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The electronic structure of the ground and low-lying states of the diatomic fluorides TiF, VF, CrF,
and MnF was examined by multireference and coupled cluster methods in conjunction with
extended basis sets. For a total of 34 states we report binding energies, spectroscopic constants,
dipole moments, separation energies, and charge distributions. In addition, for all states we have
constructed full potential curves. The suggested ground state binding energies Kf*®if(
VF(X5II), CrF(X 63 ™), and MnFX ’> ) are 135, 130, 110, and 108 kcal/mol, respectively, with
first excited stated 43—, ASA, A®II, anda®3 " about 2, 3, 23, and 19 kcal/mol higher. In essence

all our numerical findings are in harmony with experimental results. For all molecules and states
studied it is clear that thie situ metal atom(M) shows highly ionic character, therefore the binding

is described realistically by MF~. © 2004 American Institute of Physics.

[DOI: 10.1063/1.1738412

I. INTRODUCTION 1989, Averyanov and Khaft performed singles and doubles
configuration interactiofiCISD) calculations on TiF and VF,
respectively. Recently, Boldyrev and Siméhstudied the
ground (X*®) and two excited statesA(*S ~,?A) of TiF
éjsing mainly coupled cluster singles and doubles with per-
turbative triplesflUCCSIO(T)] calculations, reporting disso-

We presenab initio calculations on the diatomic mono-
fluorides MF, where Mfirst row transition metal element,
Ti, V, Cr, and Mn. The inherent complexity of transition
metal-containing molecules, makes the study of diatomic
like MF ideal prototypes for the better understanding of .
larger molecular systems, as well as a reasonable testin(‘é""t'On ener . X )

]
ground for calibrating the capabilities and evolutionayf =~ Ments (w). In 1999 Harrisof’ published an extensive
initio quantum mechanical methods. In addition, the compreMultireference (MRCI) and coupled clustefRCCSOT)]
hension of the chemical bond between a first row transitior$tUdy on CrF, including Darwin and mass-velocity relativis-
metal and a main group element is of considerable practicdiC corrections(Cowan—Giriffin approadh dealing with the
importance in the fields of organometallic chemistry, cataly-ground X°%") and six excited states, but he did not pro-
sis, high temperature chemistry, and even astrophysits. vide potential energy curves. We will contrast Harrison’s re-
is known by now that spectra of diatomic molecules ContainSU'tS to our own in the Results and Discussion section. For
ing a d transition metal element are prominent in the specf€asons of completeness we would like to add at this point
tra of cool stars and sunspdtslthough transition metal that 20 years ago Harrison published an extensive and in-
fluorides have not been observed in stars, the recent obsegightful work on ScF, examining 30 states at the generalized
vation of AIF in the atmosphere of carbon stafssuggests valence bond (GVB) Cl/[5s4p3d/s3s3pld/e] ansatz®
that fluoride diatomics such as MF could also be detected. Finally, Simardet al.!’ reported experimental as well ab

The reasons above, as well as our continuous interest imitio MRCI results, studying theoretically the ground and
the electronic structure of transition metal-containing mol-seven excited states of CrF.
ecules, was the motivation for a systematic study of the MF,  Presently, we report high level MRCI and RCCSD
M=Ti, V, Cr, and Mn series. (for the ground and first excited statesalculations using

Experimental interest on transition metal fluorides goedarge to very large basis sets, for 8, 8, 7, and 11 states of TiF,
back to the mid-sixties, when Margrave and co-workers meavF, CrF, and MnF, respectively. To the best of our knowl-
sured the dissociation energp§) of ScF' TiF,> CrF? and  edge no theoretical calculations of any kind on MnF have
MnF (Ref. 7 using high temperature mass spectrometricheen published heretofore. The TiF and VF excited states
methods. The existing experimental literature on TiF, VF,studied here span an energy range of about 1 eV, about 2 eV
CrF, and MnF is summarized in Table I. Note the conflictingin CrF, and around 4.5 eV in the MnF case.
eXperimental results on the |dent|ty of the TiF and VF ground It is rather reasonab'e to assume that the bonding Char-
states, and the lack of experimenta} values for the latter. acter of the MF molecules should have a dominant ionic
_ Prgctically all theoretical results on the. MF serie_s arecomponent MF~ (see also Refs. 28 and )L Therefore, and
listed in Table II. In 1987, Dementev and Simkihand in 4t jeast not far from the equilibrium geometry, we can envis-
age an M metal cation interacting with the electric field
3Electronic mail: mavridis@chem.uoa.gr created by the approaching Fnion. This gives us a strong
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TABLE |. Existing experimental data on TiF, VF, CrF, and MnF molecules. Dissociation endbgi¢kcal/mol), bond distances, (A), harmonic and
anharmonic frequencias,, weX, (cm™1), rotational-vibrational constanis, (cm 1), and energy separatiofig (cm™1).

Species Ref./year State Dg le [OR WeXe e Te
TiF 5/1967 136 +8
8/1969 X 43¢ 593
9/198% X 2A® 1.832 678.4 2
2/1997 X 4P 1.8311 650.9 0.0026
G*d 1.9192 539 0.0022
VF 10/1980 X °11 571.4 3.8
11/2002 X SAl 1.7758 670.4 2.7 0.0028
?25A 1.8769 557.4 15 0.0026 ~10500
CrF 6/1965% ? 106.4-3.5
12/1991 ? 125 *+4.6
13/199%" X 63 * 1.7839 664.06 4.19 0.0031
AT 1.8916 581.4 1.97 0.0022 9953
14/199% B °I1 626°
15/1996 B °II 1.8277 629.28 0.0027 8134
16/1996 X 63 1.7876
17/200% D 11 31700
MnF 7/1964 ? 101.2:3.5
18/1992 ass " 1.7854 645.92 3.22 0.0028 3000000
¢St 1.8193 597.38 3.15 0.0031 14493
19/1992 d 51 1.8137 ¢,) 640.0 3.6 19806
20/1993 X3t 1.8387 624.2 3B
ATl 1.7923 648.0 1.6 0.0029 28526
d eIl 1.810%° 19807
ess?t 202206°
21/1994¢ b SII; 1.7883 630.54 3.564 0.0024 11751
22/1996 104.5+2.3 2500-5009
23/2002" 106.4+1.8

#Mass spectrometric study at high temperature.

PElectronic absorption spectroscopy.

CAssumed thaf3 ~ is the ground state.

YRotational analysis.

eAssumed thafA is the ground state.

fLaser Fourier transform emission spectroscopy; thatseate is of*® symmetry is based on unpublished MCSCF results of J. F. Harrison.
IAG = we— 2w eXe -

"Vibrational emission spectroscopy.

iInfrared emission spectroscopy.

Ialthough the authors suggest that the ground state of VA jsthey do not rule out thélT state.
KMass spectrometry at high temperature.

'0. V. Boltalina, A. Y. Borshchevskii, and L. N. Sidorov, Russ. J. Phys. CH&5n466 (1991).
TRotational spectroscopy.

"Rotational spectroscopy.

*AGy;.

PRotational spectroscopy.

9Rotational spectroscopy.

'Bo=11369.61615 MHz.

SLaser induced fluorescence spectroscopy.

Mass spectrometry at high temperature.

“Rotational spectroscopy.

VaSs t—X 73t (or 3500+1000, Ref. 20,

WeSst_asst,

*Rotational spectroscopy.

YdS[I-a5s ",

“Rotational spectroscopy.

aAssumed.

PbEstimated fron o(=1.8137 A), assuming that,=0.003 cm *.
CCeSE+_aSE+-

ddRotational spectroscopy.

e 5TI—a 53 *.

fChemiluminescence emission spectroscopy.

993 53 F X 73",

MhHigh temperature mass spectroscopy.

clue on the manifold of low-lying states that one can expect®D(3d*);?° however its first and second excited states
For instance, the ground*F(3d?4s?) and second excited a°F(3d%4s?!) anda3F(3d%4s!) 0.342 and 1.104 eV above
a ’F(3d%4s?) states of Ti,?° give rise to quartets and dou- thea®D and better disposed for bonding in the VF system,
blets of3, I1, A, and® symmetries, respectively, in an axial dictate low-lying2, II, A, and® molecular states, quintets
electric field. Similarly, in the V case the ground state is and/or triplets. Following the same line of thought, we con-
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TABLE Il. Publishedab initio results on TiF, VF, CrF, and MnF. and for two states of CrF and Mr(ground and first excited
the effect of one additionah (I=5, «=0.8) function was
also examined. In addition, the newly developed Ti correla-

Ref./year State 1o (A) we (cm™ 1) wD)F  Te(cm b

TiF tion consistent-type basis ¢stof Bauschlichef? 21s16p9d
24/1987 X4 1.832 0.0 tracted td 7s8p6d d ted b : f o
Ads- 1457 contracte d 7s8p6d] and augmented by a series of “po-
1/199% 807 Iarlzatlon." sets, namely Rlg (TZ), 3f2glh (Q_Z), and.
25/1998 X 4D 1.869 634 2.958 0.0 4f3g2h1li (5Z) were tested on the ground and first excited
A% 1.832 638 3.119 645 state of the TiF molecule. The corresponding basis sets for F
2, 1.777 - 677 1.863 2145 were Dunning's aug-cc-p¥Z, n=T, Q, and 5
26/1988 X 5A 1871 621 0.0 respefctlvelya. Fmally, in the corg-cqrrela_ted calculanon_s of
STI(1)  1.856 616 1700 the TlF systenivide infra), in conjuction with the correlation
_ CrF _ consistent-type TZ, QZ, and 5Z basis, the latter were aug-
27/1999 X:E* 1.788 697 4.21 0.0 mented by I (CTZ), 1flg (CQ2), and Ifl1glh (C52)
11 1.838 633 2.36 6135 core-Gaussian¥. Thus our largest  contracted
@ 1.882 600 281 10133 basis set used in the TiF molecule
ASSY 1.919 554 4.36 10373 . '
4yt 1.789 690 2.65 8494 [738p6d5f4g3h1|/T|756p5d4f392h/|:], numbers 305
Ml 1.795 644 2.39 11418 spherical Gaussians.
4? 1.825 610 3.19 15236 The complete active space self consistent fiedihgle
1772004 DIl 1773 695 31900 +double replacementCASSCF+1+2=MRCI) method
“Dipole moment. was employed to construct potential energy cutiRsC for
bCalculation of 17 states at the CIg@53p2d/y2s1pld/e] level using all four MF species and states. Although the MRCI approach
Cglater_-typetolrbutlals. " o1 all states. from Ref. 3 is the most general and conceptually satisfying technique to
Xperimental value, the same 1or all states, frrom Refl. o. . . .
9as reported in Ref. 1: MCSCF approach. understand bond_ formation—bond br_eaklng problems it be-
e 4s X 4. comes computationally very demanding and complex as the
fuccsoT)/6-311+ +G(2d,2f); 1s*(F) and 22s22p®3s23pS(Ti) e~ number of active electrons increases, say, beyond 10. In the
frozen; Dg(X “®) = 123.6 kcal/mol. present case the number of valence electrons ranges from 11

9Calculated at the QCISD/6-311+ G(d,f) level.

"Seventeen quintet states have been calculated at the muItireferencglF) to 14 (MnF). However, by chemical intuition,” the

2
CISD/[7s4p2d/,4s3pld/¢] level and at a fixed =1.85 A. With the ex- 2p 2py space of the F atom can be excluded from the
ception of X °A and °TI(1) states only thel, values are reportedpX, active space with impunity. Thereby, our functional valence
=3.4(X°A), 2.6CIT) cm . space chosen for the MF molecules is composed of 8 orbital

MRCI including the Cr(3?3p®) core electrons in the CI procedufeC- ¢, etinng correlating asymptotically to the limited valence
MRCI)+Darwin and mass-velocity relativistic corrections using a !

[858p64120/,6s5p4d3f/s] basis. Dy(X °S*)=107.7 kcalimol ob- SPaces of M(4+3d+4p,) and F(d,) atoms. Trial
tained mdlrectly through a RCCSD) calculation at equilibrium, the CASSCF calculations showed that the,4function on the
Cr*(°S) and F (*S) RCCSOT) energies, and the experimental ionization metal atoms are necessary for proper dissociation. Consider-

energies of Cr and F. 29c29 692 2
IC-MRCI//RCCSOT)+relativistic corrections. ing now the 5°2s°2p"3s 3p and 1s* electrons of M and

KC-MRCI//C-MRCl+relativistic correctionsQ (Q=Davidson correction F, a_s corglinactive), our zeroth-order spaces are formed by
'MRCI/[ANO-S/,554p3d2f/g]. alloting 5, 6, 7, and & among 8 orbitals, giving rise to

135, 110, 63, and 27 configuration functiqi@F) for the TiF,

VF, CrF, and MnF ground states, respectively. For AdI
state of MnF only, and for reasons that will become clear
later, the active space of the Mn atom was extendedsto 4
+3d+4p, i.e., the total functional valence space comprises
0 orbitals instead of 8. It should be stated at this point that
Il our CASSCF wave functions obey symmetry and equiva-
ence restrictions.

Dynamic valence correlation was extracted through
single and double excitations out of the zero-order s{sace
within the internal contractiofiic) ansatz® as implemented

For the fluorine atom the correlation consistent basis sein the MoLPRO (Ref. 39 package. Our largest uncontracted
of quadruple-Z quality augmented with a series of diffuseCl expansion(VF, states’® and®II) contains 7% 10° CFs,
functions (aug-cc-pVQZAQZ), 1357p4d3f2g was used, reduced to about 2x410° internally contracted using the
generally contracted tp6s5p4d3f2g].%° For the metal at- [7s6p4d3f2g/,AQZ/¢] basis. To estimate core $33p°)
oms the atomic natural orbitd ANO) Gaussian basis sets correlation effects with the above basis, ic-MRCI calcula-
21s16p9d6f4g (Ti) and 2G15p10d6f4g (V,Cr,Mn) were tions were performed out of the CASSCF spakdut in-
employed, similarly contracted tp7s6p4d3f2g].3! This  cluding the 3?3p®e~ of the metal atoms in the CI process.
one-electron space contains 164 spherical Gaussian functioifiese calculations will be referred to as C-MRCI. The num-
and was used uniformly for the construction of all MM ber of CFs involved in the C-MRClic C-MRCI) computa-
=Ti,V,Cr,Mn) potential energy curve$PEQ and for all tions ranges from 1371 (5.7x 10°) in the X *® state of
states studied. In addition, and for all states of TiF and VFTiF, to 385x< 10° (9.3x 10°) in the *II state of the CrF mol-

sidered quartets and sextetsXyfll, andA, and quintets and
septets ofY, II, A, ®, andI" symmetries for the CrF and
MnF, respectively.

We believe that the present study will help experimen-
talists and theoreticians alike to better characterize an
clarify the electronic structure of these chemically simple bu tI
otherwise fairly complex molecules.

II. BASIS SETS AND METHODS
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ecule. Using the correlation consistent-type basis set for thproximations and/or ommission) The state-average&A)

Ti atom? the C-MRClI(ic C-MRCI) expansion in theX *® technique was used for most of the states of the MF series;
state of the TiF system and for the largest basis set usesbmely all states of TiF and VF were pair-state-averaged as
([C5ZKA5Z/E]), consists of 53% 10° (14.3x 10°) CFs. follows: [+%P,%A1], [*%2~,*?A] for TiF, and the corre-

For the TiFX *® state we also report complete basis setsponding triplets and quintets for VF. For CrF only two states
(CBS) limits of r, and D, values, obtained by applying the were state-averaged, i.€X°3",A®3 %], while for MnF 8
mixed Gaussian/exponential relatioR,=P,+Ae ("~ out of the 11 calculated states were state-averaged in groups
+Be ("% whereP is a generic propertyP.. its CBS- ©of 3 and 5, ie, [b°A,d°Y*,f°T], and [c®II,
limit, n the cardinal basis set number, aieB freely adjust- € °®,9 °TI,h °TL,i °IT].
able parameter¥. Finally, spectroscopic constantS,( we, weXe, anday)

For reasons of comparison and at fi#s6p4d3f2g/y, were determined through a Dunham analysis, while dipole
AQZ/¢] basis, valence restricted coupled-cluster singles anffoments(x) at the MRCI, C-MRCI level were obtained as
doubles including noniterative tripldRCCSOT)} calcula-  €Xpectation values(w)), and also through the finite field
tions were performed around equilibrium for all four MF Method (ueg).
molecules(M=Ti, V, Cr, and Mn ground and first excited
states. RCCS{) calculations including the $3p® core  IIl. ATOMIC STATES OF Ti, V, Cr, AND Mn
electrons of M will be referred to as C-RCCED.

Scalar relativistic effects for all MF molecules and for
the ground and first excited states were estimated atvine
lence MRCI level via the one-electron first order Douglas—
Kroll (DK) approximatiort®’ uncontracting at the same
tlme_ the AN.O. apd AQZ b.aS'S sets of the M and F atoms; erimental vs theoretical IPs, we first observe that the MRCI
Similar relativistic calculations and for the same states Wer%rQ) numbers are in fair agreement with experiment, the
performed at the C-MRCI level of theory. For the WF®  gigorances beingA E(expt-theory)=0.170(0.159), 0.356
and A%, sta'.ces, DK calculations were done as degcrlbe 0.243, 0.366(0.316, and 0.338(0.186 eV for Ti, V, Cr,
abovg, but using the uncontracte_:d Cp&bZ/¢ correlation and Mn, respectively. ACPF results are practically the same
consistent-type basis set of the Ti atdfihe C-MRCI (un- to MRCI+Q. At the C-MRCI (+Q) level the situation, on

- . . 4 -
contracted basjsexpansion of the TiK"® state contains yhe ayerage, becomes rather worse due to severe size nonex-
830x 10° CFs, reduced to 14:81CF° in the internal contrac- tensivity errors: AE=0.140(0.049), 0.507(0.329, 0.337

tion scheme. o (0.209, and 0.4710.285 eV along the M series. It seems by
Size nonextensivity errors at thgMRCI,.C-MRCL/ oy that, on the average and within the multireference
[7s6p4d3f2g/yAQZ/g]  (+Davidson  correction +Q)  cASSCF+1+2 approach, the best results between experi-

level for the TiF, VF, CrF, and MnF ground states aremania| and theoretical IPs are obtained at the MRCI-DK
(in  mhartreey  {12(4.5,34(12);, {125.9,267.7},  (1Q) level: Indeed, at this leveAE=0.126(0.114), 0.027

average, a size nonextensivity error of33mh is observed The numbers above show that the calculation of even

at the MRCI (+Q) level of theory. Obviously, size non- 4iamic properties of the first row transition metal elements
extensive effects are the most deleterious drawbacks of tl]gy first principle methods is not a trivial task.

MRCI approach as the number of active electrons increases, Finally, the electron affinityEA) of the fluorine atom in

particularly if one is interested in obtaining accurate dissoypq CISD(+Q)/AQZ level is 3.03(3.24 eV as compared to
ciation energies. The situation is significantly ameliorated by, experimental value of 3.40 é¥t is of interest to note
using the supermolecule approach in calculatgvalues ihat even at the doubly augmented quadruple zeta CISD
due to cancellation of errors and/or using the Davidson COr+Q) level the F electron affinity does not improve, EA

rectiqn (+Q), or the multireference aver.aged couplled Pair 4AQZ)=3.04 (3.25 eV, but the RCCSDI)/AQZ value is
functional (MR-ACPF) approach of Gdanitz and Ahlncﬁ%. 3.38 eV in excellent agreement with the experimental value.
For this reason and in order to monitor our

MRCI/[ 7s6p4d3f29/,AQZ/¢] results, we also performed
MR-ACPF calculations around equilibrium geometries for
almost all states of the MF series. For the TiF, VF, CrF, and  Tables IV, V, VI, VII, and VIII list our numerical results
MnF ground states for instance, size nonextensivity errors &br the ground and excited states of TiF, and VF, CrF, MnF,
the MR-ACPF level are 2.0, 1.6, 0.3, and 0.7 mh, respecrespectively. Potential energy curvéBEQ at the MRCI
tively, a significant improvement over previous results. level of theory along with energy level diagrartissets are
Two more things should be addresséa):Indicative ba-  shown in Figs. 1-5.
sis set superposition err€BSSB corrections were obtained
by applying the usual counterpoise approddh the ground
states of the MF series at the MRANO/,,AQZ/] level. Experimentally, the ground state of TiF was proposed to
Our findings, 0.25, 0.29, 0.29, and 0.38 kcal/mol for the TiF,be of 4~ symmetry in 196%, X 2A in 1985 and finally
VF, CrF, and MnFX-states, respectively, suggest that BSSE-X *® in 1997 but based on unpublished MCSCF results of
corrections are indeed small as compared to all other apHarrison! The most recent theoretical study by Boldyrev and

Table Ill lists total energies and ionization potentidR)
of the Ti, V, Cr, and Mn series in a variety of methods at the
ANO-[ 7s6p4d3f2g] basis. We examine the IPs of the M
atoms because in the M—F series and in all states examined,
thein situ M is highly ionized(see below. Contrasting ex-

IV. RESULTS AND DISCUSSION

A. TiF
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TABLE Ill. Absolute energies ;) and ionization potentialg&eV) of Ti, V, Cr, and Mn in a variety of methods at thi@s6p4d3f2g] basis set level.

V*(°D) Mn*(7S)
Method TiCF) Ti* (*F)—Ti(%F) V(*F) —V(*F) cr(’s) crt(és)—cr(’S) Mn(®S) —Mn(5S)
NHF? —848.405 997 5.513 —942.884337 5.811 —1043.356376 5.904 —1149.866 251
sa-SCP —848.405 776 5.519 —942.883964 5814 —1043.355898 5.907 —1149.865755  5.908
CASSCEF —848.437 374 6.378  —942.886264 —1043.355 898 5.907 —1149.877769  6.235
MRCI —848.463251  6.6586.618  —942.960116  6.390 —1043.459 423 6.400 —1150.004810  7.096
MRCI+Q¢ —848.463788  6.6696.699' —942.965348 6.503 —1043.463157 6.450 —1150.012302  7.248
MRACPF® —848.463 523 6.664 —942.964581  6.496 —1043.462029 6.439 —1150.010867  7.225
MRCI-DK' —852.798 263 6.702 —948.211604 6.719 —1049.755304 6.521 —1157.516289  7.166
MRCI-DK +Q¢ —852.798 837 6.714  —948.216038 6.809 —1049.759229 6.574 —1157.524039  7.323
C-MRCI —848.756 714  6.6886.412)  —943.267017 6.239 —1043.784 212 6.429 —1150.327586  6.905
C-MRCI+Q"? —848.778409  6.7796.629'  —943.295480 6.418 —1043.812240 6.561 —1150.358988  7.149
C-MRCI-DK —853.141 766 6.722 —948.567 243  6.523 —1050.130 072 6.539 —1150.894765  6.951
C-MRCI-DK+QY —853.166 488 6.817  —948598835 6.713 —1050.161061 6.680 —1150.929424  7.203
RCCSOT) —848.464698  6.68%56.690) —942.966 726  6.490 —1043.464 75H 6.473 —1150.013456  7.261
RCCSOT)-DK'  —852.799 735 6.730  —948.202572  6.391 —1157.525411  7.338
C-RCCSOT) —848.780114  6.9116.914  —943.303528 6.501 —1043.82288 6.661 —1150.371430  7.317
C-RCCSOT)-DK'  —853.169 775 6.961 —948.577280 5.942 —1157.944734  7.397
Expt! 6.828 6.746 6.766 7.434

aNumerical Hartree—Fock, Ref. 40.

bSpherically averaged SCF.

Active space of Ti: 4, 4p, 3d orbitals; active space of V, Cr, and Mns44p,, 3d orbitals.
4+ Q=the Davidson correction.

fAveraged coupled pair functional.

f+Douglas—Kroll relativistic corrections.

9The “core” 3s23p® electrons of Ti have been included in the CI procedure.

"3523p® electrons of Ti included.

Reference 29.

Ilonization potentials at the correlation consistent-likelfsis, Ref. 32.

kFor technical reasons we were unable to calculate tH&SGtate at the RCCSD) level by themoLpro code; instead theces 11 code was used, Ref. 41.

Simons at the CCS@) leveP® (Table I, suggests &® g, Tk p*z
ground state 0.08 eY=645 cm 1) lower than a*3 ™ state. * 5
The present results indicate rather clearly that the identity of 3do LX) = T F X'D)
the ground state of TiF is df® symmetry(vide infra). 3dg, . 2p,
All eight states studied correlate to the ground state at- 3t

oms Ti(3d?4s?,a °F) + F(2P), Fig. 1. The ionization energy

of Ti is 6.83 e\?° while the electron affinity of F is 3.40
eV*2 therefore and within the MF~ bonding model, an
“ionic avoided crossing” is expected with the incoming
ionic state at around=r((7.0—3.4)/27.2) '=7.6 bohr, or
about 4.0 A. Indeed, this is the case for the entire MF series
and all states examined, because the IP of Ti, V, Cr, and M€&learly the three 824s' nonbonding(observer electrons
atoms is about 7 eVRef. 29 (Figs. 1-5. Certainly, after 4 define the symmetry of the state. The equilibrium CASSCF
A the bonding can be represented by the following valenceeonfigurations and the atomic Mulliken populatiofiE/F)
bond-Lewis(vbL) diagram, typified by the TiF molecule in are in complete agreement with the Scheme above, indicat-
the*d state: ing a total transfer of about 08" from Ti to F,

Ti ‘(FM=%3) F(S)

X D) =1/\2|(core?°10?20?30 L milmy(2mil 8L +2m)16Y))

4s08T4p21%34% 340513253 d%S L3025 %2p L 2 2L,

where by (core?® we mean the $22s?2p®3s?3p® and IX4DYg =112|30 (2mt16L + 27118 ). 1)
1s?e” of Ti and F, respectively. Hereafter the common ! g Y

factor  for  all MF  molecules and  states,

(coref’1o?20?1mi1m; is omitted, therefore our kets will

represent the M valence electron distribution of M [M™).  Similarly, the leading CASSCF equilibrium CFs of the next
Within this notation the}X“db) configuration is written seven examined states are
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TABLE V. Total energiesE(hartree), equilibrium bond distances(A), dissociation energieB (kcal/mol), harmonic and anharmonic frequencigs,
weXe (cm™1), rotational-vibrational constants, (cm 1), dipole momentsu(D), effective chargesqy, and energy separations, (cm !) of TiF,
[7s6p4d3f29/AQZ/¢] basis set.

Method —-E e D We WeXe ae () e Te
X 4P
MRCI 948.301 64 1.863 130.7 639 3.7 0.0027 2.54/2.85 0.72 0.0
MRCI+Q° 948.320 55 1.860 131.9 641 3.8 0.0027 0.0
MRACPF 948.318 01 1.861 130.4 638 6.1 0.0024 2.47 0.70 0.0
MRCI(+h)® 948.301 93 1.863 130.8 636 3.1 0.0025 2.56 0.70 0.0
MRCI-DK' 952.72331 1.860 129.5 637 3.2 0.0025 2.51/2.81 0.81 0.0
MRCI-DK +Q° 952.742 35 1.857 130.7 637 2.9 0.0025 0.0
C-MRCI® 948.573 94 1.845 1315 655 35 0.0023 2.48/2.95 0.74 0.0
C-MRCI+Q° 948.631 76 1.838 134.6 662 3.7 0.0023 0.0
C-MRCI-DK' 953.041 42 1.844 128.6 648 6.7 0.0026 2.47 0.82 0.0
C-MRCI-DK+Q®f 953.103 14 1.837 131.7 653 6.0 0.0024 0.0
RCCSOT) 948.32319 1.875 129.1 641 6.8 0.0026 12.95 0.0
C-RCCSOT)" 948.643 15 1.839 132.0 649 3.2 0.0026 12.80 0.0
Expt! 1.831 136:-8 659.7(AG1/2) 0.0026
AZ”
MRCI 948.297 01 1.843 128.8 626 2.8 0.0027 2.23/2.75 0.71 1015
MRCI+Q° 948.316 39 1.837 130.1 629 2.8 0.0028 913
MRACPF 948.313 90 1.839 128.5 628 3.1 0.0026 2.26 0.69 902
MRCI(+h)® 948.297 30 1.843 128.9 628 29 0.0027 2.23 0.69 1016
MRCI-DK' 952.718 80 1.840 127.6 633 4.7 0.0027 2.21 0.80 990
MRCI-DK +Q° 952.738 33 1.835 128.9 633 3.3 0.0027 884
C-MRCI® 948.570 47 1.824 129.9 641 2.8 0.0025 2.13/2.80 0.73 761
C-MRCI+Q° 948.629 23 1.813 133.3 650 2.8 0.0026 555
C-MRCI-DK' 953.038 09 1.823 127.0 641 212 0.81 730
C-MRCI-DK+Q°f 953.100 74 1.813 130.4 634 527
RCCSOT) 948.321 46 1.842 128.0 654 380
C-RCCSOT)" 948.642 74 1.789 131.7 6499 3.3 0.0026 /3.00 90
B “I1
MRCI 948.291 14 1.875 124.5 620 3.8 0.0027 2.50/2.75 0.73 2305
MRCI+Q° 948.310 48 1.871 125.8 623 3.8 0.0027 2209
MRACPF 948.308 04 1.872 124.3 611 2.8 0.0024 2.38 0.70 2187
MRCI(+h)® 948.291 43 1.874 124.6 617 3.0 0.0026 2.45 0.71 2306
C-MRCI® 948.563 51 1.855 125.2 630 2.45 0.74 2288
C-MRCI+Q° 948.621 92 1.847 128.6 6‘;3;7 2160
C*A
MRCI 948.282 63 1.906 118.5 588 2.7 0.0024 1.91/1.88 0.73 4172
MRCI+Q° 948.301 97 1.902 119.9 590 2.8 0.0024 4078
MRACPF 948.299 23 1.905 118.3 589 3.3 0.0024 1.81 0.70 4121
MRCI(+h)® 948.282 89 1.907 118.5 587 25 0.0024 191 0.72 4179
C-MRCI® 948.553 14 1.889 118.2 606 1.88 0.75 4565
C-MRCI+Q° 948.611 23 1.880 121.6 5296 4507
a“A
MRCI 948.281 33 1.799 117.6 617 2.9 0.0036 1.93/2.44 0.68 4458
MRCI+Q° 948.305 87 1.778 122.4 649 4.0 0.0041 3221
MRACPF 948.302 87 1.778 120.5 651 6.8 0.0046 1.95 0.64 3323
MRCI(+h)® 948.281 66 1.798 117.7 618 3.8 0.0040 1.93 0.65 4451
C-MRCI® 948.551 16 1.783 117.0 633 0.0027 1.85 0.70 5001
C-MRCI+Q° 948.615 47 1.757 124.2 6281 0.0044 3576
b“d
MRCI 948.280 19 1.874 117.3 630 3.1 0.0026 2.19/2.54 0.72 4707
MRCI+Q° 948.300 01 1.872 119.0 621 2.8 0.0030 4508
MRACPF 948.297 71 1.873 117.7 630 3.1 0.0025 2.26 0.69 4455
MRCI(+h)® 948.280 55 1.874 117.4 633 3.2 0.0025 2.19 0.70 4694
C-MRCI® 948.550 21 1.855 116.6 646 0.0023 2.10 0.73 5209
C-MRCI+Q° 948.608 64 1.849 120.1 2650 0.0024 5074
cX”
MRCI 948.277 39 1.846 116.5 633 6.7 0.0040 1.68/1.78 0.70 5322
MRCI+Q° 948.297 89 1.840 118.5 650 4.1 0.0028 4973
MRACPF 948.295 84 1.842 117.2 633 2.8 0.0026 1.69 0.68 4866
MRCI(+h)® 948.277 74 1.846 116.6 635 3.2 0.0027 1.68 0.68 5310
C-MRCI® 948.549 11 1.825 116.4 650 1.57 0.72 5450
C-MRCI+Q° 948.608 99 1.814 120.5 6258 4998
d-Il
MRCI 948.27181 1.878 112.4 618 3.2 0.0027 2.32/2.80 0.72 6547
MRCI+Q° 948.292 56 1.872 114.6 631 3.6 0.0024 6143
MRACPF 948.29051 1.873 113.3 619 3.1 0.0025 2.36 0.69 6036
MRCI(+h)® 948.272 15 1.877 1125 619 3.0 0.0025 2.31 0.70 6536
C-MRCI® 948.541 96 1.859 111.7 635 0.0023 2.22 0.73 7019
C-MRCI+Q° 948.601 57 1.850 115.8 639 0.0023 6627

aWith respect to the ground state atoms.
b(u) calculated as an expectation valyg, obtained by the finite field method.

¢+Q=the Davidson correction.
daveraged coupled pair functional.

fAn h (1=5) function has been added.

'+ Douglas—Kroll relativistic corrections.

9The “core” 3s?3p® electrons of Ti have been included in the CI procedure.
13523p® of Ti included.

'See Table I.
iD,.
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TABLE V. Total energiesE(hartree), equilibrium bond distances(A), dissociation energieB, (kcal/mol) 2 harmonic and anharmonic frequencies,
weXe (cm™ 1), dipole momentg«(D), and energy separatidh, (cm™ 1) of the TiIFX “® andA 43~ states, using the series of correlation consistent-type basis
sets of Ti and the corresponding aug-cc-basis df F.

Basis set Method -E le D, We WeXe () e Te
X 40
TZIATZ MRCI 948.274 55 1.865 129.4 636 5.4 2.51/2.80
MRCI+Q° 948.292 27 1.862 130.4 634 2.9
CTZIATZ C-MRcH 948.561 37 1.846 129.1 649 2.9 2.45/2.90
C-MRCI+Q° 948.618 03 1.839 132.0 654 29
QZ/IAQZ MRCI 948.301 91 1.863 130.9 636 3.2 2.49/2.80
MRCI+Q° 948.320 78 1.859 132.1 638 3.3
CQZ/AQZ C-MRcCf 948.612 93 1.843 130.7 651 2.4 2.43/2.90
C-MRCI+Q° 948.674 10 1.836 134.0 657 2.9
5Z/A5Z MRCI 948.311 30 1.862 131.3 638 4.1 2.49/2.80
MRCI+Q° 948.330 50 1.859 132.6 639 4.0
C5Z/A5Z C-MRCF 948.631 83 1.841 131.4 653 3.2 2.42/2.85
C-MRCI+Q° 948.694 35 1.834 134.8 659 2.6
C-MRCI-DK® 953.061 20 1.841 131.6 2.50
C-MRCI-DK+Q%¢ 953.124 72 1.835 134.2
CBS-limit MRCI 1.861 131.6
MRCI+Q° 1.858 132.8
C-MRcCH 1.839 131.8
C-MRCI+Q° 1.833 135.3
ATST
5Z/IA5Z MRCI 948.306 69 1.841 129.4 2.17 1012
MRCI+Q° 948.326 36 1.836 130.7 909
C5Z/A5Z C-MRCF 948.628 44 1.820 129.8 2.05 743
C-MRCI+Q° 948.691 90 1.810 133.4 539
C-MRCI-DK® 953.057 79 1.820 129.6 2.15 748
C-MRCI-DK+Q%¢ 953.122 15 1.812 132.6 564

Aith respect to ground state products.

bSee text.

¢+Q=the Davidson correction.

“The “core” 3s?3p® electrons of Ti are also correlated.
€+ Douglas—Kroll relativistic corrections.

|A%S7)s =[0.82301165 151 ) - 05730 2mp2my)), 1 X @, ATET

2) From Table IV we see that the MRCH-Q) dissociation
|B*I1)g :|o.63301)(277){151+_277)1/151_) energy of TiF isD,=130.7(131.9) kcal/mol or 130.4 kcal/
! mol at the MRACPF level. As we increase the level of cal-
+O.3£{3al401277§)>, (3 culation by adding core-correlation effects and DK-
4 Ly o1 relativistic corrections, our formally “best” estimate for
|C*A)a,=30"407152), 4 dissociation energy{?) is:
2 _ 29 o1 10,19 51
[2°A)a,=[0.7830°15~) ~0.4030740715") D* (X *®) =D (MRCI) +{Do(C-MRCI)— Do(MRCI)}
—0.3540%18)-0.313c%45*16%)), (5) +{D¢(C-MRCI-DK) — D(C-MRCI)}
|b2<1>>Bl:|0.61(301)(277§1§i—2%151_) +{D4(C-MRCI-DK+ Q)
+03530Y) (2718 —27115Y)),  (6) ~De(C-MRCI-DK)} + BSSE
625 ), = [[0.68:307)+0.38:30") =D4(MRCI)+ 8D(core) + SD4(DK)
_ +6Do(+Q)+BSSE 9
+0.3240Y) 1181 15
=130.74+0.8+(—2.9 +3.1-0.25
—0.4230'2m2m)), 7)

- =131.5 kcal/mol,
|d?IT)g,~|0.5630"2m16%) +0.53 3072wy 15" )
. a value which does not differ significantly from the “plain”
+0_36(301451277)1()+o_34(30127731/15{) MRCI result due to error cancellation.
Moving to Table V where the sequence of TZ/ATZ
+0.2930"'2m,168%)). (8)  (CTzIATZ) to 5Z/A5Z (C5Z/A5Z) correlation consistent-
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—0.5 kcal/mol from the RCCS@O) and C-RCCSDT) val-
ues, respectively.

Concerning the bond distance, it decreases by 0.018
(0.029 A by moving from MRCI to C-MRCI(+Q), obtain-
ing r.=1.845(1.838) A at the latter level, in fair agreement
with experiment. DK-relativistic effects seem to play no role
in the determination of bond distance of TiF. Increasing the
basis set to a final 5Z/A5ZTable V) the CBS limit bond
distance becomes 1.861.838 [1.839 A at the MRCI (C-
MRCI) [C-MRCI+Q)] level, converging monotonically to
the experimental value. The RCC8D r, value is larger
than the MRCI one by 0.012 A, however it decreases by
0.036 A at the C-RCCSQ@) level, twice as much than the
corresponding decrease between the MRCI and C-MRCI val-
ues(0.018 A), thus in excellent agreement with experiment.
It is worth mentioning at this point that RCC$D calcula-
tions based on CASSCF orbitals instead of HF, produce an
r.=1.863A, identical to the MRCt, value.

Depending on the method, tlag, values range from 637
(MRCI-DK) to 662 (C-MRCI+Q) cm™%. At the C-MRCI
level we obtain AG,=w.—2wX.=648cm 1, just 2.7
W cm ! lower than the experimental one, or 647 using the cor-
[ 2 AN ol — AT responding C5Z/A5Z values of Table V.

W The MRCI and C-MRCI dipole moments of thé¢*d
X*® ool — X® state calculated as expectation valigs) are very close to
—_— 4 ] 2.5 Debye, increasing to 2.9 D using the finite field method
4 5 6 (mpp). We believe that theue values(2.95, 2.80 D at the
rTi-F(A) C-MRCI and RCCSDT), respectively should be closer to
FIG. 1. MRCI potential energy curves of the TiF molecule. Energy level “rea“ty" than,the (,u} results(se_g a!so Ref. Z_D‘?’ .
diagram inset. Energies have been shiftedt848.0 hartree. The leading CASSCF equilibrium configurations of the
A %3~ state are given in Eq2). Table IV shows that as we
increase the formal quality of the calculation, the
. _ . A% -X“*® separation energyT() decreases from 1015
type basis sets is used, and extrapolating to the CBS limit W13 cm ! to 730 (527) at the MRCI(+Q), C-MRCI-DK
obtain as before (+Q) levels, respectively. The results of DK relativistic ef-
fects onT, are not significant—25 (MRCI) and —30 (C-
De(C52/A52) MRCI) cm™ L. In addition, we do not feel certain about the

=D (MRCI)/(5Z/A5Z) +{D(C-MRCI) — Do(MRCI)} coupled clusters results predicting 8=90cm ! {C-
RCCSOT)}, due to the genuinely multireference character

-0.10

-0.16 |-

E(E,)

-0.20

-0.256

-0.30 |-
f

+{D¢(C-MRCI-DK) —D¢(C-MRCI)} of the 43~ state [Eq. (2)]. Now at the C-MRCI-DK/

+{D4(C-MRCI-DK+ Q) — D(C-MRCI-DK)} (C5Z/A52) [Jrg]l _ level .(Table V), we obtain Te
=748.4564] cm * in relative agreement with our previous

+{D(C-MRCI/CBS —D(C-MRCI)} numbers. Therefore, we can claim with enough confidence

that theX “® is the ground state of TiF, with the %% ~ state

=De(MRCN/(5ZIASZ) + 8D (core) + 5D ¢(DK) no more than 2 kcal/mol higher. Boldyrev and Sintons

+6D(+ Q)+ 6D (CBY =131.3+ 0.1+ 0.2+ 2.6 (Table 1l) obtained aT,(A*S ™« X*®)=645cm ! at the
UCCSOT) level which should be contrasted to our
+0.4=134.2+0.4=134.6 kcal/mol, (100 RccsOT) [C-RCCSOT)]=380 [90] cm ™! value (Table

. . V).
an increase of 3.1 kcal/mol from the previoi3() value. A
P 2 Obviously the binding energy of th®S, ~ is practically

direct comparison betwee®(MRCI) and D (MRCI)/
P el ) el ) the same to that oK “® state, namely, very close to 130

(52/A57) reveals, that by almost doubling the one-electronk mol. In_ detail q i h Vsi
spaceg(164 vs 305 functions we lose just 0.1 kcal/mol at the b(e:z?orrre]E)E.q rzg)]etal, and carrying out the same analysis as

C-MRCI level, but very interestingly the DK-relativistic ef-

fects become insignificant-0.2 instead of—2.9 kcal/mol. Df(A*S7)=D(MRCI)+ 8D(core + D4 DK)
Unfortunately, the rather large error bars of the experimen-

tally determinedD,= 1368 kcal/mol?® does not allow for +0De(+Q)+BSSE

an easy comparison with o} or D,(C5Z/A5Z) values. ~128.8+ 1.1+ (- 2.9 +3.4-0.25

As a final comment on the dissociation energy we would like
to add that the MRCI, C-MRCI values differ by 1.6 and =130.2 kcal/mol.
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The dissociation energy in the C5Z/A5Z basis, and assuming We are aware of only one theoretical work on VF pub-
the samesD,(CBS) as in theX*d state, become$Eq. lished in 1989 by Averyanov and Kh&ft These workers at a
(10)], multireference CISD level obtained®a ground state with

_ the®II 1700 cm * higher(Table 1l). Our results indicate that
De(C52/A52) =De(MRCI/(52/A52)+ oD core the ground state of VF isd1 with a®A state 700-900 cit

+ 6D (DK) + 6D (+ Q) higher (see below.
+ 6D (CBS-X *®)
5 5
=129.4+0.4 LX°I, APA
The equilibrium CASSCF configurations and corre-
+(-02+3.0+04 sponding Mulliken distributions ok °IT andA °A states are
=132.6+0.4=133.0 kcal/mol. |X 5H>Bl~|0-8&301277>1/15«1+1517) —0.3630%40?)

Note that using the C5Z/A5Z basis makes the DK-relativistic 14 14 d
effects onD, almost negligible(—0.2 kcal/mo). X(2my18-+2m15,))

x 45290 p02%3d%;>3d ;30 %3 ,3d Y

x2—y

251.962pi..842p)](..9%p§.95 (11)

2. B, C*A, a’A, b’®, ¢?x7, d’11

The equilibrium CASSCF configurations of these states
are given in Eqs(3)—(8), all of them but theC A being of |A5A>Al=|30127r§27r)1,151_)
multireference character. All states are strongly ionic con-
forming to the model TiF~ with a total Mulliken charge ><4S°'9°4p3'173d§é123di'z°13d§'z°13di'zofyz/
transfer from Ti to F of about 0& (Table IV). Unfortu-
nately no experimental data exist for any of these states. 231'972p%'832p>1<'%2p;'96' (12

At the highest level of calculation, C-MRGHQ), the A total charge transfer of about 027 from V to F is regis-
“TI is the second excited state, 228860 cm ™ * above the tered for both states conforming to the Coulombic I’
X*® or 1527 (1605 cm ! above the AS ™~ state. At the model. Omitting the “0.36” components of th&-state, the
same level of theory we obtaiD.=125.2(128.6) kcal/mol “bonding” can be represented by the following vbL icons:
with respect to Ti& 3F) +F(°P) andr,=1.855(1.847) A.

The next three excited states4¥, A, and?’® symme- 3dm,
tries tagged formallyC, a, andb, respectively, span an en- 3ds.,
ergy range of about 2 kcal/m@MRCI or C-MRCI), so their
ordering is questionable. For instance, while the MRCI and
C-MRCI ordering is maintained, at the MRE€Q and
C-MRCI+Q level the*A, A ordering is inverted.

For the next two calculated excited stategs~ and s .
d 211, we are confident about their ordering haviiigvalues V+( EM;=+1) F(S)
of 5450(4998 and 70196627 cm * at the C-MRCI(+Q)
level, respectively.

Concluding the description of the TiF species, it can be 3dr,
said that the leading feature of all states studied is their over- 3ds,
whelming coulombic character, resulting to PECs of very 4o
similar morphology: In all states bond distances vary by no
more than 0.11 A, or 0.04 A if we exclude tie*A anda 2A
states, while harmonic frequencies peak around 640*cm
within an energy range of 0.8 elFig. 1).

V+(5F;ML=i2) F_(ls)
B. VF
Referring to Table VI theX °I1 binding energy at the MRCI

mental works in the literature on ViTable |). In 1980 Jones (1 Q) level is D=126.2(127.9) kcal/mol; no experimental

and Krishnamurt observed for the first time the emission dissociation energy value exists up to now. As we increase
spectrum of VF in the 3.4—3.6 e{8660—3440 Aregion. By the level of calculation, our “best’DY) estimate foD, is
comparison with CrOX 2IT),* isoelectronic to VF, it was [5€€ also Eq(9)]

To the best of our knowledge there are only two experi-

suggested that the ground state of VF is’Bf symmetry'° D¥ (X °I1) =D¢(MRCI) + 5D ¢(core) + 8D o( DK)
In 2002, Bernattet al.,'! by investigating the emission spec- ¢

trum of VF in the 3400—-17000 cnt region and by compari- +6De(+Q)+BSSE

son with the isovalent species V®IPA),*® proposed that —126.2+0.7+(—3.2+3.5-0.29

the ground state of VF is ofA symmetry, but they did not
rule out the possibility of aiX °II state(see also Table)l =126.9 kcal/mol,
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TABLE VI. Results on VF:
Method -E le De We WeXe Qe <:U‘>//‘LFF Ay Te
X 11
MRCI 1042.79314 1.823 126.2 636 3.1 0.0028 2.31/2.77 0.66 0.0
MRCI+Q 1042.815 29 1.815 127.9 644 3.3 0.0027 0.0
MRACPF 1042.81277 1.818 126.1 640 3.2 0.0027 2.26 0.64 0.0
MRCI(+h) 1042.793 50 1.823 126.3 231 0.66 0.0
MRCI-DK 1048.129 28 1.819 124.8 640 3.2 0.0027 2.28/2.72 0.0
MRCI-DK+Q 1048.151 60 1.814 126.4 645 3.3 0.0027 0.0
C-MRCI 1043.085 28 1.810 126.9 652 3.2 0.0027 2.27/2.82 0.69 0.0
C-MRCI+Q 1043.146 70 1.800 130.5 662 3.4 0.0028 0.0
C-MRCI-DK 1048.467 91 1.810 123.7 650 34 0.0027 2.27 0.79 0.0
C-MRCI-DK+Q 1048.53331 1.800 127.2 655 2.7 0.0028 0.0
RCCSOT) 1042.824 81 1.811 128.9 654 3.4 0.0028 /3.05 0.0
C-RCCsOT) 1043.166 26 1.788 131.8 674 34 0.0028 13.25 0.0
ExptP 1.7758 670.4 2.7 0.0028
A®A
MRCI 1042.790 61 1.849 124.4 638 33 0.0026 2.69/3.19 0.69 557
MRCI+Q 1042.812 04 1.845 125.5 639 3.2 0.0026 718
MRACPF 1042.810 23 1.845 124.2 636 29 0.0025 2.62 0.67 557
MRCI(+h) 1042.790 98 1.845 1245 2.67 0.69 557
MRCI-DK 1048.126 53 1.845 122.9 638 3.2 0.0025 2.66 0.78 605
MRCI-DK+Q 1048.148 17 1.842 123.9 638 3.1 0.0027 758
C-MRCI 1043.082 13 1.835 125.1 650 3.2 0.0025 2.62/3.20 0.70 694
C-MRCI+Q 1043.142 56 1.830 128.0 655 2.6 0.0025 928
C-MRCI-DK 1048.464 60 1.836 121.8 646 3.2 0.0026 2.63 0.80 726
C-MRCI-DK+Q 1048.528 99 1.830 124.6 651 3.2 0.0026 952
RCCSOT) 1042.82170 1.843 126.9 645 3.4 0.0026 /3.28 686
C-RCCsSOT) 1043.162 53 1.826 129.4 657 3.8 0.0030 /3.38 815
B~
MRCI 1042.781 59 1.866 119.4 610 2.9 0.0025 2.27/2.08 0.69 2533
MRCI+Q 1042.804 04 1.858 121.4 615 3.0 0.0025 2468
MRACPF 1042.800 98 1.862 119.3 611 3.0 0.0025 2.01 0.66 2589
MRCI(+h) 1042.78193 1.865 119.5 2.26 0.69 2541
C-MRCI 1043.073 32 1.854 119.4 622 3.0 0.0025 2.33 0.72 2621
C-MRCI+Q 1043.134 98 1.843 123.1 629 2.8 0.0026 2589
a1
MRCI 1042.769 72 1.825 111.5 645 3.1 0.0027 2.13/2.36 0.64 5138
MRCI+Q 1042.793 21 1.818 114.0 648 3.1 0.0027 4847
MRACPF 1042.790 99 1.818 112.5 645 3.1 0.0027 2.10 0.62 4783
MRCI(+h) 1042.77009 1.824 111.6 2.13 0.64 5138
C-MRCI 1043.059 94 1.811 110.9 660 3.6 0.0029 2.10 0.66 5565
C-MRCI+Q 1043.122 82 1.800 115.3 698 0.0011 5259
C5p
MRCI 1042.768 22 1.901 110.7 586 29 0.0025 2.36/2.39 0.71 5469
MRCI+Q 1042.789 97 1.896 111.9 589 2.9 0.0025 5557
MRACPF 1042.787 62 1.899 110.2 586 2.7 0.0024 2.20 0.68 5517
MRCI(+h) 1042.768 56 1.901 110.7 2.35 0.71 5477
C-MRCI 1043.059 30 1.889 110.9 595 0.0025 2.36 0.70 5702
C-MRCI+Q 1043.120 03 1.881 112.9 599 0.0024 5872
b3~
MRCI 1042.766 21 1.820 109.8 616 2.5 0.0023 2.25/2.50 0.63 5912
MRCI+Q 1042.791 41 1.805 113.4 622 2.7 0.0023 5243
MRACPF 1042.788 38 1.807 111.4 621 3.2 0.0025 2.21 0.61 5356
MRCI(+h) 1042.766 58 1.819 109.8 2.24 0.63 5912
C-MRCI 1 043.056 66 1.805 108.9 630 2.8 0.0022 2.25 6275
C-MRCI+Q 1043.121 56 1.785 114.6 637 0.0034 5541
c3A
MRCI 1042.763 05 1.857 107.1 633 31 0.0025 243 0.66 6606
MRCI+Q 1042.78541 1.854 108.8 634 3.1 0.0025 6557
MRACPF 1042.784 06 1.855 107.8 631 2.6 0.0024 2.52 0.65 6299
MRCI(+h) 1042.763 43 1.857 107.2 243 0.66 6598
C-MRCI 1043.05241 1.844 106.4 650 0.0020 2.35 0.67 7211
C-MRCI+Q 1043.11361 1.838 109.7 652 0.0011 7259
déo
MRCI 1042.754 60 1.831 102.1 585 2.0 0.0025 2.57/3.36 0.65 8453
MRCI+Q 1042.780 01 1.813 105.7 591 1.9 0.0029 7743
MRACPF 1042.777 80 1.815 104.1 588 1.5 0.0027 2.63 0.62 7670
MRCI(+h) 1042.754 97 1.830 102.2 2.56 0.64 8453
C-MRCI 1043.044 22 1.817 101.4 601 2.0 0.0026 2.49 0.66 9009
C-MRCI+Q 1043.109 14 1.793 107.0 615 35 0.0029 8267

aSymbols, units, and acronyms as in Table IV.

bSee Table I.
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in striking similarity with the corresponding TiR(*®) nu-
merical corrections. Judging from the T¥{®) binding en-
ergy where we gain 3.1 kcal/mol using the correlation
consistent-type basis sefSZ)+DK+CBS corrections with
respect toD* , we suggest that thB, of X °II is closer to

130 rather than 127 kcal/mol. Remarkably enough at the

RCCSOT) [C-RCCSOT)]
=128.9131.8 kcal/mol.

level, we obtain D,

At the CI level the bond distance decreases monotoni-

cally from 1.823(MRCI) to 1.81FC-MRCI) to 1.800 A(C-
MRCI+Q) with insignificant contributions from DK-
relativistic effects, in fair agreement with the experimental
value of 1.7758 Al The agreement is better at the
C-RCCSOT) level, wherer,=1.788 A (Table VI). All our

we Values compare favorably with the experimental one, the

largest discrepancy being 35 ctM(MRCI).

The ASA state[Eq. (11)] is located 557(718 cm !
higher than theX-state at the MRCI(+Q) level of theory.
Improving the quality of calculation tha@ (A %A« X°II)
energy separation increases constantly to @28) to 726
(952 cm ! at the C-MRCI(+Q), C-MRCI-DK (+Q), re-
spectively. We calculate basically the samgat the coupled
cluster approach, 686815 cm ! at the RCCSDT)
[C-RCCSOT)], or 734[847] cm ! by adding the DK-effects

as obtained from the MRCI, C-MRCI methods. Therefore,

there is no doubt that the ground state of VF idh with a
SA state located about 3 kcal/mol higher. The PECX ofl
andA°®A states along with six more excited stategle in-

fra) and a level diagram for easy comparison are given in

Fig. 2.

2.B%3 ", a%ll, C°®, b33, cBA, d*®

The CASSCF equilibrium configurations of the two
quintets are

[B®S7)a,=[(3040")[0.9615116)
—0.282m2m)), (13)
|C50)g =|1/V2(30 40h) (2my1 8} —2my16L)). (14)

The four triplet states have “genuine” multireference char-
acter; we give below their leading CASSCF equilibrium con-
figurations

|a3ll)g,~[0.6230 2715} 16" )
+0.3530'27,155 16%)
—0.2630%27116%)

+0.2740' 27151 154

+0.2630 27181 151 )), (15)
35 7) s ~[0.730 40116% 16 ) +[0.40307)
+0.3930%dh) 181 160
+0.3030 40151 151 )), (16)
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-0.60 - V('F)+F(P)
d'o
-0.65
3
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5 6

FIG. 2. MRCI potential energy curves of the VF molecule. Energy level
diagram inset. Energies have been shifted$042.0 hartree.

|c3A)s,=[0.8Y 30 2 216" )
+0.4630'2m,2m;15")

+0.3330'2m2my15%)), (17

|d3®)g ~[1/V4302(2my16% +2my16%)
+30%400.3727116Y)
—0.262m,15)]-0.25407)(2m 15"

+2m;15%)). (18

All states correlate adiabatically to the ground state frag-
ments, V@ “F)+ F(?P), conforming at the same time to the
Coulombic binding model of VF~ after an interatomic dis-
tance of abou4 A and towards equilibrium. There is no
doubt that the second excited state i®f symmetry, be-
ing 1976 (1927 [1661 cm ! above theA®A state at the
MRCI (C-MRCI) [C-MRCI+Q] level of theory. According

to our calculations tha *I1 state is located 2605 crhabove
the B°3 ~ state(MRCI) with a °® state located nearby, the
difference between the two latter states being 3337
[613] cm ! at the MRCI(C-MRCI) [C-MRCI+Q] level. Ob-
viously, and although the ordering between & and °®
states is maintained at all levels of calculation, their small
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(recall our convention of omitting theeore?® 162201 7*
factor, Sec. IVA. Approximately 0.2~ are transferred
CrF Cr’D)+F(P) from the metal to the @,(20) orbital of the F atom. The
-0.051 - Mulliken populations suggest that tiesitu Cr™ atom finds
5 2 itself in a®D (4s'3d*) state 1.52 eMRef. 29 higher than
Cr(’S)+F(P) A :
the grounda ®S(3¢P) state of Cf. The bonding can be rep-
resented by the following vbL icon showing in essence the
Cr* (°D) atom in the field of the F anion.
-0.10- Cr('S)+F(°P) i,
— 3d8¢»
E.l/ . 3do
w cA s
-0.154 3dmg
b
c'A
6+ + R — — 1
BT Cr'D;M;=0) F('S)
az
-0.204 s
ATl The MRCI binding energy is 108.8 kcal/mol in agree-
ment with the experimental value ofDy=106.4
+3.5kcal/mol(Ref. 6 (Table VII). Improving the level of
calculation theD, value increases monotonically to 110.2
095 . kcal/mol (C-MRCI-DK+Q), or following the notation of Eq.
5 o5 X'z (9), we write for the “best” DF) result
: : : — : : D} =Dg(MRCI)+ 5D(core + 6D ¢(DK) + 6D ¢(+ Q)
1 3 4 5

6 7
+BSSE
I'Cr F(A)

=108.8+(—0.7+(—2.1)+4.2-0.29
FIG. 3. MRCI potential energy curves of the CrF molecule. Energy level
diagram inset. Energies have been shifted##143.0 hartree. =109.9 kcal/mal,

the largest positive increment caused by the Davidson cor-

energy separation does not allow for a definite answer cor{—eCtion a”‘?' cancellling in (issence the negat_ive corrections.
cerning their relative location. The same is true between thur experience with thex *d §t§1te of“the TIF molecgle
C5b and b3S~ where their ordering is reversed moving shows that going to the CBS limit the “actuaD value is
from MRCI (C-MRCI) to MRCI+Q [C-MRCI+Q], Table closer to 110 rather than 106 kcal/mol. At the C-RCGBD

VI. It seems that there is no doubt for the ordering of thelevel and applying the DK and BSSE corrections of the

c3A andd3® states at every level of calculation. C-MRCI level ~we obtain, D.= 113.5-2.1-0.29
=111kcal/mol, in practical agreement wiby, . Harrison’s

D. value at the RCCSQ) level obtained by the
C.CrF formula De=E(CrF)—[E(Cr";®S) — IPe(Cr)+ E(F;19)
Rotational spectroscop® indicates that the ground T EAexpfF)], where IR, and EAyy are the experimental
state of CrF is ofS* symmetry in agreement with the best |qn|zat|_on potential and electron affinity of Cr and F, respec-
ab initio results of the literature by Harrison at the multiref- Uvely, is 107.7 kcal/mol, as contrasted to our number of
erence levél (see also Tables | and)llOur results also 113.4 kcgl/mol using the same formula. This difference of 6
clearly delineate &3 ground state with &I first excited kcal/mol is the result of the §maller IP and EA by 6.8 and 0.5
state, approximately 0.9 eV higher. Table VII presents nukcal/mol of Cr and F obtained at the RCCAD level as
merical results for a total of 7 states and Fig. 3 displays th&°mpared to the corresponding experimental val(ietle

MRCI potential energy curves and an energy level diagram'.II )-

At the C-MRCI-DK or C-RCCSOT) levels the bond
1. X583+ distance is in complete agreement with the experimental
value” and the same is true for the harmonic frequensy)(

The equilibrium CASSCF configuration and the atomic; "ot all computational levels.

Mulliken distributions are
IX®%*)a,=0.996830 227157 15" ) 2 ASIL, afs*. Bo%+
452894 p213d 5730 "3dy 3, .30 ~Relatively recently experimental results have been pub-
lished by Launila and co-workers for the sextef$ (Refs.

25M9%2p; 42, *2py *° (19 14, 15 and®s *.*3 While there is no doubt by now that the

y
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TABLE VII. Results on Cr®

Koukounas, Kardahakis, and Mauvridis

Method —-E e Deb We WeXe Qe <Iu’>/l'LFF Qer Te
X635+
MRCI 1143.262 59 1.800 108.8 655 4.4 0.0031 4.43/4.27 0.71 0.0
MRCI+Q 1143.289 87 1.801 112.4 647 4.7 0.0033 0.0
MRACPF 1143.288 41 1.804 111.6 633 4.0 0.0032 4.55 0.69 0.0
MRCI(+h) 1143.263 32 1.799 108.9 4.43 0.70 0.0
MRCI-DK 1149.649 77 1.788 109.2 684 3.3 0.0027 3.04/3.56 0.77 0.0
MRCI-DK+Q 1149.675 39 1.783 112.1 688 33 0.0027 0.0
C-MRCI 1143.569 37 1.792 108.1 666 4.3 0.0031 4.48/4.27 0.73 0.0
C-MRCI+Q 1143.636 01 1.791 113.3 660 45 0.0032 0.0
C-MRCI-DK 1150.002 20 1.783 106.0 689 3.4 0.0027 3.06 0.79 0.0
C-MRCI-DK+Q 1150.070 33 1.777 110.2 696 3.8 0.0028 0.0
RCCSOT) 1143.298 25 1.797 662 4.6 0.0030 14.35 0.0
C-RCCSOT) 1143.656 54 1.785 673 2.4 0.0028 14.22 0.0
C-RCCSOT)(+h) 1143.662 30 1.783 0.0
Expt® 1.7839 106.43.5 664
ASII
MRCI 1143.230 27 1.854 115.0 620 3.0 0.0025 2.34/2.41 0.69 7092
MRCI+Q 1143.255 16 1.848 116.6 624 3.1 0.0026 7619
MRACPF 1143.252 49 1.851 1145 618 3.1 0.0026 2.24 0.66 7882
MRCI(+h) 1143.23091 1.852 115.0 2.33 0.69 7113
MRCI-DK 1149.620 56 1.848 1135 621 3.0 0.0027 2.28 0.77 6411
MRCI-DK+Q 1149.645 76 1.842 115.0 625 3.1 0.0027 6503
C-MRCI 1143.536 80 1.844 115.2 629 3.1 0.0026 2.37/2.47 0.71 7147
C-MRCI+Q 1143.600 58 1.836 118.2 635 3.1 0.0026 7774
C-MRCI-DK 1149.973 45 1.842 111.9 624 3.6 0.0031 2.34 0.79 6310
C-MRCI-DK+Q 1150.041 01 1.834 114.8 634 3.8 0.0027 6435
RCCSOT) 1143.263 96 1.846 623 3.0 0.0026 /2.19 7525
RCCSOT)-DK 1149.653 35 7455
C-RCCSOT) 1143.620 32 1.832 637 3.2 0.0026 12.16 7949
C-RCCSOT)-DK 1150.063 33 7515
C-RCCSOT)(+h) 1143.62563 1.831 8047
Expt® 1.8277 629 8134
a‘st
MRCI 1143.224 20 1.801 105.5 671 3.4 0.0027 2.00/2.41 0.64 8424
MRCI+Q 1143.249 56 1.797 107.4 672 3.2 0.0027 8847
MRACPF 1143.248 96 1.798 107.1 672 3.2 0.0027 2.29 0.62 8658
C-MRCI 1143.528 56 1.792 104.5 685 34 0.0026 1.96/2.41 0.66 8957
C-MRCI+Q 1143.592 34 1.785 107.7 . 690 3.4 0.0027 9583
B>+
MRCI 1143.22071 1.926 103.0 568 1.9 0.0020 3.38/3.61 0.78 9192
MRCI+Q 1143.249 79 1.915 107.2 584 1.9 0.0019 8796
MRACPF 1143.249 28 1.909 107.3 587 2.1 0.0020 2.70 0.71 8587
MRCI(+h) 1143.221 42 1.925 102.9 3.37 0.77 9197
C-MRCI 1143.52578 1.920 102.4 573 1.9 0.0020 3.42 0.79 9567
C-MRCI+Q 1143.593 86 1.908 108.1 590 2.0 0.0020 9250
Expt® 1.8919 581 9953
coA
MRCI 1143.212 80 1.897 104.0 587 2.9 0.0025 2.79/2.90 0.75 10927
MRCI+Q 1142.236 61 1.894 104.7 587 2.9 0.0025 11689
MRACPF 1143.234 90 1.896 103.1 584 2.9 0.0025 2.65 0.69 11744
C-MRCI 1143.518 90 1.888 104.3 596 3.0 0.0025 2.79/2.90 0.73 11075
C-MRCI+Q 1143.581 46 1.882 106.5 599 3.0 0.0025 11972
RCCSOT) 1143.244 96 1.892 588 2.8 0.0025 12.69 11696
C-RCCSOT) 1143.600 51 1.880 599 3.1 0.0026 12.64 12295
b 411
MRCI 1143.207 70 1.816 100.8 627 2.9 0.0023 2.33/2.82 0.64 12048
MRCI+Q 1143.23514 1.804 104.0 630 2.8 0.0023 12013
MRACPF 1143.23273 1.808 102.1 627 3.0 0.0025 2.36 0.62 12221
C-MRCI 1143.512 47 1.806 99.9 637 2.7 0.0023 2.31/2.85 0.66 12488
C-MRCI+Q 1143.579 09 1.790 104.6 641 25 0.0038 12492
c*A
MRCI 1143.191 30 1.850 90.6 593 2.2 0.0022 3.16/3.66 0.66 15646
MRCI+Q 1143.217 98 1.839 93.0 591 1.9 0.0022 15778
MRACPF 1143.216 80 1.839 91.7 591 2.1 0.0023 311 0.64 15716
C-MRCI 1143.49577 1.837 89.7 606 2.8 0.0024 3.12/3.66 0.68 16152
C-MRCI+Q 1143.561 59 1.823 93.9 607 2.1 0.0023 16332

aSymbols, units, and acronyms as in Table IV.
bWith respect to adiabatic fragments.

‘See Table 1.
D,
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first excited state is ofII symmetry with the®S " state  with experiment. We are reminded that tK€3 " andA °II
about 2000 cm! higher (see below, for some reason the are single reference statgsgs.(19) and(20)], therefore ad-
63 * state was tagged as®3 " and the®Il asB ®I1.131%In  equately described by the CC-approach. The addition of DK-
the present work we follow what seems to be the standaréffects on the RCCS@) and C-RCCST) is rather detri-
empirical nomenclatur® namely,A IT andB®3 " (Fig. 3. mental to the T, value being 7455 and 7515 cih
The equilibrium CASSCF configurations for the statesrespectively.
above are Thea*s™ state, a truly Cr?nultireference stdteq. ézsl)],
6 _ 14 1m 14 ol a ol correlates adiabatically to a Cf) 0.941 eV above theS Cr
A H>Bl_0'997[30 4072my 18, 15%), (20 ground stat€ (Fig. 3. In equilibrium, the CASSCF Mul-
liken distributions argCr/F)
4592 1%3d 05 3d B d 3 d 5 230

x2

|a*s %) = 300792727} 158 16" )

+0.452m 2165160 )]

231'952 1.8(? 1.962 1.96
+30Y 03227215t 160 Pe 2PiPy
_ pointing to a 4'3d* in situ Cr* configuration of'D atomic
+0.252m2m15715%)]), (2)  symmetry, 2.458 eMRef. 29 higher than the ground S

6< iy 1m 1m 14 ol 4 ol state of Cf'. No experimental results are available for this
B*%7)a,=0.9984072m,2m,15,157). @2 state. At the highest leve[C-MRCI+Q), we calculate

For these states, as in all molecules and states presently stUde=104.5(107.7) kcal/mol  atr.=1.792(1.785) A, and
ied, about 0.2~ are transferred from the metal atom to Te(a“S"—X°3")=8957(9583) cm*', very close to the
2p,(20) of the F atom around the equilibrium geometry. B °2 " state(but see below

The A ®11 state arises from thk 63, * state by moving a The (formally) B°®S™ state correlates also to the
2m(=3dm) electron to a 4&[~(0.65)(Mo—4s) Cr(>S)+F(*P) atomic fragments with its CASSCF equilib-
+(0.17)4p,] orbital. As seen from Fig. 3, thA °II state rium configurations given in Eq22). Its Mulliken equilib-
traces its origin to the second excited state offium distributions are
Cr(3d*4s?;a°D), 8118 cm* higher® than the grounds of 45009 1,0-203{0.823 41013 {1.013 4100 3 41,00
Cr. However, at the equilibrium thie situ Cr* finds itself in Pz 3072 S0a Shyz S0e-y2 5ty
the °D(4s'3d*) state as fevealed by the Mulliken 2s2%2p2%%2p;72pl o7

H £ H 0.904,,0.2 : 0.0 1.02 . 1.0

distributions, ~ 4™"4p; 3d;. ]3dxz. 3dy; 3dz- 230y . dictating a £5(3d°) in situ Cr* state. This is also clear from
At the highest level of calculation(C-MRCI-DK+Q) h ition of the d orbital (~ (0.86)do+ (0.29)4s)
D2 (A®I) = D{(MRCI) + 6D(core)+ 6D(DK) + 6D,  o'c comPosiion otine oA SORT (D)
(+Q)+BSSE= 115.0+ 0.2+ (—3.3)+2.9-0.30= 114g practicaly of dz character. Moving from MRCI to
©0.30=114.5 kcal/mol with respect to GiD) + F(2P) frag- Q—MRCI+Q the bond dlsta}nce converges monotonlcqlly toa
ments, af .- 1.834 A. The latter value is in good agreementfmal value ofr,=1.908 A, in acceptable agreement with the

with the experimental value of 1.8277 'A Assuming that experimental _value of 1.8916 R Conceming the

) T(BS3T—X®3™) energy gap, the MRCIC-MRCI) val-
the DK-effects in both C-MRCI and C-RCC$D methods ", ¢ 91929567 cm ! in very good agreement with the
affect the internuclear distance similarly, at the

. _1 .
C-RCCSOT)(+h) level we obtain r.—1.831—0.002 experimental valu€ of 9953 cm L. At this level of theory

— 18294 : let ¢ with th g the ordering ofa*>* and B®3" is maintained with the
t;I value. nowin complete agreement with the eXpermMeng 65 + peing higher by 768610 cm L. The addition of

o . , : David tior(+ d theT (B 63 * - X3+
It is interesting to follow the behavior of the different b;\ggzogn%ogi; |2r%1 gt) trr?e ul\(/:IeRSCH%e;ndEC-ERCﬁQ)

H H _y b6y + _ ’
computanonalt_approaé:hes_concteglr;ng_rm’%'{snx )E(G;Jrn respectively. Exactly the opposite is happening indaH& *
e_rg;i%seealra}a\ltotr;{ MRXCF:)IeJr”menIaRACSI(: | Hh ) state by 423 and 626 cm (Table VII). The net result is the
—oloncm eV Qor T Ievel INE agree- o sionof the two states at the MREIQ and C-MRCHQ
ment is more than faiTable VII), considering the inherent levels, with thea S * state nowhigher by 51 (MRCI+Q)
dn‘flcultlesilo.f these systems. At the C'MR{;Q’. Te and 333(C-MRCI+Q) cm™ L. Therefore, within the accuracy
=7774cm - just 1 kpal/mol smaller.than the experimental of our calculations, tha*>" andB°3" states should be
:ﬁﬂ% EQ\?eWt?ezgr:)ntl)?:ir;[zgtaa':pt%reoxclr?l\jtsgctgli f’;rgf Le;vl\]ll_@onsidered as degenerate. Practically the same conclusions
ever, the addition of DK relativistic effects is problematic, have been reached by Harriséeoncerning the ordering of

45 + 6y +

reducing theT, with respect to MRCI and C-MRCI values a°2" andB°>" states.

by 681 and 837 cit, respectively. More or less similar
; ; ; ; : 3. CSA, b*I, c*A

trends are reported in Ref. 27, but in conjunction with the*- ' '

Cowan-Griffin relativistic approach. Clearly, the best results ~ All three states correlate adiabatically to €

are obtained at the C-RCCED [C-RCCSOT)(+h)] +F(?P) (Fig. 3. The main equilibrium CASSCF configura-

level, whereT.=79498047]cm ! in complete agreement tions and atomic Mulliken populatior(€r/F) are as follows:



11514  J. Chem. Phys., Vol. 120, No. 24, 22 June 2004 Koukounas, Kardahakis, and Mavridis

|CPA)s, =0.99730 40 2m2my18" ), 4s*94p223d}, " 3dy,"3d " 3d 5™ 21281 72p ) #2p, %2p) %, (23
|b*I1)g,=|[(0.6930°~(0.4540%]2m;15% 15% — 301401[(0.38)%;131151_ +(0.292m;155 15"
+(0.242m3154 181 ]), 4s-0%4p013d ;" 3d0 3dL0Bd ", ,3dl L Y25t 92 pL A 2p k2 pl 9, (24)

|c*A)a,=1[(0.7330%~(0.4240%]2m2m 15} +3al4012w§[(o.41)2w§1§1+

+(0.282m158% 1), 4st0p)3dy, 3dy3d;Bd ;" o/25M2p) #2p 2p) %, (25)

x2— y

A total of approximately 0.€~ migrates from Cr to the |a®3*),
2p,(20) orbital of the F atom. In theC °A state the CF !

finds it self in the first excited 6D (3d*4s?) state, while in ~|[(0.6430%—(0.4640%|2m2m, 155 15
the b*II and c*A states then situ Cr* is in its second L1 e —
exciteda *D(3d*4s!) state. +30740°2m,16-[(0.382m,16,
With respect to the adiabatic fragments the binding en- +(0_30)23151+]> 27)

ergies at the C-MRCHQ level for theC ®A, b *I1, andc “A
states are 106.5, 104.6, and 93.9 kcal/mol, respectively, atith 3o~ —(0.62)4s+(0.67)Ho, 40~(0.57)4s
corresponding equilibrium distances of 1.882, 1.790, and-(0.71)3o. As in all states and MF species studied here,
1.823 A. TheD, differences between the states are equal t@bout 0.%~ are transferred from the metal to thep2
the To(b*I1—C°®A), To(c*A«—b*I) values because all =(20) orbital of the F atom. Clearly, tha situ Mn™ ion
three states correlate to the same atomic fragments. No efinds itself in thea ’S(3d°4s") anda °S(3d°4s") states for
perimental results are available for these states. theX’S* anda®s " molecular states, respectively. Th®

is the first excited state of Mn 1.174 eV above théS

D. MnF
No theoretical results of any kind have been reported in 04
the literature to the present time on MnF. According to Sheri- % [MnF
dan and Ziury4! the earliest spectroscopic observation of | Mn(‘F~*H)+F(P)
MnF goes back to 193% where two band systems were
observed. From the ESR spectrum of MiiFAt was con- -0.50 |- . 2
cluded that the radical is best described as'®n, and this Mn(D)}+E(P)
is in accord with &3 ground state, since the Mncation is
described by am 7S(3d°4s) term?® To our understanding
the ESR experimental results of Ref. 49 is the only direct 055 Mn(°D)+F(°P)
evidence of the ground state symmetry of MnF until now. I
Our calculations also leave no doubt that MnF ha&ad W
ground statdvide infra). All relative experimental informa- -0.60 |
tion on MnF pertaining to the present work is collected in the —~
last entry of Table I. % - Mn(°S)+F(*P)
1. X'3*, a’yt -0.65 |-
i'm
Both the X- and a-states correlate adiabatically to the b
ground state atoms Mn@B4s?;a ®S)+F(?P), Fig. 4. The e n
leading equilibrium CASSCF configurations and Mulliken -0.70 | f5 do
populations are b's o'n
IX7S)a =0.99730 40 2m2my 151 151 ) -
026541015 11,015 41.015 41.01 o 11.00 o7 *
x 45994 p22%3d ;" 3d"3d "3 d ™ »3d Y
251.962p§.852p)1(.962p)l/.96’ (26)
-0.80 - X'z
where 1 L
30~(0.624s+(0.67)3d 1 2 2 ¢ ° ° !
o~ (0. s+ (0. o,
I'Mn-F(A)

40~(0.644s—(0.723do,
FIG. 4. MRCI potential energy curves of the MnF molecule. Energy level
and diagram inset. Energies have been shiftedt#249.0 hartree.
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state?® Taking into account that the bonding is identical in kcal/mol, using the experimental ionization potential of Mn
both states, pictorially described by the following vbL dia- and electron affinity of AMutatis mutandighe intrinsic bond
gram in the case of high spin, strength of theX 'S * state is 106.9 kcal/mel7.432 eV
—3.40 eV=200 kcal/mol. This analysis shows that the

. i Mn—F binding energy is stronger in tike’> * state albeit by

8 kcal/mol, while the binding energy with respect to ground
3do state products is larger in th¢’S " by 19 kcal/mol. This,
g somehow, is reflected in the much shortiey 0.05 A bond

3dm, distance of the 53 * state and its larger harmonic frequency
(by 22 cmi'}), as compared to th¥-state(Table VIII).
Ma*(SM,=0) F('S)
2. b°A, c°lI, d°%*, €@, I, g°ll
the S-’S atomic splitting reflects the corresponding ~ The manifold of theses Sif quintets is located approxi-
a5s*—X73* molecularab initio splitting of about 0.8 ev Mately 2.7 eV above tha>%" state, spanning an energy
(see below: range of less than 0.5 elFig. 4). At the MRCI (C-MRCI)
The spin-forbiddera S "« X 7S transition makes the the5 energy separatigns Sbetween the stateSA(c°IT),
experimental determination of the-X separation difficult.  (d°X",e°®), and (f°I',g"II) tagged formally according
Launila and Simard using laser-induced fluorescencd? the MRCI_a;pproxma}Uon, are 41280, 430 (140, and
spectroscop§? give anindirectly obtained estimate of about 210 (525 cm™=, respectively. It is obvious that the ordering
3000:1000 cm™. As they sa)}s “this estimate, together of these states within each pair is uncertain, and indeed, at

51 o5 e :
with considerations involving similar situations with the he *Q level thef °I', g°I1 ordering is inverted, becoming

— _ -1 .
same setup, indicates that the energy separation between420( 280 cm  (Table V). In what follows we give

X7S* anda®s* is likely to be 3008:1000 cm” In a the dominant equilibrium CASSCF configurations of the six

subsequent paper by Launila and co-worktisis number is quintets above.

modified to 3506:1000 cni L. In a more recent experimental b 5A>Al~|3a'1277i277>1,15];[(0.77)15i —(0.29402)),

work using chemiluminescence spectroscopy and reaction (29

energetic$? it is suggested that the—X splitting is 2500 . , e e e

+1000 cm* (see also Table)l |c°Il)g,~[[(0.7230"+(0.5540°]2m,2m, 15, 15-),
Our ab initio results imply that thes—X energy gap is (29

about twice as large than the “experimental” values. MRCI d55 ) ~|3014ol[(0.64)2ﬁ2771

(MRCI-DK) and C-MRCI(C-MRCI-DK) calculations pre- 1 y

dict similar values, namely 6438540 and 6855(7030 +(0_50)277§2§1y]151+151_+[(o_37)302

cm 1, respectively (Table VIII). At the RCCSDT) and

C-RCCSOT) levels these numbers become 6714 and 8299 ~ (04030401 |2m2m;15516%), (30)

cm™ %, but we have to remember that ta83 " state requires

Sd)g ~|(0.58 3040 (2716218
a multireference descriptigrEg. (27)], not provided by the le >Bl 1(0-58 30740 Ty= o+

single reference CC-approach used here. Therefore, and tak- +2mi16116%)
ing into account the Davidson correction, our best estimate Ly e e 1.
for the a®3 "X 7S " energy separation, is bracketed be- +(0.4030 40" (2m2m 15"

tween 6500 and 7000 cm.

Experimentally, the binding energR, of the X '3
state varies from 101.2 to 104.5 to 106.4 kcal/mol, all ther- ¢ 5F>A1“0-77130140127%%277;1& 131_>
mochemically determinedTable . Irrespective of the
method of calculation, ouD, values are in excellent agree- +|[(0.5030 40t

ment with the most recent experimental validy=106.4 L —lm 1m 14 o4l
+1.8kcal/mol?® or using the same conventions as in +(0.293074072m2m15,167), (32

+2m2m515%)), (31)

Eq. (9), DE(X'2")=D¢(MRCI)+ 8D¢(core)t+ sD(DK) g °M)g. ~|(0.6030 40 (215 152

+ 6D o( + Q) + BSSE= 107.8+ 0.9+ ( — 3.9)+ 2.1— 0.38 !

=106.5 kcal/mol. At the C-MRCI-DK-Q level the bond +2my;185168Y))

distance differs by just 0.003 A from the experimental 8ne 2r 1o da ol a ol

(Table VIII). +0.3%30°40"2my15716°). (33

The C-MRCI-DK+Q binding energy of th@°* state  With the exception of thef °I" state, the rest of the five
is 88 kcal/mol(89.4 kcal/mol at the MRCI levglwith re-  quintets correlate adiabatically to &'8d°® configuration of
spect to ground state productsrat 1.803 A, in contrastto  Mn (Fig. 4). In detail, theb®A, ¢°II, andd®3 " states
the experimental value of 1.7854’AHowever, the intrinsic  correlate to the first excited state of Mr{D;M ==*2,
bond strength, i.e., with respect to the diabatic fragments:1,0), respectively, 2.145 eV above the groufig)(state?®
Mn*(®°S)+F ('S), is 88+IP(Mn)—EA(F)+AE(Mn*;®S  and theoretically at the MRGH Q) level 2.53(1.97) eV. The
—75)=88 kcal/mok7.432 eV-3.40 eW+1.174 e\=208 e°® andg°II correlate to the *F (or its almost degenerate
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TABLE VIII. Results on MnF®

Method —-E le Detl We WeXe de () per Amn Te

X3t
MRCI 1249.804 51 1.856 107.8 611 2.9 0.0025 2.82/2.90 0.71 0.0
MRCI+Q 1249.83091 1.853 108.6 611 3.1 0.0026 0.0
MRACPF 1249.829 31 1.855 107.0 607 2.7 0.0026 2.71/2.80 0.68 0.0
MRCI(+h) 1249.805 32 1.856 107.8 611 3.0 0.0026 2.81 0.70 0.0
MRCI-DK 1257.401 69 1.851 106.0 613 3.4 0.0027 2.78/2.90 0.82 0.0
MRCI-DK+Q 1257.428 54 1.848 106.7 614 3.8 0.0027 0.0
C-MRCI 1250.115 43 1.848 108.7 623 3.8 0.0026 2.82/2.90 0.72 0.0
C-MRCI+Q 1250.178 99 1.843 110.9 623 3.4 0.0027 0.0
C-MRCI-DK 1257.76376 1.847 104.8 612 1.0 0.0031 2.82 0.83 0.0
C-MRCI-DK+Q 1257.831 56 1.842 106.9 617 2.7 0.0028 0.0
RCCSOT) 1249.839 36 1.851 108.7 610 3.0 0.0027 12.76 0.0
C-RCCSOT) 1250.199 77 1.840 110.2 609 3.5 0.0022 2.75 0.0
Expt® 1.8387 101.23.5° 624.2 3.2

104.5+2.3
106.4+1.8

adyt
MRCI 1249.775 22 1.826 89.4 623 3.1 0.0026 2.76/3.20 0.65 6435
MRCI+Q 1249.803 62 1.820 915 624 3.1 0.0025 5981
MRACPF 1249.802 38 1.821 90.1 623 3.4 0.0026 2.78/3.25 0.63 5911
MRCI(+h) 1249.776 16 1.826 89.5 623 3.1 0.0026 2.76/3.25 0.65 6401
MRCI-DK 1257.37191 1.817 87.3 624 2.8 0.0026 2.69 0.80 6540
MRCI-DK+Q 1257.400 94 1.810 89.4 629 4.6 0.0026 6051
C-MRCI 1250.084 18 1.817 89.0 634 3.1 0.0026 2.72/3.20 0.66 6855
C-MRCI+Q 1250.149 80 1.808 925 639 3.6 0.0027 6401
C-MRCI-DK 1257.73171 1.812 84.6 632 7.7 0.0030 2.68 0.82 7030
C-MRCI-DK+Q 1257.801 68 1.803 88.0 634 6.2 0.0025 6540
RCCSOT) 1249.808 77 1.809 89.5 6714
C-RCCSOT) 1250.161 88 1.772 86.5 8299
Expt® 1.7854 %455A.92 3.22 0.0028 3060000
MRCI 1249.685 73 1.756 668 4.0 0.0032 2.39/3.15 0.64 26057
MRCI+Q 1249.718 05 1.744 680 4.0 0.0033 24763
MRACPF 1249.716 94 1.743 677 4.3 0.0034 2.24 0.61 24658
C-MRCI 1250.000 71 1.753 685 0.0018 2.41 0.66 25182
C-MRCI+Q 1250.072 09 1.739 6581? 7.8 0.0031 23469

C
MRCI 1249.683 83 1.786 90.5 666 4.9 0.0031 2.74/3.71 0.65 26476
MRCI+Q 1249.715 43 1.777 91.4 672 35 0.0029 25357
C-MRCI 1249.999 48 1.782 91.4 674 6.8 0.0028 2.70 0.67 25462
C-MRCI+Q 1250.070 23 1.770 935 684 6.4 0.0032 23853
Expt® 1.788 ggg.gm 3.564 0.0024 11751
MRCI 1249.675 37 1.807 630 2.8 0.0026 2.58/3.05 0.67 28330
MRCI+Q 1249.707 71 1.793 639 2.9 0.0027 27036
MRACPF 1249.707 00 1.790 634 3.0 0.0027 2.38 0.64 26861
C-MRCI 1249.990 35 1.804 640 6.5 0.0026 2.62 0.68 27456
C-MRCI+Q 1250.061 42 1.788 651 6.8 0.0026 25812
Expt® 1.8193 59771.]38 3.15 0.0031 14493

A
MRCI 1249.675 72 1.819 71.1 633 3.2 0.0028 4.18/4.22 0.65 #8576
MRCI+Q 1249.702 72 1.814 76.1 631 1.8 0.0025 28364
C-MRCI 1249.985 53 1.808 69.7 4.18 0.67 29052
C-MRCI+Q 1250.049 38 1.801 76.3 28974
RCCSOT) 1249.709 59 1.813 73.3 636 3.2 0.0027 /4.08 28481
C-RCCSOT) 1250.068 31 1.799 79.3 650 3.2 0.0025 /3.93 28851
Expt® 1.7923 648.0 1.6 0.0029 28526

e d
MRCI 1249.673 44 1.821 138.0 647 0.7 0.0012 2.43/2.44 0.68 28750
MRCI+Q 1249.703 43 1.814 137.6 651 35 0.0020 27980
C-MRCI 1249.989 78 1.814 136.4 645 2.47 0.70 27596
C-MRCI+Q 1 250.058 81 1.805 136.2 653 26372

57
MRCI 1249.669 27 1.841 619 25 0.0026 2.55/2.59 0.69 29694
MRCI+Q 1249.698 74 1.836 623 2.9 0.0026 28995
C-MRCI 1249.985 81 1.832 634 6.7 0.0026 2.56 0.70 28435
C-MRCI+Q 1249.054 31 1.825 638 6.9 0.0027 27351

g°ll
MRCI 1249.668 26 1.813 98.1 653 5.5 0.0027 2.40/2.36 0.67 29904
MRCI+Q 1249.700 77 1.805 98.6 649 5.0 0.0029 28575
C-MRCI 1249.983 42 1.805 100.0 654 6.3 0.0025 2.46 0.69 28960
C-MRCI+Q 1 250.055 63 1.796 102.0 658 5.8 0.0024 27071
Expt® 1.8101 640 3.6 19807

h °I1
MRCI 1 249.647 80 1.998 122.2 763 4.84/4.63 0.77 34381
C-MRCI 1249.959 97 2.002 118.2 780 5.24 0.78 34136
C-MRCI+Q 1250.044 31 1.985 127.7 782 29554

i °11
MRCI 1249.634 83 1.852 631 3.8 0.0021 2.69/2.75 0.69 37249
MRCI+Q 1 249.666 75 1.838 609 33 0.0018 36025
C-MRCI 1249.951 51 1.848 623 2.75 0.70 35990
C-MRCI+Q 1250.023 38 1.834 618 7 0.0031 34136

aSymbols, units, and acronyms as in Table IV.
bWith respect to adiabatic fragments.

‘See Table I.

9Dy

°The MRCI (C-MRCI) energy of theX 'S " state using the extended CASSCF space 1s249.805 92 —1 250.117 90 hartree.
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companiona “H) anda“D atomic states of Mn, 2.20 and perimental one named®3 *.1® As in the previously dis-
0.61 eV above tha°D state? respectively. At the MRCI cussecIl state, the same comments apply here concerning
(+Q) levels these gaps are 2.84.33 and 0.75(0.71) eV. ther, and w, values(Table VIIl). However, in Table I, ex-
Finally, the f °T" state traces its origin to the*G(4s°3d®)  perimental Ref. 20, ane®3" state is given with a
state of the metal, 0.99 eV higher than #8&D. For techni- T.(e°Y"«—a®3*)=20220cm?, and a similar configura-
cal reasons we were not able to construct PECs obthe, tional electron distribution as in Eq29); no other experi-
d>3 ", andf °T states beyamh 3 A of interatomic distance mental information or comments are presented. This latter

(Fig. 4). value can be considered in fair agreement with our
Following the M"F~ model, and according to our Mul- d°%*-a%%™" separation, the difference being 809 ¢m
liken populations around equilibrium, the situ Mn™ atom For theg °Il state @°I1 according to Ref. 19 at the

and in all six quintet states is described by s#3d° con- C-MRCI+Q level we calculate an energy gaps(g Il
figuration. It seems, that the only Mnspectroscopic terms «a°%")=27071-6401=20670cm*, 863 cm' larger
consistent with the €*3d® distribution and spin—orbital an- than the experimental orf.At the same level of theory,
gular momentum, are &°G anda °P symmetries, 3.42 and C-MRCI (+Q), we obtain r,=1.805(1.796) A andw,
3.71 eV above tha ’SMn™ state?® =654(658) cm?® in good agreement with the experimental
Experimentally, certain results are available for thefindings. As was discussed in the introduction of the present
c®Il, d°3*, andgSII states, taggefrom the experimen- subsection, the electron distribution of timesitu Mn™ ion is
talists asb®I1;,2 c¢55* or €53 +,1820 and d 511,290 re-  4s'3d° arising from thea °G or a°P terms of Mn'" differ-
spectively (see also Table)l These states are most easily ing by 0.29 eV(Ref. 29 [see also Eq33)]. However, this is
accessible from the first exciteal®s* state of MnF, and ot the interpretation given by Launila and Simatdt is
indeed, all experimentally reportékl, energies are with re- claimed, with some reservation, that thesitu Mn™ term
spect to the S * state. Moving directly to the 1T state, at  finds itself in a 4'3d° configuration; the lowest Mn
the C-MRCHQ level we obtain Te(c®TI—X73") term corresponding to such a distribution s
=23853cm ! atr,=1.770A (1.7883 A experimentalf).  2°P°[3d°(a®S)4p'], 5.39 eV above the ground Mn
The T, value should be reduced by 6401 ¢t the state?® Obviously, we do not agree with this interpretation.
a®3st—X 73" separation energy at the same le@étle su-
pra), in order to be compared with the experimental results.
Therefore, we obtain T,=23853-6401=17452 cm?, 3 A'II
larger by 5701 cm* from the experimental value. Assuming
that the experimental number is reliable and tatare re- This is an interesting high-spin state directly accessible
ferring to the same statethis ~5500 cm* discrepancy from the X 'S state. Within our M F~ equilibrium model
could be attributed to our inability to cope with such com- the lowest Mri" term conforming to dI angular momentum
plex systems. However, and along these lines, it should b&ymmetry is zP%(3d°4p®), 4503 eV above thea’S
mentioned that according to the experimentalisisein situ ~ ground staté? Certamly, its proper de§cription requires a full
Mn* in the ¢TI (b SII; for them state, is ana °D(3d°) set of 40 Mn orbitals to be included in the CASSCF active
state, 1.81 eV above the’S state. On the other hand, our space(see Sec. )l The result of increasing the reference

calculations indicate rather clearly as was already mentionedPac€ by two orbital functions, leads to a dramatic increase
that the equilibrium MA ion finds itself in the of the icMRCI configurational size to about 4240° con-

a5G(4s'3d®) term, 0.99 eV(=7985 cmY) higher than the figurations; the corresponding C-MRCI expansion contains
a5D(3d®) term. It is not unlikely that, calculationally, as the ~2_0>< 10° configurations rendering the calculations, indeed,
two atoms approach from infinityMn(4s'3d®) +F(2p)]  Painful. o _ _ _
and well after the “ionic avoided crossing” around 3 A The CASSCF equilibrium configurations and Mulliken
where we have MA(3d®)+F(S), our calculations atomic distributions are
“lock” in the a°G(4s'3d®) state of Mn' (r=2.15A), they 7 1o ln 1o 14cladl

’ A'll)g =0.99430 27,37, 27,1615 ), 34
lose their variational character and follow this path until | ), 430°2m3m2m10,10°) 34
gquilibrium. Therefore we are rather referring tp a differentwhere, ¥=0.97(Ho), 2m=3dm,, 3m=4p,, 2m,=
I1 state. That perhaps we have calculated a higHestate 3dm,, 16,=3ds;, 16_=3ds_; 450'144p2'°43dié°1 sd)l(.ZOS

is glso supported by the fact that even at the MRCI level Ou5d1'6/13d1'209 ,3dL0% n1-0%/21.9% 181y 11.92) 1196 The
re Is smaller, andw, larger than the experimental ones. At boryijingxis éucgi;ctlyxdescribed Zby th)((-:- follgwing vbL icon
the C-MRCH-Q level these differences magnify tr .=

—0.018 A andAw.=+53.5cm !, a rather unusual behav- AT
ior for MRCI calculations and taking into account all our 3y,
previous results on the MF systems. Certainly, further inves-
tigation is needed to clarify this point.

For the d°3" state the C-MRCHQ Tq(d°3™ 3y,
—X7'3") is 25812 cm®. As before, this value should be
reduced by 6401 cit in order to obtain the energy separa-
tion with respect to thea®S ™ state, To(d°S —a>3") ih .
=19411cm . This value is 4918 cm' larger than the ex- Mn'(PM=%1) F ()

MnF~ (ATD)
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-0.55 1 Mn(*P)+F(P) the intrinsic bond strengths ok 'I1 and X 'S *, i.e., their

. dissociation energies not with respect to adiabatic fragments
Mn(z8P% +F(°P), Mn(a®S)+F(?P), but with respect to

the diabatic ions MA(z’'P%)+F (*S), Mn'*(a’S)

+F (1S). For the ATl we write, Dg(A 'II,diabatic)

=D (adiabatic} IP(Mn) — EA(F) —AE[z8P°(Mn) — a®S
(Mn)]+AE[z"P°(MnT)—a’S(Mn*)]. Using the MRCI
+Q [C-RCCSOT)] values we obtain(Tables I, VIII)
D.(A II, diabatic)=76.779.3] kcal/moH7.24§7.317 eV
—3.24[3.38] eV —2.08[2.24] eV + 4.54[4.66] eV = 225.3
[225.9 kcal/mol. In analogy, for the X’'S" state

we have Dg(X'>", diabatic)=108.6110.7 kcal/mol
+7.2487.317] eV—3.243.38] eV=201.0201.0 kcal/mol.
Therefore the Dg(A 'Il,diabatic) is larger than the
Do(X 'S ™", diabatic) by about 13%, thus making thg and

w, differences between the two states previously discussed
more reasonable.

-0.60 4

Mn(°S)+F(*P)

-0.65

E(E,)

-0.70 4

-0.75
4. h°M, i°10

The h°Il state correlates adiabatically to
Mn(3d®4st;b “P%) (Ref. 29)+ F(°P), but for technical rea-
sons we were not able to construct the repulsive part of the
potential energy curve, Fig. 4. THe'Il state, 2868 cm'
. . . . . . above theh °TI state at the MRCI level, seems to correlate to
1 2 3 4 5 6 aa*H(3d%sh) (Ref. 29 state of Mn, but we are missing

r, (A) the PEC’s part frm 4 A and beyondFig. 4). The leading
CASSCEF equilibrium configurations are

-0.80 4

=

Mn~F(
FIG. 5. X ’S™ andA "II MRCI potential energy curves of MnF and a two

level diagram inset. |h 5H>Bl% | [(0-88)401+ (0-27)30'1127732(277}1/15%r 151—>,

(35

i °I)g, ~|407[(0.5930187 + (039307157 ]2my15%)
Adiabatically, the Al state correlates to
Mn(z®P%3d%4st4p) + F(?P), 2.303 eV above the S +1(0.4830 40" 2m2m)+ 2m2m 157 ]16%),
state?® calculated 1.9122.08 eV at the MRCI(+Q) level. (36)

Figure 5 shows the MRCI All potential energy curve along B )
the XS+ curve for reasons of clarity. with, about 0.8 and 0.& transferred from Mn to F atom, in

Experimentally, To(A 7TT—X 73 *)=28526 cni and the h andi °I1 states, andn situ populations pertaining to
re=1.7923A%° At the MRCI (+Q) level we calculate 3d°(a°D) and 4'3d° of Mn”, respectively. Numerical re-
TZ(A X 73 ")=28576(28364) in remarkable, and sults for these states are given in the last two entries of Table
rather coincidental agreement due to cancellation of errors/!!l, but we have to admit that our values are only indicative

with the experimental value. As usual, the MRGIQ) bond ue to many technical difficulties.
length is larger than the experimentally determined value by

0.027(0.022 A. Inclusion of core-correlation effects short-
ens the bond length by 0.010.013 A at the C-MRCI(C-
MRCI+Q) level, bringing the agreement between theory and  For reasons of easy comparison dipole moments of the
experiment within 0.0160.009 A. However, at this level of four MF (M=Ti,V,Cr,Mn) X-states calculated in different
approximation theA 'ITI-X 'S splitting becomes slightly methods are collected in Table IX. A first observation within
worse, T,=29052(28974) cm® (Table VIII). The absolute the M*F~ binding model, is, that dipole moment magnitudes
single reference character of boxh’>" and A Il states, do not conform to a classicalpoint) charge distribution
renders their description by the coupled-cluster approackcheme. For instance, for the THF'® state u-(C-MRCI)
particularly informing. RCCSIDI) [C-RCCSOT)] T andr, ~ =2.95D; using Mulliken charges we calculate classically,
values are 2848128851 cm™?, 1.813[1.799 A, in excel-  uc=0qmXr.=0.74x3.49a.u=6.6D. The discrepancy is
lent agreement with experimental values. Notice thatrthe much larger for thec?>~ of TiF where ur<(MRCI)

and w, of the A 1 state are significantly shorter and larger, =1.78 D (Table V) vs uc=6.2D. Although Mulliken
respectively, from the corresponding values of t%é3 " charges are not very reliable, one needs effective charges of
state, while the latter'®, value is by 37 kcal/mo(MRCI) 0.3 or 0.2~ to obtain ur~ uc for these two states, and
larger as compared to th& ‘Il state. These seemingly con- certainly this is not the case for the MF systems. The prob-
tradicting results fall into the right perspective if we considerlem can be rather traced to the fact that we are dealing not

E. Dipole moments
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TABLE IX. Dipole moments u)/ uge? (Debye of the ground state fluorides
in different methodologies.

Method TIF(X*®)  VF(X®I) CrE(X%3*) MnF(X’s™)
MRCI 2.54/2.85 2.31/2.77  4.43/4.27 2.82/2.90
C-MRCI 2.48/2.95 2.27/2.82  4.48/4.27 2.82/2.90
MRCI-DK 2.51/2.81 2.28/2.72  3.04/3.56 2.78/2.90
C-MRCI-DK 2.47 2.27 3.06 2.82
RCCSOT) 12.95 /3.05 14.35 12.76
C-RCCSOT) 12.80 13.25 14.22 12.75
MRCI/A5Z¢ 2.49/2.80
C-MRCI/A5Z%  2.42/2.85

) calculated as an expectation valyeze obtained by the finite field
method.
bPAcronyms as in Table IV.

‘Using the quintuple correlation consistent-like basis of Ti and the aug-cc-

pV5Z of F:[7s8p6d4f3g2hli/,;7s6p5d4f3g2h/g].
As in ¢ but augmented by a series[dff 1g1h] core functions for Ti, see
text.

only with highly ionic, but also highly open systems, with

very complex spatial electron distributions which cannot be

“simulated” by two opposite point charges.

The same observations hold true for the dipole moments
of the entire MF series and all states presently studied. Fig-

ure 6 shows the dependence @f(={(w)) as a function of
interatomic distance of the fouf-states. As it shouldy~0
from infinity to ry_g~4—4.5A where the ionic avoided
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FIG. 6. MRCI dipole moments$u) of the TiF, VF, CrF, and MnF ground

crossing takes over and a whole electron is transferred frorffates as a function of interatomic distance.

M to F. At this point « jumps to, for instance, 18.6 D for
TiF(X*®), close to its “classical” value uc=rxq
=(4.5/0.53)x1Xx2.54=21.6 D, and the same is practically
true for VF, CrF, and MnFX-states. Approaching., wu re-
duces almost linearly to its final equilibrium value, on the
average smaller than the correspondjing by about 3 D.
This “dipole moment loss” reflects the complex distribution

of the open spectator electrons and polarization effects upo

interaction.

A second observation concerns expectation vglevs
finite field ugr dipole moments. From Table IX it is clear
that, with the exception of Cribut see below ugeis larger
than{w). It is our belief thatuge values are in general more
reliable than{u) values for reasons rationalized in Ref. 43.

A comment is needed for the dipole moment of the
X-state of CrF. Table IX shows that MRQ&) or wgr values

of TiF, VF, and MnF do not change by more than 0.05 D at

the MRCI-DK level. The same is expected at the C-MRCI
versus C-MRCI-DK level. An exception is noted in the
X683+ state of CrF: The addition of DK-relativistic correc-
tions reduces its MRC{u)/ upe=4.43/4.27 to 3.04/3.56 D,
a change of 1.4/0.7 D. We confess that the decrea&e)dfy
1.4 D is at least suspicious. Thesz MRCI-DK value is
more reasonable but still 0.7 D smaller than the MR&GE
result. Harrison reportéu)=4.16 and 4.23 D at the MRCI
and C-MRCI levels, respectively, for th¥ 63" state of

CrF2’ As a final comment, and taking also into account the

RCCSOT) wgr values, we can say that the dipole moment of
the X-states of TiF, VF, and MnF is very close to 3 D, while
our best estimate for th¥-state of CrF is close to 4 D.

V. SUMMARY AND CONCLUDING REMARKS

Using multireference(CASSCF-1+2) and coupled
cluster[RCCSOT)] methods in conjunction with large to
very large basis setéTiF), we have investigated the elec-
tronic structure of the diatomic fluorides TiF, VF, CrF, and
MinF. we report total energies, dissociation energies, spectro-
scopic constantsr{,we,wXe, @), dipole moments, Mul-
liken distributions, and potential energy curig¥Q for a
total of 34 states. Relativistic effects through the Douglas—
Kroll approximation were also examined for the ground and
first excited states. Our most important findings can be syn-
opsized as follows:

(1) The ground states of TiF, VF, CrF, and MnF are*df,

oI, 63", and’> " symmetries, respectively. Note, that
it is the first time that theX-states of TiF and VF have
been established with certainty, with their first excited
statesA*%~, A®A located about 2 and 3 kcal/mol
higher.

Taking into account the totality of our numerical findings
as well as the existing experimental results, our best “es-
timated” D, values with respect to ground state neutral
atoms for theX-states, are, 135, 130, 110, and 108 kcal/
mol for TiF, VF, CrF, and MnF, respectively. Note that
no experimental or theoreticBl, results on the VF have
been reported before.

In all four MF molecules and states and in harmony with
chemical empiricism, the situ atoms indicate a promi-
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FIG. 7. Fitted potential curveglotted line$ of the TiF, VF, CrF, and MnF
ground state MRCI calculated curves to a Rittner-type potential. See text.

0.00 - potential® A= (a;+ a5)/2, wherea;, a, are the polar-

W izabilities of the two interacting atoms (MeX™).

! Therefore, the— A/r* term is negativeresulting to an
increase of the binding energy due to the leadiniyr
Coulombic interaction as it should. In the present case
however the—A/r? is positive (A negative, certainly
due to the fact that théabsolute total charge distribu-
tion on M and F is less than 1 after the ionic crossing,
thus diminishing the overestimated Coulombic interac-
tion.

(4) The contribution of Douglas—Kroll relativistic effects is
not significant, practically for all calculated properties in
this series of molecular systems. More importantly, in
the case of TiIFK *®,A %3 "), it was found that by in-
creasing significantly the basis set size, therefore increas-
ing the extracted correlation energy, DK-effects practi-

Ay cally vanish.

iaﬁf‘iﬁ_‘;ﬁ:{_.if—MnF(XT) (5) The overwhelming ionic character of these molecules is

W i reflected in the striking similarities of certain properties.
ST CIRXE) For instance for thex-states, C-MRCI harmonic fre-
iF quencies do not differ by more than 30 chfrom an

-0.20 4 f;._g‘;_,;./VF(X5H) average value of 650 cm along the MF series. The

d s same can be said for the interatomic distances; small

TiF(X'®) differences observed moving from TiF to Mnf-

MRCI), no more than 0.03 A from an average value of

2 ' 3 ' 4 1.824 A, reflect small differences in the ionic radii of the

in situ M™* atoms.

M-F(A) (6) Finally, it can be said that plain MRCI results give a fair

overall description of the MF molecules, but core-

correlation effects(C-MRCI) are necessary to bring
bond distances in harmony with experimental results,
and that the coupled-cluster approach, particularly when

-0.05

-0.10 4

E(E,)

-0.156 1

r

nent ionic charactefabout 0.7—0.8  are transferred core effects are includgdC-RCCSOT)], gives excellent

from M to F), as inferred from the Mulliken population results for single reference states.

analysis. To corroborate further this result we fitted our

ground state PECs to a Rittner-type forntla Note added in proofin an experimental paper of TiF
1 A published by P. M. Sheridan, S. K. McLamarrah, and L. M.

V(r)=————4+Be*”C, Ziurys, J. Chem. Physl19 9496(2003, it is definitely es-
For tablished that the ground state symmetry of TiFds.
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