500 ¢mrespectively.

r

Mn-F

FIG. 6. MRCIPECs oK 6%, a®A, b *II(1), ¢ “®, d“S*, e“II(2), and 2. TjFt+
f T states of MnF. Energies shifted by 124%F,. _ _ _ _
As described in the introduction only recently Focsa

et al*” determined the bond distancg=1.7800(1) A and
IX is limited to the valence space of the doubly chargedharmonic frequency.=760 cm * of the *® state of TiF,
in situ M2* metal cations. An example will clarify what we suggesting also that the ground state iS®fsymmetry. In
mean. The leading ground state CASSCF configuration ofddition, Focsa and Pincherhaletermined two very close
ScF" is low-lying states, nameds 3A andC °I1I, located~ 2040 and
IX2A)=0.997(core®10?20°1 721 m215% ) ~2200 cm * above the’d state; see Table IV. )

: x =y =Gt /s The only theoretical results on TiFare those of Schro
where (core¥° represents thes£2s?2p®3s23p8+1s2 e~ of  deretal,” who at the RCCSIY) level predict as well that
Sc and F. Note that the numbering of the orbitals refers to thé® is the ground state with & ~ state 5.7 kcal/mol higher
valence electrons. Omitting from now on the common factorand a binding energy of 129 kcal/m@ee Sec.)l
(coref’Lo?20?1m1lm? for all MF's, where the As in all five MF" species studied here the Tifation
102,202,177)2(,1775 reflect the 32,2p§,2p§,2p§ atomic orbit- is highly ionic, its equilibrium being described accurately
als of F, the above CASSCF configuration of tk€A state  enough as Fi"F~. Because the ¥i' ground term is

of ScF' is condensed to 0,99]755; see Table IX. 3F (3d?), four close-lying molecular triplets of symmetries
37, II, A, and® are expected. This is indeed what we find,;
see Fig. 3.

1. ScFt

First, a general observation: Our results for the four trip-
No experimental or theoretical results of any kind existlets above are very similar in the two basis sets used, Tables
in the literature on ScF. The CASSCF(and MRC) IV and V. For the®® state at the highest level of multiref-
Mulliken equilibrium distributions suggest, as in aMF" erence calculation C-MRGIDK+Q [C-MRCI+DK
species studied here, that about @6%re transferred to the +Q/(C5Z/A5Z)], the binding energy with respect to the
F from the S¢ cation (Table IX). The symmetry of the re- ground state fragments is predicted to be 12%26.6 kcal/
sulting state€>. ™, 2I1, and?A is dictated by the single® mol, a difference of just+ 0.9 kcal/mol in moving from the
electron of S&" (3d;2D) in the field of F. Table lll  [7s6p4d3f2g/6s5p4d3f2g/e] to [7s8p6d5f4g3hli/y
proves and Fig. 2 shows that the ground state of'SeFof ~ 7s6p5d4f3g2h/¢], where the one-electron space is almost
2A symmetry with two close-lying states 68+ and?lI  doubled. Corresponding C-RCCS8D [C-RCCSOT)/(C52/
symmetries. At the highest multireference level, C-MRCIA5Z)] results are 132.0132.4 kcal/mol. Assuming as be-
+relativistic corrections Davidson  correctios C-MRCI  fore additivity of DK effects as obtained from the C-MRCI
+DK+Q, we predict a binding energyDq(X?2A) results, the CM, value reduces to 128[429.8 kcal/mol.
=137.2 kcal/mol at .= 1.796 A. Recalling that we are deal- Therefore, our recommendddl, value for the®>® state of
ing with a single reference system our coupled-cluster result$iF" is 130 kcal/mol. The calculated, values at both
should be very reliable. Assuming approximate additivity of C-MRCI+DK and C-RCCSDT) level are in excellent
DK-relativistic effects at the multireference and CC le(as  agreement with the experimental numbdte same holds
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TABLE IlIl. Results on theX 'S ", A23*, andB 2Il states of ScF. Symbols, units, and acronyms as in

Table I.
Method -E le D, e ®Xe Qg Osc Te

X 2A
MRCI 859.402 27 1.829 136.0 732 3.0 0.0023 1.59 0.0
MRCI+Q 859.417 23 1.831 139.5 731 3.1 0.0022 0.0
MRACPF 859.414 38 1.832 138.8 724 2.3 0.0022 1.55 0.0
MRCI+DK 863.033 69 1.828 134.6 728 2.6 0.0022 1.78 0.0
MRCI+DK+Q 863.048 71 1.830 138.0 729 3.2 0.0023 0.0
C-MRCI 859.647 36 1.798 135.1 746 2.8 0.0023 1.58 0.0
C-MRCI+Q 859.698 34 1.795 140.3 747 2.7 0.0022 0.0
C-MRCI+DK 863.320 96 1.798 132.0 746 2.9 0.0022 1.79 0.0
C-MRCI+DK+Q 863.37578 1.796 137.2 747 2.9 0.0022 0.0
RCCSOT) 859.414 02 1.891 135.5 697 2.8 0.0006 0.0
C-RCCSOT) 859.710 65 1.795 143.3 748 2.9 0.0023 0.0

AZST
MRCI 859.379 05 1.783 121.7 721 6.2 0.0040 1.53 5097
MRCI+Q 859.397 19 1.780 127.1 743 6.8 0.0038 4399
MRACPF 859.394 85 1.782 126.8 736 54 0.0036 1.44 4286
MRCI+DK 863.015 63 1.774 123.5 761 6.6 0.0035 1.69 3965
MRCI+DK+Q 863.033 88 1.774 129.0 776 6.5 0.0033 3255
C-MRCI 859.624 35 1.756 120.7 741 5.5 0.0036 1.54 5050
C-MRCI+Q 859.679 98 1.748 128.7 774 5.7 0.0033 4030
C-MRCI+DK 863.301 79 1.751 120.1 763 5.2 0.0033 1.72 4206
C-MRCI+DK+Q 863.361 46 1.746 128.2 791 5.0 0.0029 3142
RCCSOT) 859.396 98 1.814 124.8 736 8.4 0.0027 3739
C-RCCSOT) 859.693 80 1.753 132.7 770 34 0.0028 3698

B 211
MRCI 859.378 52 1.871 121.0 692 2.4 0.0023 1.64 5211
MRCI+Q 859.394 05 1.873 124.8 690 2.4 0.0023 5087
MRACPF 859.390 21 1.873 123.5 689 2.7 0.0024 1.62 5305
MRCI+DK 863.010 10 1.869 119.7 692 2.3 0.0023 1.78 5178
MRCI+DK+Q 863.025 69 1.871 1235 690 25 0.0024 5052
C-MRCI 859.621 66 1.842 119.0 710 2.9 0.0022 1.64 5641
C-MRCI+Q 859.672 98 1.839 124.5 713 3.0 0.0022 5567
C-MRCI+DK 863.295 17 1.842 116.0 709 2.9 0.0022 1.80 5660
C-MRCI+DK+Q 863.350 33 1.839 121.4 713 3.1 0.0022 5585
RCCSOT) 859.392 41 1.924 122.0 700 5.2 0.0012 4742
C-RCCSOT) 859.684 48 1.840 126.9 710 2.9 0.0023 5743

true for the larger C5Z/A5Z basis set; see Table V. Themuch larger basis set C5Z/A5Z, Table V. At this level the
agreement is also excellent between theory and experime@-MRCI(+ Q) energy separatio (33~ —3®)=201(—61)
of the w,, weXe, anda, values, 760, 3.5, and 0.0023 ¢l cm ! with the C-RCCSIDT) being — 865 cm 2.
respectively at the C-RCCSD) level as contrasted to the It is obvious that within our methods we can not decide
experimental ones 762, 3.4, and 0.00R®fs. 4 and V. on the symmetry of the TiF ground state; more accurate
We discussed first th&d state only because it was the experimental(or theoretical results are required to resolve
experimentalists’ suggestion for the ground state of TIE  this issue. Nevertheless it seems that e state is the
However, our calculations indicate that®~ state competes stronger candidate of being the lowest state of 'TiFhe
strongly with the®®. Following the results of th@ (33~ markingsX 3®, A3~ given in Tables IV, V, and Fig. 3 are
—3®d) energy separation at increasing level of calculationbased on the MRCI, C-MRCI results and are only of formal
we first note that these two states are degenerate within thegnificance. It should also be mentioned that the experimen-
accuracy of our approximations, Table IV. At the MRCI, tal estimate of Hastie and Margrévés cited in Ref. 5of
MRCI+Q (or MRACPH, MRCI+DK, and MRCH DK the dissociation energip =~ 150 kcal/mol, is certainly over-
+Q, 3® remains the ground state, with tAE ~ state about estimated by about 15 kcal/mol.
500 cm * higher. Including the 83p® semicore electrons The next two states of TiF present the same difficulty
in the configuration interaction, th&, reduces to about in deciding their relative order. According to experimént,
200 cm !, and finally the order between the two states isthey are of B3A and C3II symmetry, about 2040 and
inverted at the C-MRG+Q and C-MRCH DK+ Q level by 2200 cm'! higher than theX state,3®. Our results are in
less than 100 cm'. Similarly, at the RCCSDI) and practical agreement with the experimental findings but with a
C-RCCSOT) level the ground state is of>~ symmetry formal reversal of thd 3IT andC 3A states. With respect to
with the 3® higher by 72 and 850 cnt, respectively. the 3® state our besf(*I1—3®) value at the C-MRCI
The above results follow the same pattern at thet DK+Q level is 2219 cm?, differing by just 214 crn?
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TABLE IV. Results on theX 3®, A33~, B °II, andC A states of TiF. Symbols, units, and acronyms as in

Table 1.
Method -E le De we WX ae Qi Te

X3
MRCI 948.058 40 1.800 1251 744 3.1 0.0023  1.65 0.0
MRCI+Q 948.076 15 1.800 129.6 744 3.2 0.0024 0.0
MRACPF 948.072 26 1.801 1282 739 25 0.0023  1.62 0.0
MRCI+ DK 952.477 75 1.798 1233 743 3.0 0.0025  1.75 0.0
MRCI+DK+Q 952.495 56 1.797 127.8 743 3.0 0.0025 0.0
C-MRCI 948.327 64 1.780 1232 757 2.9 0.0023  1.66 0.0
C-MRCI+Q 948.382 86 1.777 129.6 760 2.7 0.0024 0.0
C-MRCI+ DK 952.792 76 1.780 119.4 1.76 0.0
C-MRCI+DK+Q 952.851 73 1.776 125.7 0.0
RCCSOT) 948.076 61 1.814 128.6 741 3.6 0.0023 0.0
C-RCCSOT) 948.389 20 1.779 1320 760 35 0.0023 0.0
Expt. 1.7806 150 76F 3.4  0.0023

A3S™
MRCI 948.055 68 1.771 1241 749 4.4 0.0028  1.62 597
MRCI+Q 948.073 80 1.768 1289 741 3.1 0.0027 516
MRACPF 948.069 88 1.769 127.4 737 3.2 0.0027  1.60 522
MRCI+ DK 952.475 24 1.768 1225 745 3.6 0.0028  1.74 551
MRCI+DK+Q 952.493 46 1.766 127.2 746 3.4 0.0028 461
C-MRCI 948.326 75 1.750 1228 757 3.5 0.0026  1.63 195
C-MRCI+Q 948.383 23 1.743 1299 764 3.4 0.0026 -81
C-MRCI+ DK 952.792 00 1.750 119.1 1.75 167
C-MRCI+DK+Q 952.852 16 1.743 126.1 —94
RCCSOT) 948.076 94 1.778 1288 752 3.6 0.0023 -72
C-RCCSOT) 948.393 08 1.731 134.4 800 2.9 0.0024 -850

B eIl
MRCI 948.047 19 1.808 1183 727 3.0 0.0024  1.65 2460
MRCI+Q 948.065 41 1.807 1231 726 25 0.0024 2357
MRACPF 948.061 44 1.809 1216 725 3.0 0.0023  1.62 2375
MRCI+ DK 952.466 80 1.806 116.7 728 3.0 0.0023  1.75 2403
MRCI+DK+Q 952.485 09 1.805 121.4 729 3.0 0.0024 2298
C-MRCI 948.316 65 1.788 116.3 742 3.0 0.0023  1.66 2412
C-MRCI+Q 948.372 57 1.783 1232 747 2.7 0.0023 2258
C-MRCI+ DK 952.781 95 1.787 112.7 2373
C-MRCI+DK+Q 952.841 62 1.782 119.4 2219
Expt® ~2200

c3A
MRCI 948.042 83 1.797 1151 668 2.0 0.0017  1.63 3417
MRCI+Q 948.062 60 1.788 120.8 660 0.3 0.0020 2974
MRACPF 948.057 98 1.794 119.0 665 0.9 0.0018  1.59 3134
MRCI+ DK 952.464 63 1.782 114.8 663 0.3 0.0016  1.71 2880
MRCI+DK+Q 952.484 74 1.772 120.7 666 0.8 0.0022 2375
C-MRCI 948.311 36 1.774 1129 681 2.7 0.0017  1.64 3573
C-MRCI+Q 948.369 37 1.758 121.1 684 3.8 0.0018 2961
C-MRCI+ DK 952.778 92 1.761 110.6 3038
C-MRCI+DK+Q 952.841 12 1.743 119.0 2329
Expt® ~2040

®Reference 4.
PReference 6.
‘Reference 7.

from the plain MRCI result, in agreement with the experi- ground state with an energy separation perhaps no more than

mental separation. However, in th& state moving from the 1 kcal/mol, and two degenerate states of symméktyand

MRCI to C-MRCI+ DK+ Q, there is an energy difference of 3A are located~2200-2300 cm® higher.

1088 cmi L, the final To(3A«3®) being 2329 cm?, so the

3A is just 110 cm'* above the’ll state. Clearly théll and

3A states are degenerate within the accuracy of our calcule F

tions. The same results are obtained using the much larger No experimental or any kind of theoretical results on

C5Z/A5Z basis set, Table V. VF" exist in the literature. We have examined five states,
As a final conclusion for the TiF cation it can be stated two “IIs one of which is the ground state, plus three more

that two states’> ~ and3®, compete strongly for being the low-lying states of'A, 3 ~, and*® symmetry, as shown in
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TABLE V. Results on theX 3®, A33 -, B3I, and C3A states of TiF using the series of correlation
consistent-type basis sets on Ti and the corresponding aug-cc-basis on F. Symbols, units, and acronyms as in

Table I.
Basis sé€t Method -E le De e ®Xe Te
X 30
QZ/IAQZ MRCI 948.058 76 1.799 125.2 742 31 0.0
MRCI+Q 948.076 53 1.799 129.7 743 31 0.0
CQZ/IAQZ C-MRCI 948.367 07 1.779 122.2 0.0
C-MRCI+Q 948.425 74 1.775 128.7 0.0
5Z/IA5Z MRCI 948.068 14 1.798 125.7 744 3.0 0.0
MRCI+Q 948.086 21 1.798 130.3 744 3.1 0.0
RCCSOT) 948.087 00 1.812 129.3 0.0
C5Z/A5Z C-MRCI 948.386 19 1.777 123.0 0.0
C-MRCI+Q 948.446 18 1.773 129.6 0.0
C-MRCI+DK 952.813 94 1.778 120.4 0.0
C-MRCI+DK+Q 952.874 00 1.774 126.6 0.0
C-RCCSOT) 948.454 86 1.775 132.4 0.0
A3
QZ/IAQZ MRCI 948.056 03 1.770 124.2 740 33 598
MRCI+Q 948.074 18 1.767 129.0 741 3.1 514
CQZ/IAQZ C-MRCI 948.366 20 1.749 121.8 192
C-MRCI+Q 948.426 06 1.742 129.0 -70
5Z/IA5Z MRCI 948.065 45 1.769 124.7 741 2.9 591
MRCI+Q 948.083 90 1.766 129.5 742 2.9 507
RCCSOT) 948.087 37 1.777 129.5 -80
C5Z/A5Z C-MRCI 948.385 28 1.747 122.6 199
C-MRCI+Q 948.446 46 1.740 129.9 - 59
C-MRCI+ DK 952.812 73 1.748 119.8 266
C-MRCI+DK+Q 952.874 39 1.741 126.8 -87
C-RCCSOT) 948.458 80 1.728 134.9 —864
B3I
QZ/IAQZ MRCI 948.047 55 1.807 118.4 727 3.0 2459
MRCI+Q 948.065 79 1.806 123.2 728 3.0 2357
CQZ/IAQZ C-MRCI 948.355 98 1.786 115.3 2434
C-MRCI+Q 948.415 33 1.781 122.2 2283
5Z/IA5Z MRCI 948.056 93 1.807 118.9 728 3.0 2459
MRCI+Q 948.075 47 1.805 123.7 728 2.8 2357
C5Z/A5Z C-MRCI 948.375 01 1.785 116.1 2452
C-MRCI+Q 948.435 66 1.779 123.1 2308
c3A
QZ/IAQZ MRCI 948.043 21 1.796 115.2 665 0.7 3414
MRCI+Q 948.063 00 1.787 121.0 663 1.1 2969
CQZ/IAQZ C-MRCI 948.350 28 1.774 111.6 3683
C-MRCI+Q 948.41171 1.757 119.9 3081
5Z/A5Z MRCI 948.052 55 1.796 115.6 666 0.9 3421
MRCI+Q 948.072 62 1.786 121.4 665 1.4 2983
C5Z/A5Z C-MRCI 948.369 08 1.773 112.2 3753
C-MRCI+Q 948.431 77 1.757 120.5 3162
aSee text.
Fig. 4 and Table VI. Th& *I1 and“A states correlate adia- The dissociation energy of thé¢*Il state is practically
batically to the ground state atoms*V(a®°D)+F(°P), method independent according to the numbers of Table VI.

while the rest three to the first excited state of ,Va°F. At the highest multireference level, C-MREDK+Q, D,
Differences of about 0.0@3, observed at infinity within the =115.4 kcal/mol; the same value is obtained at the
same dissociation channel, Fig. 4, are rather due to the stat€-RCCSOT) level+-DK effects as obtained from the
average technique between t&é11+4® +411(2) (B,, B, C-MRCI, i.e., 113.9-1.9=115.8 kcal/mol. Therefore, the
symmetries undeC,,), and A“A+B“%~ (A;,A,). This  recommended, value is 116 kcal/mol at,=1.734 A.
0.00FE}, diminishes to about 0.0®&}, at the +Q level. The The situation for the next two statéd and *3~ is
asymptotic energy difference between the two channels olrather unclear as to their relative ordering, Table VI. The
tained by the supermolecule approach and reflecting the Vsymmetry problem on the first excited state is also com-
a®F-a®D splitting at the MRCI¢Q) level, is 2330 pounded by the fact that tHfe\ and*S ~ states correlate to
(2306) cm! as contrasted to the experimental dref  different atomic states. The MRCHQ) AE(*S ~«—*A) is
2756 cm . 740 (7) cmL. This ordering is maintained at the C-MRCI
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TABLE VI. Results on theX TT, A %A, B3, ~, C *®, andD *II states of VF. Symbols, units, and acronyms

as in Table I.
Method -E le D. we ®Xe ae Qv Te
X4
MRCI 1042.536 24 1.756 113.9 753 3.0 0.0025 1.58 0.0
MRCI+Q 1042.557 43 1.753 115.2 755 3.0 0.0025 0.0
MRACPF 1042.554 03 1.753 114.7 756 3.6 0.0025 1.57 0.0
MRCI+ DK 1047.869 70 1.753 117.1 753 2.5 0.0026 1.69 0.0
MRCI+DK+Q 1047.891 02 1.750 118.5 757 3.0 0.0025 0.0
C-MRCI 1042.826 48 1.742 110.5 771 3.1 0.0025 1.61 0.0
C-MRCI+Q 1042.886 14 1.734 1131 780 3.4 0.0025 0.0
C-MRCI+DK 1048.206 17 1.741 112.4 771 3.4 0.0026 1.70 0.0
C-MRCI+DK+Q 1048.269 47 1.734 115.4 783 7.5 0.0029 0.0
RCCsSOT) 1042.562 79 1.753 114.1 758 3.2 0.0025 0.0
C-RCCsSOT) 1042.898 90 1.732 113.9 781 3.2 0.0026 0.0
A‘A
MRCI 1042.529 76 1.786 107.7 743 3.3 0.0024 1.62 1423
MRCI+Q 1042.549 39 1.785 109.5 740 2.3 0.0027 1763
MRACPF 1042.546 29 1.786 108.6 736 4.9 0.0030 1.60 1696
MRCI+ DK 1047.862 74 1.784 110.6 742 2.6 0.0023 1.71 1528
MRCI+DK+Q 1047.882 51 1.783 1125 743 3.0 0.0023 1868
C-MRCI 1042.818 87 1.773 103.6 754 2.3 0.0024 1.63 1668
C-MRCI+Q 1042.876 24 1.769 106.6 761 3.1 0.0023 2172
C-MRCI+DK 1048.198 26 1.773 105.2 756 4.3 0.0026 1.72 1735
C-MRCI+DK+Q 1048.259 36 1.770 108.4 760 4.3 0.0025 2217
RCCsSOT) 1042.555 70 1.787 109.7 744 3.0 0.0024 1553
C-RCCsSOT) 1042.890 42 1.770 108.6 761 3.4 0.0023 1861
B4Y~
MRCI 1042.526 39 1.771 114.7 724 3.0 0.0022 1.60 2165
MRCI+Q 1042.549 36 1.764 119.7 725 2.8 0.0022 1770
MRACPF 1042.543 93 1.768 117.4 717 0.8 0.0025 1.55 2217
MRCI+ DK 1047.861 08 1.763 113.4 723 2.6 0.0022 1.68 1892
MRCI+DK+Q 1047.884 24 1.755 118.5 724 2.3 0.0021 1490
C-MRCI 1042.815 76 1.758 111.7 737 3.0 0.0021 1.63 2354
C-MRCI+Q 1042.876 93 1.746 118.1 743 2.8 0.0021 2022
C-MRCI+DK 1048.196 79 1.752 108.2 738 5.3 0.0023 1.71 2057
C-MRCI+DK+Q 1048.261 70 1.739 114.2 743 5.5 0.0022 1703
RCCsSOT) 1042.555 83 1.767 118.8 726 2.9 0.0022 1528
C-RCCsSOT) 1042.891 43 1.740 120.1 746 2.8 0.0021 1640
C*d
MRCI 1042.510 99 1.800 102.5 691 25 0.0020 1.62 5544
MRCI+Q 1042.532 83 1.794 107.8 692 2.6 0.0021 5400
MRCI+ DK 1047.845 88 1.790 101.4 691 25 0.0019 1.69 5229
MRCI+DK+Q 1047.868 00 1.783 106.8 691 2.5 0.0020 5054
C-MRCI 1042.799 82 1.785 99.7 705 2.9 0.0020 1.63 5851
C-MRCI+Q 1042.859 68 1.774 106.7 707 2.5 0.0020 5809
C-MRCI+DK 1048.181 09 1.778 96.4 702 3.8 0.0021 1.71 5502
C-MRCI+DK+Q 1048.244 87 1.765 103.2 703 2.4 0.0020 5397
D Il
MRCI 1042.476 61 1.772 81.0 727 2.9 0.0020 1.59 13088
MRCI+Q 1042.501 15 1.766 88.0 727 2.6 0.0020 12 350
MRCI+ DK 1047.81176 1.762 80.1 725 2.7 0.0019 1.67 12717
MRCI+DK+Q 1047.836 54 1.755 87.1 724 2.0 0.0020 11958
C-MRCI 1042.768 77 1.762 80.2 734 2.7 0.0019 1.61 12 665
C-MRCI+Q 1042.832 58 1.752 89.8 737 2.4 0.0019 11755
C-MRCI+DK 1048.149 95 1.754 76.9 729 2.1 0.0017 1.70 12 339
C-MRCI+DK+Q 1048.217 52 1.743 86.1 730 0.9 0.0017 11 398

level (AE=683 cm ), but it is reversed at the C-MRCI should be close to 1 kcal/mol. Of course the ordering given
+Q, C-MRCI+DK+Q, RCCSOT) and C-RCCSIT) lev-  in Table VI is only formal. Recommended binding energies
els of theory by 151, 513, 29, and 222 ¢h respectively. are 110 tA) and 116 £ ) kcal/mol with respect to the
Obviously, the safe conclusion at this point is that these twadiabatic fragments.

states are degenerate, or that their “real” energy difference  The ordering of the next two states is cle@ri® fol-
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lowed byD “II. The C*®-X“Il andD “II1-X *II T,values sociation energy isD(Do)=92 (91) kcal/mol, and T,

are method independent within the accuracy of our method€B A« X °% ") =(9 485+ 9 729)/2-9 600 cm *.

Suggested, andD, values for theC *® andD “II states of The band of the remaining seven triplets tagged only

VF* are 16, 35 kcal/mol and 105, 86 kcal/mol, respectively.formally at the MRCI level aa®T', b3®, ¢33, d I,
e3A, f3H, and g33 ™", correlates adiabatically to C€r
(“D)+F(?P) [d°II, e®A, g33*], to Cr* (*G)+F(%P)
[a®',b3®], and to CF (*P)+F(?P) [c33 ], but we are

4. CrF* not sure as to the end products of théH state. For techni-

We report ten states of the CiFcation, three of which cal reasons we were not able to complete the PECs dfithe

X53", ASI, and B5A are well separated and approxi- 3®, 337, and®H states beyond an internuclear distance of 5

mately equally spaced, while the remaining seven ar@ohrs; see Fig. 5. In higher resolution the band of these seven

crowded within an energy range of about 4000 ¢msee ~ Stales 3ab0ve IS caomposaed of three groups 30f two

Fig. 5. The only experimental result available is the ioniza-(a3 F+,b ®), two (c°%7,d°ll), and three ¢°A,f°H,

tion energy, IE=8.4+0.3 eV of CrF® which allows the esti- 9 > ) states, practicaly degenerate within each group;

mation of the dissociation energy of CTF D,=68.6 Fig. 5 and Table VII. We are rather sure of the ordering of the

+10.4 kcal/mol(see Sec.)l Our results indicate a signifi- thrée groups but obviously not within the groups. Note that

cantly largerD, value, the error being traced to the high for the statesT, 3@, *5~, and®H, D, entries are missing

experimentally determined IEIndeed, from the results of from Table VII due to our inability to calculate the supermo-

Ref. 1 we obtain IE(CrF3:7.81 (7.77 [7.89] eV at the lecular states at the correct adiabatic limits.

C-MRCI+Q (C-MRCI+ DK+ Q) [C-RCCSOT)] level, all A general observation is useful at this point. It was men-

values significantly lower than the experimental one. Therelioned in the introduction that the bonding and states of the

fore, using an IE (CrE¥7.9eV, D, (CrF; X53%) MF* species can be understood withiarsitu ionic descrip-

— 110 kcal/mol* and IE (Cr)=6.77 eV? we expect a disso- tion M2*F~. This is particularly clear in the CFF and
ciation energy of CrE close to 85 kcal/mol. MnF* cases. The ground term of €ris °D (3d*) which
The X53 * state of CrF is the only one which corre- Can give rise to three low-lying states & *, °II, and®A
lates adiabatically to the ground state fragments, ¢3S) symmetry in the fi_eld of F. This is exactly what we see in
+F(?P); Table IX and Fig. 5. Following the results of Table F'9-35- Now, two, in essence dt_'—}gsenerate g,tatesfﬁ‘ CiF,
VIl a monotonic decrease of bond distance is observed, aRNd"H. lie 17100 cm™ above its°D state” The "H term,
beit small, from 1.734 AMRCI) to 1.722 A (c-MRc| formally the lower, can give rise to a series of closely spaced
+DK+Q). Exactly the same number is obtained at them0|eCU|glr states ofx ", °II, °A, @, °T, and*H symme-
C-RCCSD(T) DK level. HoweverD, values show a difer- Y- Thf 27 can be lcon5|dered as arising from f@&(3d”)
ence of up to 10% depending on the method. It is interestingf Cr* ", 20521 cm* above the’D term. Indeed, the band
though that the DK effects are practically the same in bottfverage of the presently calculated seven states of the same
MRCI, RCCSOT) and C-MRCI, C-RCCSDT) methods. Symmetry is located-16 000 cm * above the average of the
.' s ’ . o 5 5 5
Taking everything into account our beBY, estimate is 87 lowestX°X", A”II, andB°A states at thle MRCI level of
kcal/mol, orDy=86 kcal/mol andr .= 1.722 A. theory. The agreement withir-1000 cmi! of the CP*
The first excited stated °II, correlates adiabatically to &fOMic terms and corresponding molecular Critates is
the first excited state of the Cr(®D) cation, experimentally ~Striking, leaving little doubt as to thi1“"F~ description of
located 12 278 cm* above the’S term?® Our MRCI 6D-6s  these systems.
splitting using the supermolecule approach is 12 000tm
Concerning the bond distance we observe the same mono-
tonical reduction as before moving from the MRCI 5. MnF*

(re=1.762A) to C-MRCHDK+Q (re=1737A) to . .
N © - We are not aware of any published theoretical results on
C-RCCSD(T)+ DK (re=1.736 A). What is rather difficult MnF". Experimentally, the ionization energy of the neutral

to obtain again is the estimation of the dissociation energy
The results of relativity in this state have an opposite effec!vI NF has been reported by Margrave and co-worReis

reducing the binding energy as compared toXH{& * state =8.7x0.3 eV; in the same work the dissociation energy of
Disregarding the C-MRCI values because of high nonextenMnF is also givenDo=101.2+ 3.5 kcal/mol. Using the ex-

sivity errors, the MRCFDK+Q and C-RCCSD(TY-DK per@mental ionization energy of Mn, InE?.fl3 eV,? the ex-

. . erimentalD, value of MnF" can be obtained via formula
numbers are in good agreement. Therefore, our estimate f 5) of the Introduction
the D, (D) value is 107(106) kcal/mol, with T, (A°II '
«—X®3*)~4100cm?, the mean value of these two Do (MnF")=101.2 kcal/mok 7.43 eV~ 8.7+ 0.3 eV
methods.

The B®A is located~10000 cm ! above theX state =71.910.4 keal/mol.
tracing its origin to Cf (°D)+F(?P). As in the previous Upgrading the above estimate by the most recent dissocia-
two states the C-MRGt DK and C-RCCSD(T} DK rval-  tionenergy of MnFE2D,= 106.4+ 1.8 kcal/mol, also in agree-
ues are in excellent agreement, 1.778 versus 1.775 A, respement with the results of Ref. 1, we obtail, (MnF")
tively. Also in agreement are thB, MRCI+DK+Q and =77.1+8.7 kcal/mol. Disregarding the error bars, this ex-
C-RCCSD(T)+ DK values, so our best estimate of the dis- perimentalD, value of MnF" is low by at least 10 kcal/mol
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TABLE VII. Results on theX 53", ASTI, B%A, a°T", b 3®, ¢33, d°M, e %A, f °H, andg 33" states of
CrF*. Symbols, units, and acronyms as in Table I.

Method -E le D, We ®Xe A Jer Te
X537

MRCI 1142.982 14 1.734 82.5 781 3.1 0.0025 1.59 0.0
MRCI+Q 1143.005 35 1.732 83.1 781 2.6 0.0024 0.0
MRACPF 1143.001 87 1.733 81.7 775 2.2 0.0024 1.56 0.0
MRCI+ DK 1149.368 22 1.732 86.0 785 3.3 0.0025 1.68 0.0
MRCI+DK+Q 1149.391 57 1.730 86.8 784 3.1 0.0024 0.0
C-MRCI 1143.287 79 1.726 80.9 795 3.1 0.0024 1.62 0.0
C-MRCI+Q 1143.349 10 1.721 82.9 800 3.3 0.0025 0.0
C-MRACPF 1143.344 53 1.723 79.1 1.59 0.0
C-MRCI+DK 1149.719 90 1.726 83.1 794 3.3 0.0025 1.70 0.0
C-MRCI+DK+Q 1149.784 61 1.722 85.2 797 3.3 0.0025 0.0
RCCsSOT) 1143.013 37 1.732 83.9 785 3.3 0.0025 0.0
RCCSD(TH DK 1149.399 83 1.730 87.6 787 3.3 0.0026 0.0
C-RCCSOT) 1143.366 42 1.721 85.1 801 3.4 0.0025 0.0
C-RCCSD(TH DK 1149.804 42 1.722 86.7 0.0

ASTI
MRCI 1142.959 44 1.762 101.3 739 2.9 0.0022 1.61 4982
MRCI+Q 1142.984 90 1.756 108.0 742 3.0 0.0023 4488
MRACPF 1142.979 86 1.759 105.9 739 3.4 0.0023 1.57 4831
MRCI+ DK 1149.347 11 1.755 99.5 742 3.3 0.0023 1.68 4634
MRCI+DK+Q 1149.372 79 1.748 106.2 743 2.8 0.0023 4122
C-MRCI 1143.263 67 1.752 98.2 752 3.2 0.0023 1.63 5293
C-MRCI+Q 1143.326 72 1.743 106.4 760 3.4 0.0023 4912
C-MRACPF 1143.321 08 1.747 105.2 1.57 5148
C-MRCI+DK 1149.697 45 1.747 94.1 749 3.1 0.0023 1.71 4928
C-MRCI+DK+Q 1149.764 01 1.737 102.1 755 3.0 0.0023 4522
RCCsSOT) 1142.992 68 1.757 110.3 739 2.7 0.0024 4540
RCCSD(TH DK 1149.380 89 1.748 108.6 744 3.1 0.0023 4157
C-RCCsSOT) 1143.345 93 1.741 111.4 755 2.9 0.0024 4497
C-RCCSD(THDK 1149.785 98 1.736 107.6 4046

B °A
MRCI 1142.936 87 1.802 88.4 701 2.9 0.0022 1.64 9935
MRCI+Q 1142.960 20 1.797 93.1 701 2.9 0.0022 9910
MRACPF 1142.957 33 1.800 92.4 699 3.2 0.0022 1.60 9775
MRCI+ DK 1149.324 70 1.794 86.7 702 2.8 0.0022 1.70 9551
MRCI+DK+Q 1149.348 36 1.789 91.5 703 3.1 0.0022 9485
C-MRCI 1143.241 42 1.791 85.7 711 2.8 0.0022 1.66 10177
C-MRCI+Q 1143.302 41 1.784 92.0 716 3.3 0.0022 10246
C-MRACPF 1143.299 10 1.787 92.3 1.59 9971
C-MRCI+DK 1149.675 48 1.786 81.7 709 2.9 0.0022 1.73 9750
C-MRCI+DK+Q 1149.740 20 1.778 87.8 713 3.2 0.0022 9748
RCCSOT) 1142.967 46 1.797 94.5 702 3.5 0.0024 10076
RCCSD(T)H DK 1149.355 91 1.789 93.0 703 2.9 0.0023 9640
C-RCCsOT) 1143.319 67 1.780 95.0 716 3.0 0.0022 10261
C-RCCSD(TH DK 1149.760 09 1.775 91.3 9729

a’r
MRCI 1142.896 08 1.725 791 2.9 0.0025 1.59 18 888
MRCI+Q 1142.920 94 1.723 793 3.1 0.0024 18526
MRACPF 1142.917 83 1.726 787 3.0 0.0024 1.54 18 445
MRCI+ DK 1149.283 48 1.723 793 3.2 0.0025 1.68 18598
MRCI+DK+Q 1149.308 49 1.721 796 3.5 0.0025 18234
C-MRCI 1143.204 39 1.716 806 3.3 0.0025 1.61 18 304
C-MRCI+Q 1143.267 82 1.711 812 3.0 0.0024 17 839
C-MRCI+DK 1149.637 80 1.716 802 3.0 0.0026 1.70 18018
C-MRCI+DK+Q 1149.704 72 1.712 803 1.5 0.0025 17534

b
MRCI 1142.895 12 1.717 775 3.0 0.0025 1.58 19099
MRCI+Q 1142.920 75 1.712 780 3.1 0.0025 18568
MRACPF 1142.916 52 1.715 773 3.0 0.0025 1.55 18732
MRCI+ DK 1149.282 84 1.714 777 3.0 0.0025 1.67 18738
MRCI+DK+Q 1149.308 67 1.708 781 3.0 0.0025 18194
C-MRCI 1143.203 01 1.709 788 3.1 0.0025 1.60 18 607

C-MRCI+Q 1143.267 49 1.701 798 3.2 0.0025 17911
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TABLE VII. (Continued)

Method -E le De e ®Xe e Jcr Te
C-MRCI+DK 1149.636 63 1.709 782 2.0 0.0025  1.69 18348
C-MRCI+DK+Q 1149.704 62 1.700 795 3.1 0.0025 17 556

¢
MRCI 1142.887 87 1.725 792 3.1 0.0025 1.59 20690
MRCI+Q 1142.916 09 1.725 791 3.1 0.0025 19590
MRACPF 1142.913 66 1.730 1.55 19360
C-MRCI 1143.19278 1.716 1.60 20852
C-MRCI+Q 1143.260 43 1.713 19461
d31
MRCI 1142.885 63 1.708 77.2 738 4.7 0.0054 1.56 21181
MRCI+Q 1142.912 90 1.700 84.2 755 6.4 0.0052 20290
MRACPF 1142.908 11 1.708 81.9 1.52 20578
C-MRCI 1143.193 76 1.702 78.5 1.59 20637
C-MRCI+Q 1143.261 03 1.693 88.0 19329
e3A
MRCI 1142.879 86 1.716 73.5 799 3.1 0.0025 157 22448
MRCI+Q 1142.909 16 1.718 81.5 799 3.1 0.0025 21111
MRACPF 1142.906 72 1.727 81.0 1.52 20883
C-MRCI 1143.187 81 1.712 74.5 1.60 21943
C-MRCI+Q 1143.255 96 1.708 84.7 20442
f3H
MRCI 1142.877 69 1.752 748 3.9 0.0024 160 22924
MRCI+Q 1142.904 58 1.744 751 3.2 0.0023 22116
MRACPF 1142.899 50 1.751 1.55 22 468
C-MRCI 1143.18572 1.744 1.62 22402
C-MRCI+Q 1143.251 30 1.733 21465
g 32+
MRCI 1142.876 11 1.719 71.2 800 3.5 0.0025 1.57 23271
MRCI+Q 1142.90304  1.717 778 799 31 0.0026 22 454
MRACPF 1142.899 40 1.722 76.5 1.52 22490
C-MRCI 1143.186 15 1.713 73.6 1.60 22 307
C-MRCI+Q 1143.252 68 1.709 82.6 21162

according to present resultside infra), the error being proach. Nevertheless, at the highest level C-MROK
traced to the high ionization energy of MnF by about 0.5 eV4 Q and taking also into account the MREDK+Q re-
(see also the CrFsection. sults, we can claim that thB, is higher than 85 kcal/mol.

] VYe have calculated seven states qf MnRhe g_round Correcting the RCCS(T) [C-RCCSOT)] D, value for rela-
X°% 7, and a closely spaced band of six states, Fig. 6. Folgyistic effects using the MRGDK—MRCI [C-MRCI
lowing the analysis of the previous section on Tiand +DK—C-MRCI] results, — 2.3 kcal/mol [ — 4.9 kcal/mo]

CrF* ’ftrllle Mri*bcation Is cha%teriZi%bW5(3d5) g;%“gfs we obtainD,=91.7 kcal/mol[90.9 kcal/mo]. Our obvious
state followe _1y two terms 0fG an symmetry, 26 ¢ recommendation at this point is that the dissociation energy
and 29 193 cm? higher, respectively.Therefore, in the field of MnE* (X 53 *) with respect to the ground state fragments

- i n
of F~, we expect the formation of an “isolated’> " state should be very close to 92 kcal/mol or a little bit higher. This

followed by a rather closely spaced band of state&3f, . :

4TI, 4A, “®, and*T" symmetry. This is exactly what we see number can be corroborated by applying formdlia using
in Fig. 6. Remarkably, the band center of these five states i@e foIIowmg resultsDo (MnF)=106.4+ 1.8 kcal/mol(Ref.
located 26460 cmt above theX 53+ state at the MRCI 33) (theoretical valueD,=108 kcal/mot) and IE (Mn)

level, in complete agreement with the Rin(*G-6S) split- =7.43 eV? Our uncertainty comes from the calculated ion-
ting. The extrae®Il state, 28500 c* (MRCI) higher, is  ization energy of MnF X'%%): At the C-MRCHQ
related to thé'P term of Mr&*. (C-MRCI+ DK+ Q) [C-RCCSOT)] level, IE (MnF)=7.95

Again, the standard spectroscopic naming of the quarte8-09 [7.90] eV (Ref. 1 and present woykso it is rather safe
states is based on the MRCI findings and it is only formal. to use IE=8.0+0.1eV. Therefore,Dy=106.4+1.8 kcal/
From Table VIII it is seen that the bond length of the mol+7.43 eV-8.0+0.1 eV=93.3+ 4.1 kcal/mol, consistent
X583 " state converges relatively smoothly to a C-MRCI with the suggested theoretical value of 92 kcal/mol.
+ DK+ Q value of 1.750 A. The situation is not so clear for Not much can be said about the band of six quartet
the dissociation energy which shows considerable variationstates; it is composed of three groups of two states each,
due to size nonextensivity errors at the multireference apfa*A,b*Il), (c*®,d*>"), and @*II,f“T"), practically
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TABLE VIII. Results on theX 53", a“A, b*TI(1), c*®, d*S", e*ll(2), andf *T states of MnF.
Symbols, units, and acronyms as in Table I.

Method -E le D& we WXe ae Omn Te
X635+
MRCI 1249.516 24 1.769 86.3 730 3.1 0.0023 1.64 0.0
MRCI+Q 1249.541 70 1.765 91.5 728 2.6 0.0024 0.0
MRACPF 1249.538 90 1.768 90.8 725 2.7 0.0023 1.60 0.0
MRCI+ DK 1257.110 29 1.762 84.0 731 2.9 0.0024 1.74 0.0
MRCI+DK+Q 1257.136 11 1.758 89.3 731 2.8 0.0024 0.0
C-MRCI 1249.825 40 1.760 83.9 742 3.1 0.0024 1.66 0.0
C-MRCI+Q 1249.886 83 1.754 90.5 743 2.3 0.0024 0.0
C-MRCI+ DK 1257.470 34 1.756 79.0 736 3.0 0.0023 1.77 0.0
C-MRCI+DK+Q 1257.53578 1.750 85.6 742 3.3 0.0023 0.0
RCCsSOT) 1249.549 19 1.764 94.0 0.0
C-RCCsSOT) 1249.907 87 1.750 95.8 0.0
a‘A
MRCI 1249.404 72 1.696 67.0 781 35 0.0028 1.58 24 475
MRCI+Q 1249.434 71 1.691 69.3 790 4.5 0.0027 23480
MRACPF 1249.430 83 1.692 66.9 783 3.9 0.0029 1.54 23717
C-MRCI 1249.719 35 1.690 67.2 790 2.9 0.0029 1.61 23276
C-MRCI+Q 1249.787 54 1.682 70.5 804 35 0.0029 21793
MRCI+ DK 1256.999 70 1.693 784 3.6 0.0028 1.71 24 269
MRCI+DK+Q 1257.029 94 1.688 792 4.2 0.0026 23301
C-MRCI+DK 1257.364 69 1.691 795 9.5 0.0026 1.74 23186
C-MRCI+DK+Q 1257.436 66 1.683 800 2.7 0.0029 21755
b Il
MRCI 1249.401 00 1.726 69.0 777 3.7 0.0026 1.60 25 292
MRCI+Q 1249.429 95 1.722 67.4 780 3.5 0.0026 24525
MRACPF 1249.427 14 1.723 65.1 74 2.8 0.0025 1.57 24527
MRCI+ DK 1256.995 48 1.723 781 4.7 0.0026 1.72 25196
MRCI+DK+Q 1257.024 68 1.719 781 3.5 0.0025 24 456
C-MRCI 1249.715 77 1.719 69.5 788 3.7 0.0025 1.62 24061
C-MRCI+Q 1249.783 15 1.712 68.7 797 3.7 0.0026 22754
C-MRCI+ DK 1257.360 67 1.720 1.74 24071
C-MRCI+DK+Q 1257.431 87 1.713 22 806
ctd
MRCI 1249.393 50 1.731 99.6 754 2.9 0.0023 1.61 26 937
MRCI+Q 1249.423 83 1.723 106.0 761 3.1 0.0025 25 869
MRACPF 1249.419 11 1.728 104.1 757 4.0 0.0025 1.56 26 289
MRCI+ DK 1256.989 20 1.725 95.5 756 2.6 0.0024 1.72 26575
MRCI+DK+Q 1257.019 83 1.717 102.6 763 3.2 0.0025 25521
C-MRCI 1249.708 28 1.725 97.5 766 3.7 0.0025 1.63 25706
C-MRCI+Q 1249.776 24 1.714 105.0 77 4.2 0.0026 24273
C-MRCI+ DK 1257.354 46 1.722 90.4 1.75 25432
C-MRCI+DK+Q 1257.426 31 1.711 98.4 24 026
d4st
MRCI 1249.392 41 1.737 355 737 1.6 0.0022 1.60 27 177
MRCI+Q 1249.423 20 1.727 43.0 745 3.1 0.0023 26 007
MRACPF 1249.419 80 1.727 41.8 741 3.5 0.0023 1.54 26138
MRCI+ DK 1256.988 35 1.729 35.6 741 3.1 0.0023 1.72 26 762
MRCI+DK+Q 1257.019 53 1.718 43.1 750 4.4 0.0023 25585
C-MRCI 1249.706 28 1.733 38.1 750 3.2 0.0023 1.62 26 144
C-MRCI+Q 1249.774 54 1.721 47.7 756 2.6 0.0023 24 645
C-MRCI+ DK 1257.352 67 1.729 355 745 1.75 25 826
C-MRCI+DK+Q 1257.424 85 1.717 44.8 747 24 346
el
MRCI 1249.386 70 1.726 95.3 764 2.7 0.0024 1.60 28431
MRCI+Q 1249.419 45 1.719 103.2 772 2.8 0.0024 26 831
MRACPF 1249.413 76 1.722 100.7 767 3.6 0.0025 1.54 27 465
MRCI+ DK 1256.983 04 1.719 91.5 768 3.3 0.0026 1.72 27927
MRCI+DK+Q 1257.016 11 1.711 100.1 776 3.2 0.0025 26 335
C-MRCI 1249.700 53 1.716 92.6 775 2.6 0.0025 1.63 27 407
C-MRCI+Q 1249.771 34 1.709 101.9 790 4.1 0.0025 25347
C-MRCI+ DK 1257.347 13 1.715 85.8 1.75 27041
C-MRCI+DK+Q 1257.421 81 1.705 95.5 25014
f4r
MRCI 1249.386 31 1.754 93.4 739 3.1 0.0025 1.63 28515
MRCI+Q 1249.414 58 1.748 99.0 744 3.6 0.0023 27 898
MRACPF 1249.411 30 1.751 97.9 738 3.0 0.0023 1.58 28 005
MRCI+ DK 1256.981 89 1.747 91.2 740 3.0 0.0024 1.73 28179
MRCI+DK+Q 1257.010 55 1.741 96.8 741 2.0 0.0023 27 556
C-MRCI 1249.702 10 1.745 91.9 754 3.2 0.0024 1.64 27 062
C-MRCI+Q 1249.768 34 1.737 99.0 759 3.1 0.0024 26 005
C-MRCI+ DK 1257.348 32 1.742 87.1 754 1.76 26 780

C-MRCI+DK+Q 1257.418 64 1.734 94.0 762 25710
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TABLE IX. Asymptotic fragmentsM *, leading CASSCF configurations CF, and CASSCF Mulliken atomic populations oflEll states studiedivl
=8¢, Ti, V, Cr, and Mn.

Asymptotic
State  fragment,M* Leading CASSCF CFs M F
4s 4p, 3d2 3d,, 3d,, 3de_y2 3dy 2s 2p, 2p, 2p,
ScF*
X2A  PD; M ==2) 0.99715%) 0.03 0.0 0.15 0.06 0.06 097 0.0 197 1.80 1.92 1.92
A%t ]P’D; M =0)  0.9973c%) 0.56 0.02 0.64 0.06 0.06 0.0 0.0 196 1.82 1.91 1.91
B21 |°D; M =+*1) 0.99727%) 0.03 001 0.14 1.00 0.05 0.0 0.0 1.98 1.82 194 1.93
TiF"
X327 |*F; M =0)  0.8416"16")+0.532m2m;) 0.04 0.0 016 030 030 0.74 074 1.99 1.80 1.93 1.93
AD 'Ry M =%3) 1/,2]27016% +2mi1st) 0.05 0.0 0.16 053 053 050 0.50 1.99 1.80 1.94 1.94
Bl |*F; M ==1) 0.652m15% —2m,15")—0.3130"27}) 0.05 0.0 0.27 059 046 043 043 199 1.81 1.94 1.94
C3A  |*F; M =%2) 0.9973¢'16%) 0.16 00 097 005 005 1.0 00 199 180 1.93 1.93
VF*
X [°D; M =%1) 0.8792m18,16")+0.3430 (2m16" —2m;16%)) 0.07 0.0 036 017 091 088 0.88 1.98 1.80 1.92 1.92
A“‘A |°D; M =%2) 0.99627}2m}18%) 004 0.0 016 1.02 1.02 10 00 1.98 1.79 1.94 1.94
BS™ |°F; M =0)  0.9630'16115")+0.2430 2m}27)) 011 0.0 1.02 0.12 0.12 093 093 1.97 1.84 1.92 1.92
C'®  [°F; M ==%3) 1/,2|30}(2m16% +2m16)) 0.14 0.0 1.00 054 054 050 0.50 1.98 1.83 1.93 1.93
DIl |°D; M =%1) 0.6430* (27161 —27116%))+0.4927}16% 16%) 0.12 0.0 080 042 0.66 0.62 0.62 198 1.82 1.92 1.92
Crr*
X®2F [°5; M =0)  0.99§2m2m15%16") 0.05 0.02 020 1.03 1.03 1.0 1.0 198 1.73 1.91 191
A°Tl  |°D; M =*1) 0.99930'2m,15%16") 0.12 0.04 1.02 0.10 1.03 1.0 1.0 198 1.80 1.85 1.91
B%A [°D; M ==2) 0991301277127711519 0.16 0.04 101 103 1.03 1.0 0.0 198 1.78 1.91 191
a’r  |*G; M ==4) 0.8127k2m1 8L 15% )+ 0.03 0.01 020 1.02 1.02 1.0 1.0 198 1.76 1.93 1.93
|16 162 (0.50) 2,2y +(0.29) 2my 27, ])
b3® |*G; M ==3) 0511277115215£+2w1151152_> 0.05 0.02 0.29 0.87 0.87 110 1.10 1.98 1.78 1.93 1.93
0. 4112#2771151 +2m2m168%)
¢ |*P; M =0) |(065)2771277y(152 +152)> 0.03 0.01 020 1.02 1.02 1.0 1.0 198 1.76 1.93 1.93
+1(0.27)15% 18 (275 + 270))
d3  |*D; M ==1) |(0.55)(2ri15%16% 2w1152153)>+ 0.06 0.02 050 0.65 055 125 125 1.98 1.79 1.92 1.92
[(0.33)3r% (272162 +2771v152+)>
e’A  ['D; M =%2) [15116[(0.86)2m; 27— (0.50)Zm2m,]) 0.03 0.01 020 1.02 1.02 100 10 198 1.76 1.93 1.93
f3H |2, M =%5) (0.50)27L(3¢'15%— 301153)>— 0.10 0.04 1.04 054 054 100 10 1.98 1.82 1.92 1.92
|2m316%[(0.57) 3016 +(0.35) % 15"
g% " ['D; M =0) [181[(0.70)Zmi2 w18 +(0.41) 2m 2wy 16" — 0.03 0.01 0.20 1.02 1.02 1.00 1.0 1.98 1.76 1.93 1.93
(0.57)2m2m,16 )
MnF*
XE* |’S; M =0)  0.99730"2m2m;15} 18" ) 0.12 0.04 1.03 1.02 1.02 1.0 1.0 1.97 1.81 1.93 1.93
a‘A °D; M ==*2) |27Tx2771151[(085)152 (0.31)3%)) + 0.08 0.03 049 1.03 1.03 163 1.0 198 1.77 1.93 1.93
|301151yla£[(0.29)2w§2w;—(0.29)2F§2w;]>
bl [°D; My ==1) [27;15%18"[(0.92)272—(0.31)30°]) 0.07 0.03 0.38 179 179 0.98 098 198 1.77 1.94 1.94
c*®  [5G; M =%3) |(0.60)3 (27161162 — 273162 168%))+ 0.10 0.04 1.15 053 065 1.39 139 1.99 1.82 1.92 1.92
|(o.37)3al(2w§2w;15£—27752773151))
d*s* |°s; M =0) 07Q3011512?12W;15£>+ 0.11 0.04 1.05 1.03 1.03 10 10 1.98 1.80 1.94 1.94
[(0.50)2m; 18 16 (3c* 27, — 35" 2m))
e’ll  |°G; M ==1) |(063)30'1(2771152151+2771151162))+ 0.10 0.04 115 053 065 1.39 139 1.99 1.82 1.92 1.92
0. 3913022771151 16%)
4T |°G; M ==4) 0.7930% 2wl 15 164 ) + 0.12 0.04 1.04 1.02 1.02 1.0 1.0 1.98 1.80 1.94 1.94

|275162[(0.50) 35 2mr 16} +(0.29) 30277, 15% 1)

degenerate within each group. Numerical results in a varietyespectively’® The EA of F is 3.40 eV hence the end frag-
of methods are given in Table VIII and asymptotic limits andments of MF~ are certainly M+F (}S). From the
Mulliken electron distributions in Fig. 6 and Table IX. asymptotic products it is rather clear that the most efficient
B. The anions MF~ approach for calculating th&l+F~ interactions, even to
construct full potential energy curves, is the coupled cluster

No experimental or theoretical results exist in the “tera'method. In addition, the EA of F atom is calculated to be

ture on the anionidM F~ series,M =Sc to Mn. The experi-
mental EAs of Sc, Ti, V, Cr, and Mn are 0.188.02,
0.079+0.014, 0.5250.012, 0.666:0.012, and <0OeV,
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3.38 eV at the RCCSO)/AQZ level in excellent agreement =[{(coref’1o?20°30?1 71w }18% (2my)[40]).  About
with experiment, a crucial quantity for the accurate descrip0.2%™ are transferred from the Fto the Sc atom, mainly to
tion of the MFs. its 4p, orbital in theX 2A, A?Il, andB 23" states accord-
Our coupled-cluster calculations predict surprisinglying to the Hartree—FockHF) Mulliken distributions. This
high binding energies ranging from 76 (SoFo 50 (CrF) rather small electron transfer can be considered as the cause
kcal/mol at the RCCSI) level (vide infra), and adiabatic of relatively high binding energies, 85X@A), 74 (A2I1),
EAs (MF+e —MF") of about 1 eV, in other words we are and 70 @23 ™) kcal/mol at the C-RCCSO) level and
dealing with quite stable chemical systems. However, we argractically identical equilibrium bond lengths.
confronted with a conceptual problem, i.e., the nature of the The situation for thea*S~ is a little bit different.
M---F~ bond; what is its character? Let us take as an exAdiabatically, it correlates to the first excited state of
ample the TiF anion. Consider the valence-bond Lewis dia- Sc (3d?4s'; “F), 1.43 eV above théD term?® However, the

gram of the ground state neutral TiF at equilibrium}Fi;  HF equilibrium Mulliken distributions (Sc/P 4s%%°
Ref. 1. 4p2114p) -0 p0-6%3d2;13d ;" 3d), 1251 92 p B2 92 8
3dn, indicate that thein situ Sc correlatesdiabatically to a
EC YO 3d%4s!4ap! (*F) configuration, 1.956 eV higher than thB
" state? According to the populations above thel'3s*4p!
3do X'D) (*F) electrons on Sc are redistributed at equilibrium to
3d;° three hybrids, namely, ©8d,2)*% (4p,3d,,)*%% and
3dr, (4p,3d,,) ", while 0.1%" are transferred from ther of
F~ to the empty 4, orbital of Sc. The result is a remarkably
Tit(*FM =x3) F (19 strong binding energy of 89 kcal/mpC-RCCSOT)] with

respect to Sc (8%4s!; *F)+F ('S), and a shorter bond

By attaching onee™ to the Ti" end of the neutral TiF length as compared to the doublets

=Ti" (3d%4s'; *F)—F, the positive charge on the metal
atom is practically quenched, resulting to the grouidel
state of the Ti(8124s?; 3F)—F  anion. We can imagine the
formation of the other foutMF~s in the same fashion: 2. TiF~
From the X states of S¢ (3d%4s*; 'D)-F ['37], v*
(3d%4st: 5F)—F [°II], Cr™ (3d*4st; D)—F [63 7], and
Mn* (3d%4s!; ’S)—-F [72*],* the ground state anions
Sc(3d4s?; 2D)—F [2A], V(3d34s?; *F)—F [%A or“Il],

In the presence of the Ffield we expect the formation
of four low-lying molecular triplets, i.e33~, %I, A, and
3® correlating to the ground state Ti atoff, (3d%4s?). We
5.1 7 _ taa 52 2.6 I» did not calculate théll state because of its intense multiref-
Cﬁr(:id 4s5 '9)-F [, %7], and Mn(3 4s% S)-F erence character. We have also examined two quirtats,
["~7] result, respectively. Note that all the situ metal and®®, correlating adiabatically to the first excited state of

atoms find themselves in their ground state, carrying a; (3d%s?; 5F) located 0.80 eV highérThe HF configura-
Hartree—Fock Mulliken charge of about 8:3 (vide infra). tions of thé three triplets are

Another formation channel of thelF~ X states, at least
for the ScF, TiF~ and VF anions, could entail the first |X 3<I>(A32*)[3A]>=|{(core)2°10220230217-r)2(17-r§}
excited high spin state of the metal atom, i.e., g L _
Sc(3?4st; *F), Ti(3d%4s'; °F), and V(3d*4s'; °D), re- X2m1653(16,167)[40716.]).
spectively. Indeed, strongly bound states emanate from these I . . o
metal terms but they do not seem to be the ground stated® HF equilibrium Mulliken populations indicate that
their binding energies cannot overcome the additionaP-3® . 0.36", and 0.38" are transferred from thes2p,
splittings Sc(*F«2D)=1.43(1.63 eV, Ti(’F —3F)=0.80 F~ orbitals, mainly to the §, and 3,2 orbitals of the Ti
(0.92 eV, and VED — *F)=0.25(0.30 ,eV[RCCS[IT) val-  atomfor theX*®, A3, and®A states, respectively. Bind-
ues in parenthesiend become the ground states. ing energie_s and bonq lengths are similar to the Sdbu-

The following MF~ states accessible by the coupled-PI€ts; the highesb, being 77 kcal/mol at the C-RCCSD)
cluster method have been examined. ScEK2A. AZ2IT level. Note that the ground state has been only formally as-
B2S* anda®S* TiE-: X3P A3S- B3A. a®A and Signed as®; the®S ™ state is less than 1 kcal higher at the
b5b: VE—: X%A. A4l  and a62+’. CrE— X’72*' C-RCCSOT) level but shows a tendency to become e
MnE-- X 63+ ' ’ ' ' state after the DK corrections.

Table X summarizes all our numerical findings in the T_he PECs O_f the triplets depicted in Fig. 8 show the
MF~ series, while Figs. 7-11 present PECs at thdhability of the single reference RCCS$D method to de-

RCCSOT) level of theory. scribe sufficiently well the Ti atom at infinity
Om) y (3d24s?, °F;M=0) in the A33 ™ state.
1. Sck- The HF configurations of theA and®® states are the

The three calculated doublets of SGRX %A, AZIT, and  following:  [SA(3®))=|{(coref* 10?20?30 117} 27y
B2 correlate to the ground state of S®). These states 2,15} (40'2m,16})). A total charge of 0.17 %) and
result from the lifting of degeneracy of tH® term in the  0.15 C®) e migrates from the @, orbital of F~ to the 4p,
presence of the F field. The Hartree—Fock configura- orbital of the Ti atom, giving rise to binding energies of 77
tions of the three doublets argX?A(AZII)[B23"])  and 69 kcal/mol.
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TABLE X. Total energiesE (hartree, equilibrium bond distances, (&), dissociation energie®, (kcal/mol,
harmonic/anharmonic frequencies/wex, (cm™1), and energy separatior® (cm ) for the MF~ series,
M=Sc, Ti, V, Cr, and Mn.

Method -E le D. we OXe Te
ScF
X 2A
RCCSOT) 859.678 11 2.072 76.3 541 6.4 0.0
RCCSD(TH DK 863.31291 2.069 76.3 0.0
C-RCCSQOT) 859.981 62 1.912 85.4 567 3.3 0.0
C-RCCSD(TH DK 863.664 56 1.912 83.9 0.0
A2l
RCCSOT) 859.663 48 2.084 67.2 523 7.0 3212
RCCSD(TH DK 863.298 94 2.073 67.6 3064
C-RCCSQOT) 859.964 06 1.928 74.4 509 5.3 3855
C-RCCSD(TH DK 863.647 59 1.918 73.3 3725
B2+
RCCSOT) 859.657 12 2.058 63.2 468 5.9 4607
C-RCCSQOT) 859.957 10 1.912 70.1 478 3.5 5381
a*s~
RCCSOT) 859.635 98 2.004 87.7 509 3.0 9246
C-RCCSQOT) 859.932 70 1.900 89.4 555 3.7 10737
TiF™
X3P
RCCSOT) 948.360 43 1.934 74.5 550 4.0 0.0
RCCSD(TH DK 952.783 96 1.929 74.4 0.0
C-RCCSQOT) 948.680 53 1.896 77.4 556 3.6 0.0
C-RCCSD(TH DK 953.154 69 1.890 74.8 0.0
A3S”
RCCSOT) 948.358 78 1.894 73.4 575 4.4 362
RCCSD(TH DK 952.782 61 1.889 73.5 297
C-RCCSOT) 948.679 52 1.837 76.8 617 3.8 221
C-RCCSD(TH DK 953.154 92 1.835 74.9 -50
B3A
RCCSOT) 948.348 17 1.964 66.8 503 3.8 2691
RCCSD(TH DK 952.772 56 1.952 67.2 2503
C-RCCSOT) 948.667 63 1.923 69.3 512 3.3 2831
C-RCCSD(TH DK 953.143 68 1.915 67.9 2416
a®A
RCCSOT) 948.330 27 1.916 76.8 6619
b 5®
RCCSOT) 948.318 53 1.940 69.4 9194
VF~
X 4A
RCCSOT) 1042.859 19 1.905 72.4 547 4.2 0.0
C-RCCSQOT) 1043.199 68 1.886 74.7 560 4.0 0.0
A
RCCSOT) 1042.857 06 1.905 71.1 547 4.0 467
C-RCCSQOT) 1043.199 63 1.886 74.7 561 45 11
abs™t
RCCSOT) 1042.837 37 1.889 65.5 490 2.8 4789
C-RCCSQOT) 1043.18251 1.883 66.3 476 3768
CrF
X5t
RCCSOT) 1143.322 22 1.964 50.4 443 3.4 0.0
C-RCCSOT) 1143.682 51 1.952 51.8 466 0.0
C-RCCSD(TH DK 1150.121 65 1.934 51.6 0.0
MnF~
X683 *
RCCSOT) 1249.880 78 1.922 56.6 492 3.9 0.0
RCCSD(TH DK 1257.480 26 1.917 55.9
C-RCCSOT) 1250.241 46 1.908 58.3 494

C-RCCSD(Ty DK 1257.898 70 1911 55.4
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FIG. 7. RCCSDT)/(ANO/AQZ) potential energy curves of A, A2Il,
B?X", anda ‘X~ states of ScF. Energies shifted by- 85%,. FIG. 9. RCCSDT) PECs ofX “II, A %A, anda %3~ states of VF. Ener-
gies shifted by+ 1042, .
3. VF~

V(3d#4st; ®D), 0.25 eV (Ref. 9 above the*F term. Ac-
cording to Table X the two quartets are strictly degenerate at
the C-RCCSDT) level and with PECs of identical morphol-
ogy, as reflected in the,, w., and wx, values, Fig. 9.

From theX, ~, 11, A, and® quartets originating from the
4F (3d%4s?) state of V we examined th&A and“Il states
and a sextet®S ", correlating to the first excited state of

Ti(@ F)+F ('S)

-0.22 4 I
-0.22 ~ W
024 0.24
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~ 028 =
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FIG. 8. RCCSIT) PECs ofX 3®, A%5~, B3A, a®A, andb °® states of  FIG. 10. RCCSIT) PEC of theX 7S ™ state of CrF. Energies shifted by
TiF™. Energies shifted by- 948E,,. +114%F, .
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FIG. 11. RCCSDT) PEC of theX ®3* state of MnF . Energies shifted by
+124%F,,.

Obviously theX and A tagging is purely formal. The HF
configurations of'A and“Il states are
[*A(*I1)) = |{(core®®1o?20°30? 1 mi 1]}
X 2m2m18t (2my18518Y)).

In both states about (4 are dispersed from thes2p,
orbitals of the F anion to theo frame of the V atom.

4. CrF~ and MnF~

We have calculated theX’S™ {=|(coref’lo?
20?3040t Lmi2mlami2my 155 160)) and X°%F
0 2 X 2 X 2 y 1 yZ 1 2 1 1 1
{=|(coref’1 0?2 6?30?40 Lm2mlm, 2w, 15,165 )}
states of CrF and MnF, correlating to Cr (8°4s'; ’S)

and Mn (31°4s?; 6S)+ F~ (1), respectively. Their PECs are

shown in Figs. 10 and 11.

In CrF 0.24e~ migrate from the 82p, orbitals of F,
mainly to the 4, orbital of the Cr atom, while in MnF
about 0.~ are transferred from thes2p, orbitals of F
atom to the 4,5s o-frame orbitals of Mn. C-RCCSQ)
binding energies are 52 and 58 kcal/mol for the Cr&nd
MnF~, respectively.

V. SUMMARY AND FINAL REMARKS

J. Chem. Phys. 122, 054312 (2005)

TABLE XI. Estimated dissociation energid3,, bond distances,., and
ionization energies IE of th¥ states of theM F-1 speciesM =S¢, Ti, V,

Cr, and Mn.

Specied X state D¢ (kcal/mo) re (A) IE (eV)
ScF s+ 144 1.790 6.6:0.1
ScF" 2A 140 1.795

ScF 27 85 1.912 0.75:0.05
TiF 4P 135 1.837 6.80.1
TiF* 33 72 130 1.734/1.775

TiF~ 33 7 /3p° 77 1.835/1.890 1.0
VF 51 130 1.788 7.20.1
VF* 1 116 1.734

/= AA/ATIC 75 1.886 0.92
CrF b3+ 110 1.783 7.%0.1
CrF* 53+ 87 1.722

CrF~ [N 52 1.952 0.71
MnF st 108 1.840 8.60.1
MnF* b3+ 92 1.750

MnF~ b3+ 58 1.908 1.13

NeutralMFs, M =Ti to Mn from Ref. 1; ScF present work.

bwith respect to adiabatic fragments.

‘Degenerate states within the accuracy of our calculations, see text.
dAveraged C-MRCH DK+ Q and C-RCCST) values using the C5Z/A5Z
basis set.

we investigated the electronic structure of the neutral fluo-
ridesMF, M=Ti to Mn, using identical methods and basis
sets! For reasons of completeness and/or comparison, we
also studied presently two stateX =", a3A) of the first
member of the neutral sequence, ScF. A total of 29 and 14
states were examined for théF" andMF~ species, respec-
tively. For almost all states we have constructed full MRCI
(MF* and ScF and RCCSDT) (MF~) potential energy
curves, reporting total energies, dissociation energies and the
usual spectroscopic parameters,(we, wXe, andayg). The
effects of special relativity were taken into account via the
Douglas-Kroll approximation.

Table Xl is a short and useful summary of and D,
values of the ground states of the entivid== 10 series, in-
cluding the adiabatic IEs of the neutralSIF—MF" +e")
and the anionsNIF~ —MF+e™), or the EAs of the former.

A few general conclusions can be drawn from Table XI:

(@ DgMF)>D(MF")>D(MF), M=Sc to Mn.

(b) TheD, values of theMFs"1° decrease monotonically
as we move from Sc to Cr, where they present a mini-
mum [with the exception of CrF whereéD4CrF)
=Dg(MnF)+ 2 kcal/mol].

(c) The EAs ofMFs(or the IEs ofMFs™) are more or less
constant across the Sc to Mn series and about 1 eV.
(d) The IEs of theMF neutrals increase monotonically as

we move from Sc to Mn ranging from 6(&cBH to 8.0
(MnF) eV.

We have examined the electronic structure of theThese findings are shown graphically in Fig. 12 along with

charged diatomic fluoride®F~, M =Sc, Ti, V, Cr, and Mn

the theoretical and experimental IEs of thkeatoms, Sc to

using multireference configuration interaction and coupledMn.

cluster techniques, in combination with extensive basis sets.

The main conclusion for th®1F* cations is that they are

Note that ScF, VF*, and MnF as well as all five anions almost as ionic as the corresponding neutrals; in all species
MF~, M=Sc to Mn, have never been investigated beforeand states studied a Mulliken charge transfer is observed
either experimentally or theoretically. In a recent publicationfrom M * to F of about 0.66. Therefore, their equilibrium
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~ IE (MF) between the two negatively charged speciés, i~ (1=,
Using ther =r, bond distancegTable Xl) andq~0.7 one
QIE o™ obtains(in kcal/mo) —72, —67, —43, —29, and—21 for
theMF~, M=Sc to Mn series. Although the agreement can-
] IE, ..M not be considered as “striking,” nevertheless it is interesting.
140 4 Within the approximate values af' s and g's the model
] predicts correctly a diminishing binding energy along the
120 4 sequence Sc to Mn, and gives a satisfactory feeling on the
D, (MF) order of the interaction energy.
100 4 Finally, in an effort to understand better the anions we
: B ME) examined thé® state of the Ti-Ne molecule, isoelectronic
80 4 . to TiF, at the C-RCCSD(WV(C5Z;/A5Zy.) level of
1 theory. The TiNe system is purely repulsive with a van der
60 Waals interaction energy of E (vdW)=17.3-3.9(BSSB
1 D, (MF) cm 1=13.4cm?, atr,yw=5.0 A. Clearly, what makes the
404 difference between the Fand the rare gas Ne as to their
T bonding ability to theM atoms, is their IEs, 3.40 and 21.6
204 EA (MF) eV? respectively, i.e., their propensity to donate electrons

L A L coupled with the very large polarizabilities of tih& atoms.
ScF TiF VF CfF  MnF

180 —

160 <

kcal/mol
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