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Electronic spectroscopy and electronic structure of diatomic TiFe
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Diatomic TiFe, a 12 valence electron molecule that is isoelectronic with Cr,, has been spectroscopi-
cally investigated for the first time. In addition, the first computational study that includes the ground
and excited electronic states is reported. Like Cr,, TiFe has a I+ ground state that is dominated
by the 16 202 1* 18* configuration. Rotationally resolved spectroscopy has established a ground
state bond length of 1.7024(3) A, quite similar to that found for Cr, (rp = 1.6858 A). Evidently, TiFe
exhibits a high degree of multiple bonding. The vibronic spectrum is highly congested and intense
to the blue of 20000 cm™!, while two extremely weak band systems, the [15.913T1; < X 'S and
[16.2]3T1j+ < X '=7 systems, are found in the 16 000—18 500 cm~' region. The bond lengths, ob-
tained by inversion of the B, values, and vibrational frequencies of the two upper states are nearly
identical: 1.886 A and 344 cm™! for [15.9]°I1; and 1.884 A and 349 cm™! for [16.2]*TIy+. The mea-
sured spin-orbit splitting of the 3T state is consistent with its assignment to the 16 20 1r# 183 27!
configuration, as is also found in the ab initio calculations. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4738958]

. INTRODUCTION

Among the diatomic transition metals, Cr, occupies a po-
sition of particular prominence because of early controversies
concerning its ground state potential curve, especially as re-
gards the bond length. With ground state atoms having config-
urations of 3d® 4s!, 7S, it is possible in principle to spin-pair
all 12 valence electrons in Cr, placing them in so g, dog, dm,
and d§, bonding orbitals to form a tightly bound diatomic
molecule with a nominal sextuple bond. This intriguing pos-
sibility has sparked a large experimental and computational
effort.

On the experimental side, the first spectrum of Cr, was
obtained in 1974 in a transient absorption study of the prod-
ucts formed in a flash photolysis experiment on gaseous
Cr(CO)s.! The spectrum was assigned to a 'S, % « X
12g+ transition in diatomic Cr,, for which a bond length
of 1.71 A was found. However, the possibility that the car-
rier of the spectrum might be linear CrO, or CrC, was not
rigorously excluded. Subsequently, the molecule was inves-
tigated by matrix isolation absorption and emission’* and
Raman spectroscopy,”” and by laser-induced fluorescence®”
and resonant two-photon ionization spectroscopy'® in jet-
cooled molecular beams. While these results have shown that
the 'X ¢t ground state of Cr, has a short bond length with r.
= 1.6788 A,® details of the shape of the potential energy sur-
face did not emerge until the photoelectron spectrum of mass-
selected Cr,~ was measured in 1991. This study revealed a
tight potential curve near the bottom of the well that seems
to approach a dissociation limit at longer distances as the d-
orbital bonds are broken, but which then rises again to the
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true dissociation limit at even longer distances as the s-orbital
bond is broken.!!

Computational chemistry has found Cr; to be very chal-
lenging, owing to the large exchange effects that result from
the small size of the 3d> subshell and the high degree of
electron correlation in the molecule. An early MCSCF cal-
culation found Cr, to have a bond length of 3.06 A domi-
nated by s-orbital bonding,'? while a subsequent calculation
on the isovalent Mo, found a double minimum, in which the
molecule could exist in either a long-bonded form dominated
by s-orbital bonding or as a short-bonded form in a deeper d-
bonded well."* This led to the speculation that Cr, might ex-
hibit a double-minimum potential curve in the ground state,
prompting the photoelectron study mentioned above. As a re-
sult of the computational difficulties inherent in a study of
Cr,, it has become a standard test molecule for all newly de-
veloped electronic structure methods.'*—3

It is interesting to consider how the electronic structure
of Cr, may change, as one proceeds along an isoelectronic
sequence that redistributes charge from one nucleus to the
other. We may define our position on this isoelectronic se-
quence in terms of the nuclear charge asymmetry, defined by
AZ = |Z, — Zgl. It is now known that Cr, (AZ = 0) has a
very short bond with a high degree of multiple bonding char-
acter. How does this change in moving to VMn (AZ = 2),
TiFe (AZ = 4), ScCo (AZ = 6), CaNi (AZ = 8), KCu (AZ
= 10), and ArZn (AZ = 12)? Does the bond strength de-
crease and the bond length increase smoothly as one moves
along this sequence, or are there break points where the na-
ture of the bonding changes abruptly? Among the multiply
bonded p-block molecules, N, (AZ =0, r, = 1.0977 A, We =
2358.6 cm™!) (Ref. 54) and CO (AZ =2, 1. = 1.1283 A, w.
= 2169.8 cm™!) (Ref. 54) are uniformly considered to have
triple bonds that are well-described by the simple Lewis dot

© 2012 American Institute of Physics
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structures, :N=N: and :C=0:. Diatomic BF (AZ =4, r, =
1.2626 A, w. = 1402.1 cm™") (Ref. 54) begins to show a
somewhat different electronic structure, with a significantly
longer bond, a significantly lower vibrational frequency, and
much greater ionic contributions to the bond. By the time one
reaches BeNe, no chemist would describe this species as hav-
ing a triply bonded :Be=Ne: structure; indeed, BeNe is for all
practical purposes unbound.

The lack of corresponding data on the transition metal
species has prompted this investigation on diatomic TiFe. No
previous spectroscopic data exist for this molecule, and only
one density functional theory (DFT) study has been previ-
ously reported.’ In order to rectify this situation, and learn
how the electronic structure is modified as the nuclear charge
is made more asymmetric in these 12-electron molecules, we
have undertaken spectroscopic and computational studies of
diatomic TiFe. A previous study of the isovalent molecule,
Z1Fe, has already been reported.>

In Sec. II we present a description of the experimental
methods that were employed in this study, while Sec. III pro-
vides details of the computational methods. Experimental re-
sults are provided in Sec. IV and the results of the theoretical
investigation are given in Sec. V. Finally, the most important
findings are summarized in Sec. VL.

Il. EXPERIMENTAL METHODS

In the present study, diatomic TiFe was investigated
by means of resonant two-photon ionization spectroscopy
(R2PI). The instrument employed in this work is identical
to that used in our recent investigation of the isovalent ZrFe
molecule,’® and is therefore only briefly described. Diatomic
TiFe is produced by focusing the fundamental radiation from
a Q-switched Nd: YAG laser (1064 nm, 25-30 mJ/pulse) onto
a Ti:Fe 1:1 alloy (ACI Alloys) in the throat of a pulsed super-
sonic expansion of helium (180-200 psi backing pressure).
The alloy sample is in the form of a disk that is rotated and
translated to prevent the drilling of a deep hole into the sam-
ple, thereby maintaining a nearly constant TiFe concentration
in the resulting molecular beam. After supersonic expansion
into the source chamber, the molecular beam passes through
a skimmer (50° inside angle, 1.5 cm diameter) that provides a
roughly collimated beam in the second chamber, which is the
ionization region of a linear time-of-flight mass spectrometer.

In the second chamber, the molecular beam is exposed to
unfocussed radiation emitted by a Nd: YAG pumped dye laser
that is counterpropagated along the molecular beam axis. Af-
ter a few tens of nanoseconds, the 5th harmonic output of a
Nd:YAG laser (212.8 nm, 5-6 mJ/pulse) is directed across
the molecular beam axis at right angles. Neither wavelength
is capable of ionizing the molecule in a one-photon process,
but the absorption of one dye laser photon and one 5th har-
monic photon can ionize the molecule. The net result is that
when the dye laser is resonant with a transition, the molecule
is carried to the excited state, where absorption of the Sth
harmonic radiation leads to efficient ionization. The resulting
ions are accelerated in a two-stage Wiley-McLaren ion extrac-
tion assembly>’ and travel up a flight tube to a microchannel
plate. The output signal is then preamplified (350 MHz) and
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digitized for processing in a personal computer. By record-
ing the signal for specific masses of interest as a function of
the dye laser wavenumber, the spectra for those species are
obtained. After collecting the spectrum of TiFe using the 5th
harmonic of the Nd:YAG laser (212.8 nm, 5.83 eV) for ion-
ization, portions of the spectrum were scanned a second time
using the 4th harmonic (266 nm, 4.66 eV) for ionization, with
the goal of comparing the two scans to place limits on the
ionization energy of the TiFe molecule.

To reveal the rotational structure of the observed vibronic
bands, the dye laser was scanned in high resolution mode
(dual grating, 0.05 cm™' resolution) over the various mem-
bers of the two band systems that were identified. At the
same time, a portion of the dye laser output radiation was sent
through a cell containing gaseous I,; another portion was sent
through a 0.22 cm™! free spectral range étalon. The transmit-
ted intensities were recorded and were used to provide an ab-
solute calibration of the spectrum using the precisely known
wavenumbers of the iodine lines that are listed in the I, at-
las of Gerstenkorn and Luc.’® Because in our instrument the
TiFe molecules travel at the beam velocity of helium (1.77
x 10° cm/s) (Ref. 59) toward the dye laser, a small correc-
tion for the Doppler shift experienced by the molecules was
required. At the same time, a correction for the error in the
I, atlas (-<0.0056 cm™!) was also made.®° Together, these cor-
rections amounted to less than 0.11 cm™! for all of the bands
reported here.

For a few of the rotationally resolved bands, excited
state lifetimes were measured. To do so, the ionization laser
was fired at the time of greatest TiFe signal intensity, and
the dye laser was scanned in time. The measured ion signal
as a function of delay time was then fitted to an exponen-
tial decay curve using the Marquardt nonlinear least-squares
algorithm.°!

lll. COMPUTATIONAL DETAILS

For both atoms, Ti and Fe, the correlation consistent ba-
sis set of Balabanov and Peterson,®> 22s18p11d3f2glh of
quadruple cardinality, was employed, generally contracted to
[8s7p5d3f2g1h], containing a total of 104 x 2 = 208 spheri-
cal Gaussian functions.

The zeroth order wavefunction is of the complete active
space self consistent field (CASSCF) type, constructed by al-
lotting the 12 outer electrons (4s%3d?/y; 48%3d°/p,) to a total
of 12 orbitals corresponding to the (4s + 3d) x 2 atomic or-
bitals of the two atoms. Under C;, constraints and depending
on the symmetry of the states examined, the above scheme
generates ~(55-95) x 10* configuration functions (CF). Sin-
gle and double replacements out of the CASSCF wavefunc-
tion give rise to multireference configuration interaction ex-
pansions (CASSCF + 1 4+ 2 = MRCI) of order (1.8-3.5)
x 10° CFs, reduced to (1.8-3.1) x 10° CFs through the inter-
nally contracted approximation.®®%* The size non-extensivity
error at the MRCI(4+Q) level, where 4+Q is the Davidson
correction,®> % is estimated to be ~9 (7.8) mE,,. We have con-
structed state averaged potential energy curves (PEC) for 10
2S+1 A states, thatis '+, 13X~ 311, 'A, 3A[2], 3®, and 13T,
reporting molecular constants extracted through the Dunham
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method. Both diagonal and off-diagonal spin-orbit (SO) cou-
pling effects are omitted from these calculations; the first-
order spin-orbit splitting of the *IT state is subsequently com-
puted for comparison to the measured value, however.

All calculations have been performed by the MOLPRO
2010.1 package.®’

IV. EXPERIMENTAL RESULTS
A. Low resolution spectrum

The present spectroscopic study of TiFe covers the range
from 15500 cm™! to 23 500 cm™!. This range can be divided
into three sections that display qualitatively different spec-
tra. The low energy region, 15500-19500 cm~', contains
only two extremely weak, partially overlapping band systems;
the mid-energy region, 19 500-21 500 cm™', contains a large
number of intense bands, and the high energy region, 21 500—
23500 cm™', contains a high density of somewhat weaker
transitions. This is illustrated in Figure 1, which displays the
low resolution spectrum for the most abundant isotopomer,
Ti%Fe (67.7% natural abundance), over the 16 000-21 500
cm~! range. Spectra for all of the isotopomers that are present
in greater than 1% natural abundance were recorded over the
entire scanned range. These include “*Ti**Fe (4.3%), “°Ti*°Fe
(7.3%), ' Ti*°Fe (6.7%), “*Ti*°Fe (67.7%), “Ti*°Fe (5.0%),
BTi7Fe (1.6%), and *°Ti*®Fe (5.0%). Vibronically and rota-
tionally resolved spectra, tables of line assignments, and fitted
spectroscopic constants are available through the supplemen-
tary material®® or from the author (M.D.M.).

The low resolution spectrum of TiFe is remarkably
similar to the spectrum of the isovalent molecule, ZrFe,
which was recently investigated in our group.’® Both species
have extremely weak vibronic progressions in the 16 000—
19000 cm~!' range (14000-17500 cm~! in ZrFe), fol-

51 5.9]11-X's" system of TiFe

1-0 3-0 5-0

[16.210"-X's" system of TiFe

1-0 3-0 5-0 7-0

TiFe" signal intensity

= 1 ' | f 1 L | L | L |

16000 17000 18000 19000 20000 21000 22000

Wavenumbers (cm™)

FIG. 1. Low resolution spectrum of diatomic “8Ti*®Fe over the 16000
21500 cm™! region. The lower energy region, 16000-19500 cm™!, dis-
plays what appears to be a single progression, which under higher resolu-
tion is revealed to be two partially overlapping progressions. The higher en-
ergy region, 19500-21500 cm™!, displays a high density of much stronger
transitions.

J. Chem. Phys. 137, 054302 (2012)

lowed by a highly congested region of intense transitions at
higher energies. For both molecules, high dye laser fluences
(8-30 mJ/cm?) were used for rotational studies of the band
systems, and no power broadening was observed. Similarly,
the lifetimes of the upper states of the weak band system were
found to lie in the range of 14-31 us for ZrFe, while our stud-
ies of the 18 072 and 18 346 cm™' bands of **Ti*Fe reveal
excited state lifetimes of 23 + 4 and 26 £ 6 us. The long
excited state lifetimes and the lack of power broadening in
these spectra demonstrate that the transitions are very weak
indeed. Although the weakness of the transitions could result
from poor Franck-Condon factors, this would not cause such
long excited state lifetimes. Thus, these observations provide
strong evidence that the bands correspond to spin-forbidden
transitions, a possibility that is further supported by compu-
tational studies that are reported below. The observation of
strong transitions above 20000 cm™! also suggests that the
upper states of the spin-forbidden transitions borrow inten-
sity from these higher-lying, strongly allowed states by mix-
ing that is induced by spin-orbit interactions. In this context,
we note that the orbital spin-orbit parameters are given by
£3q(Ti) = 123 cm™! and ¢39(Fe) = 417 cm™!.® These values
are large enough to allow admixtures of a few percent of the
strongly allowed character into the spin-forbidden states, con-
sistent with the long lifetimes and low susceptibility to power
broadening that are observed.

Following the initial survey of the spectrum that was
undertaken using the fifth harmonic of the Nd:YAG laser
(212.8 nm) for ionization, portions of the spectrum were res-
canned using the fourth harmonic, 266 nm, for ionization
in order to bracket the ionization energy of the molecule.
The lowest energy transition that could be observed with the
266 nm (4.661 eV) radiation lies at 20 178 cm™~! (2.502 eV),
placing the ionization energy below 7.16 eV. It was found
that the 5-0 band of the [16.2]07 « X!X* system, which
lies at 17788 cm™' (2.205 eV) could not be observed using
266 nm radiation for ionization, thereby placing the ioniza-
tion energy of TiFe above 6.86 eV. On this basis, the ioniza-
tion energy of TiFe is thought to lie in the range 6.86 eV <
IE(TiFe) < 7.16 eV. This is similar to the ionization energy of
the isoelectronic molecule, Cr,, which has been established
as 6.999(1) eV.70

In a large number of diatomic transition metals, predis-
sociation is found to set in abruptly as soon as the energy
exceeds the energy of the lowest separated atom limit, partic-
ularly when a large density of electronic states is present.”!~7®
Given the large density of states evident toward higher ener-
gies in Figure 1, scans were conducted to higher wavenum-
bers in the hope of finding a predissociation threshold. De-
spite scanning slightly beyond 23 500 cm~!, no predissocia-
tion threshold was found. On this basis, we believe that the
bond energy of TiFe is greater than the wavenumber of the
last observed band, placing Dy(TiFe) above 2.91 eV.

A vibrational progression consisting of eight bands was
found in the survey scan over the 16 000—19 000 cm ™! region.
Higher resolution (0.05 cm™!) studies, however, revealed that
four members of the apparent progression consisted of two
closely spaced bands of different upper state electronic sym-
metry. One band had P, Q, and R branches, with first lines of
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R(0), Q(1), and P(2); the second band displayed only P and
R branches, with first lines of R(0) and P(1). Accordingly,
what was on first glance only a single band system was in-
stead assigned to two systems that were eventually labeled as
the [15.9]1 < X'+ and [16.2]0% < X'Z* systems. The
detailed rotational analysis and the reasoning behind this as-
signment are presented below.

For all of the bands belonging to the two band systems,
rotationally resolved spectra were collected and analyzed, al-
lowing band origins and isotope shifts to be precisely mea-
sured. These values were then used to establish the vibrational
numbering of the bands. By assuming a vibrational number-
ing and fitting the band origins of the heavier isotopomer to
the standard formula,”’

v=Tyg+ v — (1/2 + V) X e, (1)

the fitted spectroscopic constants w.” and w,'x.’ could be used
to calculate the predicted isotope shift using the formula”’

v — v = (p — D[@'e(v' +1/2) — 0"(1/2)]
— (0% = D[ XV 4+ 1/2)? — 0" X"o(1/2)2].
)

For TiFe, the heavy isotopomer (vy) was chosen to be
0Ti36Fe because of the lack of other observable isotopic com-
binations at mass 106. The light isotopomer (vy) was cho-
sen as “8Ti>°Fe due to its high abundance, combined with
the lack of other observable isotopomers at mass 104. For
these species, the dimensionless parameter, p, is given as
p= \/ﬁ:‘z = 1.01670. By treating Eqgs. (1)and (2) as func-
tions of a continuous parameter, v’, it was possible to plot
the predicted isotope shift, v(*Ti*°Fe) — v(*°Ti*°Fe), as a
function of the band frequency, v, for various assignments of
the bands. The resulting curves were then compared to the
measured isotope shift and band origin values to identify the
correct vibrational numbering. To do so, the ground state vi-
brational frequency, w.” was taken from the computations re-
ported below as 534 cm™! and the anharmonicity, w,"x.” was
neglected, as its effect on the isotope shift is minimal.

The resulting plots are unequivocal. Figure 2 shows the
isotope shift vs. transition wavenumber plot for the [15.9]1
« X's* band system, which establishes that the first ob-
served band, found near 16 191 cm™! in *8Ti’°Fe, is the 1-0
band. Likewise, Figure 3 demonstrates that the first observed
band of the [16.2] 0t < X ¥+ system, found near 16 525
cm~! in *®Ti%®Fe, is also the 1-0 band.

Fitting all vibronic bands that belong to the same band
system to Eq. (1), then gives the values of Ty, w.’, and w.'x,’
for the various isotopomers. The resulting fitted vibrational
constants for the [15.9]1 < X! and [16.2]07 « X!Z+
band systems are presented in Table 1.

B. Rotationally resolved spectra

All of the bands that were found in survey scans
(0.14 cm™' resolution) in the 16000-19000 cm™! re-
gion were subsequently investigated in high resolution
(0.05 cm™"). At this higher resolution, four features, located

J. Chem. Phys. 137, 054302 (2012)

Isotope Shifts in the [15.9]1 - X v System of TiFe
N7

25 F

16188 as 2-0 band

16188 as 1-0 band

16188 as 0-0 band -:

Isotope Shift, v('Ti*’Fe) - v( ’Ti*’Fe), cm”

16500

17000

17500

o ]
16000 18000

Wavenumber (cm™)

FIG. 2. Determination of the vibrational assignment for the [15.9]311;
<« 'S band system. Solid lines provide the calculated isotope shift, plot-
ted against the band origin wavenumber for three different assignments. The
measured isotope shifts are plotted as black squares and are in excellent
agreement with the calculated shifts, when the 16 188 cm~! band is assigned
as the 1-0 band.

near 16 525, 16 849, 17 168, and 17 480 cm™!, were found
to consist of two bands within a few cm ™! of each other. This
is illustrated in Figure 4, which displays the rotationally re-
solved spectrum near 17 480 cm ™! for the most abundant iso-
topomer, “Ti**Fe. Above 17 480 cm™!, the observed features
consisted of only a single band, as displayed in Figure 5. All
of the features that were found to contain pairs of bands were
similar to that shown in Figure 4, with both bands red shaded,
displaying R branch band heads at low values of J and a series
of P lines marching off to lower wavenumbers. In fact, all of

Isotope Shifts in the [16.2]0" - X 's’ System of TiFe

T T T T T T T T

= ;

RN

™ r

"~ 30 F
D[—‘ [

= o2st

0 E
£ 20F
= C ]
x 15 a 16523 as 2-0 band
=1 : ]
& 10 . 16523 as 1-0 band E
g : ]
3 5L h
I t 16523 as 0-0 band 1
- 0 I N 2 SN P A N R

16000 16500 17000 17500 18000 18500 19000

Wavenumber (cm™)

FIG. 3. Determination of the vibrational assignment for the [16.23Tpt
< !'S7 band system. Solid curves provide the calculated isotope shift, plot-
ted against the band origin wavenumber for three different assignments. The
measured isotope shifts are plotted as black squares and are in excellent
agreement with the calculated shifts, when the 16 523 cm ™! band is assigned
as the 1-0 band.
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TABLE I. Results from a vibronic fit of bands belonging to the [15.97°T1; <« X 'S+ and the [16.2]°TTp" < X ' =+ band systems of TiFe.

46Ti56Fe 48Ti54FC

47 Ti56 Fe

48Ti56Fe 49Ti56Fe 50Ti56Fe

Fitted spectroscopic constants for the [15.9]*TT; < X ! =+ band system?

To cm™") 15 849.67(64) 15 851.54(89) 15 851.95(84) 15 852.39(51) 15 852.54(32)
we' (em™1) 349.175(589) 346.156(784) 344.309(741) 342.471(459) 340.683(287)
we'xe’ (em™) 3.000(85) 2.841(110) 2.822(104) 2.808(63) 2.743(40)
ke’ (mdyn/A) 1.812 1.802 1.803 1.804 1.804

Fitted spectroscopic constants for the [16.2]°TTp* < X ' £+ band system

To (ecm™h) 16 179.51(461) 16 182.00(522) 16 180.71(442) 16 183.42(502) 16 180.41(500) 16 181.54(476)
we' (cm™h) 355.99(260) 352.98(3351) 353.39(249) 349.51(322) 351.59(288) 349.20(274)
we'xe’ (cm™1) 5.443(255) 5.170(366) 5.315(244) 5.021(352) 5.466(286) 5.347(272)
ke’ (mdyn/A) 1.884 1.895 1.874 1.900 1.879 1.922

2Error limits (1o) for the resulting fitted spectroscopic constants are provided in units of the last digit quoted.

the observed bands, even those which appeared as single fea-
tures, were red shaded, indicating an increase in bond length
upon electronic excitation.

For the features that turned out to consist of pairs of
bands, one of the bands had only R and P branches with first
lines of R(0) and P(1) while the second band had R, Q, and
P branches with first lines of R(0), Q(1), and P(2). These first
lines demonstrate that the 2 values for the band systems are
Q' =0 « Q" =0 for the bands containing only R and P lines,
and Q' = 1 < Q” = 0 for the bands with all three branches.
Further analysis demonstrated that all of the bands originate
from the same lower state. Accordingly, the bands were fitted
to the standard form

v < 1) =v+BYT + 1) =BT + 1), 3)

with B” constrained to be the same for all bands belonging
to the same isotopomer. This procedure provides the most
accurate values of B” and the various B,  values as well.
For the most abundant “*Ti*°Fe isotopomer the values of B”
and 1,” were found to be 0.225 228(31) cm~' and 1.702
68(12) A respectively (1o error limits given in parenthe-
ses). Fitted ground state molecular constants for the remain-
ing TiFe isotopomers are presented in Table II. Combining
the results for all of the masses for which only a single iso-

481.56. + . .
Ti°Fe” ion signal

17465 17470 17475 17480 17485 17490
Wavenumber (cm™)
FIG. 4. Rotationally resolved spectrum of the 5-0 band of the [15.9131,-

X!+ system (on the right), and the 4-0 band of the [16.2]*TTpT-X' £ sys-
tem (on the left).

topomer was observed (¥’ Ti*°Fe, “*Ti*°Fe, and *’Ti*®Fe), we
obtain our best estimate of the ground state bond length as ry”
= 1.7024(3) A.

This bond length is similar to that of the isoelectronic Cr;
molecule (ry” = 1.6858 A),® suggesting that the & = 0 ground
state of TiFe is also a closed-shell, ! =+ state. This is sup-
ported by a density functional calculation that provides a cal-
culated bond length of 1.67 A for the predicted ' ©* ground
state’ and by ab initio calculations reported below. Based on
the good agreement between theory and experiment, we as-
sign the ground state as X' ©F. This implies that the upper
state of the [16.2]0 system has © = 0™, since transitions from
a 'XH(Q = 0%) state to a state with Q = 0~ are strictly for-
bidden in the absence of heterogeneous perturbations.

Excluding bands that were obviously perturbed, the fitted
values of B’, for the bands belonging to [15.9]1«<X! %+ and
[16.2]0F <~ X' = band systems were fitted to the expression,

Bv/ = B/e - a/e(V +1/2), 4)

to determine the constants B," and &, for these two band sys-
tems. Values of B/, B./, r./, and «.’ for the different isotopic
modifications of TiFe are presented in Table III. In the table,

T T ¥ T T
R()
L 15 10 4
0

=
f=] ~ -
b
o
S | P
‘o F T T T T T T T T TTTTTTIN 1
= 15 10 1
NH

C 1 I 1 n 1 L 1 ]

18325 18330 18335 18340 18345 18350

Wavenumber (cm™)

FIG. 5. Rotationally resolved spectrum of the 7-0 band of the [16.2]3 Tyt -
X!'s+ system.
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TABLE 1II. Fitted ground state rotational constants and bond length for TiFe isotopomers obtained in a combined fit of all rotationally resolved bands.?

46Ti56Fe 48Ti54]:;e 47Ti561:;e 48Ti56Fe 49Ti56Fe SOTiSGFe
Bo” (cm™!) 0.230619(56) 0.229557(86) 0.227903(41) 0.225228(31) 0.222829(51) 0.220525(56)
1o (A) 1.70222(21) 1.70088(32) 1.70230(15) 1.70268(12) 1.70238(19) 1.70212(22)

4Errors (1o) are provided for all fitted spectroscopic constants in parentheses following the reported value, in units of the last digit quoted.

the value of «. calculated from the Pekeris relationship,’®

172

®e = [6(wexcB]) "~ — 6BZ]/w, Q)

is also provided. The Pekeris values of «, are in poor agree-
ment with the fitted results, providing additional evidence that
the observed states are perturbed, either by A2 = 0 spin-orbit
mixing with another state or via AQ = 1 L-uncoupling inter-
actions with another state. Inverting the values of B, to obtain
r’, and combining the results for the masses having only a
single observable isotopomer, we obtain our best estimates of
the equilibrium bond lengths of the upper states as r.'([15.9]1)
= 1.8857(36) A and r.([16.2]0") = 1.8839(22) A.

C. The nature of the [15.9]1 and [16.2]0"
excited states

The similar bond lengths in the [15.9]1 and [16.2]07"
states, along with the similar vibrational frequencies of

344.3(7) and 349.5(3.2) cm™!, respectively, suggest that the
two states may be spin-orbit components of the same Hund’s
case (a) state. If so, the Hund’s case (a) state must be inverted,
with the bottom of the = 1 well lying about 329.4 cm™!
below the bottom of the & = 01 well.

The weak intensity of the observed band systems sug-
gests that they are electronically forbidden, presumably gain-
ing intensity through spin-orbit mixing with the intense up-
per states that lie further to the blue. Although the Hund’s
case (a) state responsible for both the [15.9]1 and [16.2]0™
states could be either a 3>~ or a 31T state, a >X~ state would
undergo spin-orbit splitting only in the second order of per-
turbation theory, leading to a small splitting. Also, some de-
parture from the B'J'(J’ + 1) formula would be expected at
higher J values, due to spin-uncoupling interactions between
the 3¥~(0%) and >~ (1) components. Thus, it is likely that
the observed [15.9]1 and [16.2]07" states are components of
an inverted 3IT state.

TABLE III. Results from the fits of bands belonging to [15.9]°I1; and [16.2]3TTy* states of TiFe.?

Vibrational level B, (**Ti*°Fe) B, (¥Ti>*Fe)

Bv/ (47Ti56FC)

B, (*8Ti%0Fe) B, (¥Ti%Fe) B, (**Ti*0Fe)

[15.91311; state of TiFe

1 0.18772(21) 0.18399(—38) 0.18248(-5) 0.18246(-1) 0.17496°

2 0.18436(50) 0.18214(20) 0.18026(1) 0.178323(20)

3 0.18549(-32) 0.18352(17) 0.18125(-10) 0.17801(-1) 0.177405(-41)

4 0.18474(-21) 0.18255(-30) 0.18056(-20) 0.176610(20)

5 0.18442(32) 0.18236(2) 0.18033(15) 0.17816P 0.17917°
Fitted spectroscopic constants for the [15 91711, state of TiFe

B.' (cm™1) 0.18878(58) 0.18513(55) 0.18341(26) 0.18581(3) 0.18044(14)

r.’ (A) 1.8970(29) 1.8887(28) 1.8868(13) 1.8643(2) 1.8817(7)

o (cm™) 0.000850(282) 0.000508(276) 0.000589(132) 0.002226(18) 0.000856(75)

a. (Pekeris)® 0.001829 0.001733 0.001713 0.001747 0.001662

[16.2]3T1yT state of TiFe

1 0.18716(9) 0.18615(0) 0.18499(0) 0.18261(-9) 0.18078(9) 0.17885(6)

2 0.18630(-10) 0.18533(0) 0.18412(-2) 0.18183(18) 0.17998(~14) 0.17819(-10)

3 0.18569(-6) 0.18451(0) 0.18329(1) 0.18050(-9)

4 0.18516(8) 0.18453P 0.18309P 0.18108° 0.17901(4) 0.17732(3)

5 0.18588° 0.18439° 0.18364° 0.18144° 0.17948° 0.17756"

6 0.18702° 0.18701° 0.18481° 0.18254° 0.18051° 0.17862°

7 0.18354P 0.18488P 0.18417° 0.18283° 0.18162° 0.17967°

8 0.18715° 0.18120° 0.17624° 0.17841°
Fitted spectroscopic constants for the [16.2]°T1yt state of TiFe

B. (cm™1) 0.18806(20) 0.18739(0) 0.18625(4) 0.18429(48) 0.18155(28) 0.17954(19)

.’ (A) 1.8850(2) 1.8826(0) 1.8831(2) 1.8823(25) 1.8860(15) 1.8864(10)

o (cm™!) 0.000660(107) 0.000822(4) 0.000847(27) 0.001056(292) 0.000576(154) 0.000499(108)

a. (Pekeris)® 0.002611 0.002538 0.002560 0.002433 0.002539 0.002452

#Residuals in the fit of the B,’ values are provided in parentheses following each entry, in units of 0.00001 cm™". Error limits (1) for the resulting fitted spectroscopic constants are

provided in units of the last digit quoted.

bOmitted from the fit, because the B, value showed evidence of perturbations, specifically, a failure of the B, values to decrease with increasing v'.
“The value of e, calculated from the Pekeris relationship, aze = [6(weXe Be>)!"? — 6B.2]/we, should be close to the fitted value if the bands are unperturbed and follow a Morse potential
reasonably closely. The failure of the calculated values to match the fitted values shows that the levels are either perturbed or follow a potential that differs significantly from the Morse

potential.
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Given that the leading contribution to the !X * ground
state is a lo? 202 1x% 18* configuration (see below), N
states can be generated by one-electron promotions of a 1o or
20 electron to the 27 orbital, a 15 electron to the 27 orbital, a
17t electron to the 2§ orbital, or a 177 electron to the 30 or 40
orbital. In terms of the partially occupied orbitals, these lead
to lo'27!, 2012x!, 183271, 17328}, 17330! and 17340
configurations. The first of these, 16127t or 261271, has the
orbital that is responsible for the spin-orbit splitting (27) less
than half-full, so the resulting *IT state would be regular, not
inverted. These configurations may be excluded from further
consideration. The last two configurations move an electron
from a strongly bonding 17 orbital to a strongly antibonding
3¢ or 40 orbital, and would not be expected to arise at such
a low energy. The remaining two configurations, 15632s! and
173281, have an orbital that is more than half-full (favoring an
inverted 3IT state) and another orbital that is less than half-full
(favoring a regular >IT state). Thus, more detailed considera-
tion is required to decide which of these could be consistent
with the data.

To consider the spin-orbit splitting expected for the
18327, 31T and 177328, 311 states, we note that the spin-orbit
operator can be expressed as an effective one-electron opera-
tor given by®-7?

A% =) i b - i, 6)

where the sum is over all electrons, i, and nuclei, «. Here §;,
is an operator that depends only on the distance of electron i
from nucleus «, 1iy; @ia is the orbital angular momentum op-
erator for electron i measured about nucleus «; and §; is the
spin angular momentum operator of electron i. In the first-
order perturbation treatment of the spin-orbit interaction of
a I1 state, the spin-orbit energy is given by ESC® = AA X,
where A and X are the projections of L and S on the inter-
nuclear axis, respectively, and A is the spin-orbit constant for
the state in question. As a result, ESC vanishes for a 31, state
(A =1, = =0), but the I, component (A =1, ¥ =-1) has
a nonzero spin-orbit energy (—A) given by

ESOCTg) = —A = {To|A°° [ 11y). 7)

Treating the 3T, states as single Slater determinants, and
applying the Slater-Condon rules for the evaluation of one-
electron operators,®” it is possible to express the spin-orbit
energies in terms of the parameters a; = (8], 4,|5) and a,
= (n|Y., Aqlm) as®

1
ESC(18%27!, 3y) = a5 + 5 8)
and
1
ESO(17328", 3My) = —as — S 9)

For a 7 orbital that is expressed as 7 = ¢; 3dw (Ti) + ¢,
3dr (Fe), a, is given by

a; = |c1]*¢3a(Ti) + |c2|¢3a(Fe). (10)

Similarly, for a § orbital that is expressed as § = ¢’
3d§(Ti) + ¢’ 3d8(Fe), as is given by

as = |¢117¢3a(Ti) + |¢'21*¢3a(Fe). (11)

J. Chem. Phys. 137, 054302 (2012)

If we estimate that the = and § orbitals have equal contri-
butions on the two atoms, then we expect a, = as = %[; 3a(T)
+ £3q(Fe)] =270 cm™". Thus, Egs. (8) and (9) predict that the
183271, 311 state will be inverted, with a 31, — 311, energy
difference of about 405 cm™!, while the 17r328!, 3IT state will
be regular, with a 3T1o — T1; energy difference of about —
405 cm™!. The experimentally measured separation of 31,
— 311, = 329.4 cm™! strongly suggests that the excited state
is a 311 state deriving from a 18327! configuration. Alterna-
tively, using the calculated molecular orbitals obtained below,
16 ~ (0.30) 3déri + (0.93) 3ddg. and 27w ~ (0.80) 3dm
+ (0.61) 3dm ., we obtain a calculated *ITy — 31, energy dif-
ference for the 1832x!, 311 state of 489 cm~—'. The difference
between the measured spin-orbit splitting (329.4 cm™!) and
that calculated by this method (405 or 489 cm™!) is likely
due to second-order spin-orbit effects arising from interac-
tions with other nearby states, which can shift the *ITy+ level
relative to the 3T1; level. Even so, the fact that the 18327!
configuration is the only one that produces an inverted *IT
state provides strong evidence that this assignment is correct.
This conclusion is borne out in ab initio calculations that are
reported below.

D. Intense transitions in the 20 000-21 500 cm™"’
region

In the 20000-21 500 range, TiFe displays a high den-
sity of vibronic transitions that are notable for their high
intensity. In this regard, TiFe is reminiscent of the coinage
metal dimers, Cu,,?! CuAg,®? CuAu,®® AgAu,* and Au,,®
and the group 6 dimers CrMo (Ref. 85) and Mo,,% all of
which exhibit similarly intense transitions in the blue region
(19 300-25 900 cm™") that have short fluorescence state life-
times (t = 14-40 ns) and large absorption oscillator strengths
(f = 0.08-0.24). In the case of the coinage metal dimers, we
have previously argued that ion pair states arising from the
M™T + M’'~ separated ion limit are found in this energy range
as a result of the long-range attraction of the ions,’>8+87
which, ignoring polarization effects, bond formation, and
short-range repulsions, have potential energy curves given by

VQR) =D.M-M, X'
+IE(MM) — EAMM') — 116138 cm™' /R(A). (12)

In the case of Auy, ab initio calculations clearly identify
the B 0, state (t = 18 ns, f = 0.13) (Ref. 84) as correlating
diabatically to the Au™ + Au~ separated ion limit.®® Further,
transitions from the covalent ground state to these ion-pair
states are charge transfer transitions that have large transition
dipole moments. Thus, for the coinage metal dimers and by
extension the group 6 dimers, ion pair states provide a source
of considerable oscillator strength that is shared with other
states of the appropriate symmetry through state mixing via
configuration interaction and spin-orbit interaction.

There is no reason why these ion-pair states should be
limited to the coinage metal or group 6 dimers. In fact, this
mechanism is expected to provide an important source of 0s-
cillator strength in the blue region of the spectrum for all
of the transition metal diatomics, owing to the similarity of
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TABLE 1V. Energies E (E;), bond lengths r. (A), dissociation energies D (kcal/mol), harmonic frequencies
and anharmonic corrections e, weXe (cm™1), total Mulliken charges on Fe gf., dipole moments p (Debye), and
energy separations Te (cm™1) of **Ti*Fe at the MRCI(+Q) level.

State -E Te D.* We WeXe qFe (M)/MFFb Te
X1lzte 2111.176 02 1.707 70.6 560 23 +0.36 1.96/1.74 0.0
(2111.202 9) (1.724) (71.3) (534) (3.5) /(1.85) 0.0)
A 2111.126 25 2.096 39.3 +0.22 0.10/ 10923
(2111.165 2) (47.6) (8274)
3AM1] 2111.126 22 2.06 39.3 309 23 +0.24 0.20/ 10929
(2111.169 9) (50.6) (7243)
Iy- 2111.115 98 1.925 329 310 0.40 +0.31 1.09/ 13178
(2111.154 0) (40.6) (10 732)
Ir 2111.114 68 1.933 32.1 323 0.18 +0.31 1.04/ 13 463
(2111.157 5) (42.8) (9964)
3’r 2111.111 50 1.871 30.1 +0.31 1.34/ 14 161
(2111.150 1) (38.1) (11 588)
3v- 2111.110 49 1.877 29.4 +0.31 1.28/ 14 382
(2111.149 8) (38.0) (11 654)
3A12] 2111.104 50 2.160 25.7 319 2.40 +0.22 0.22/ 15 697
(2111.155 8) 41.7) (12 817)
39,34 2111.081 0 1.846 11 +0.44 2.14/ 20 854
(2111.124 6) (22.1) (17 185)

aWith respect to Ti(4s'3d>; a>D)+Fe(4s?3d°; a’D).

b (1) calculated as expectation value, g by the finite-field method; field strength ranges from 1076 to 107> a.u.

¢State specific calculation.
dDegenerate pair.

ionization energies and electron affinities for these species.
In the case of TiFe, if we estimate the bond energy to be 3
eV (see below) and employ IE(Ti) = 6.828 eV (Ref. 89) and
EA(Fe) =0.163 eV, Eq. (12) predicts that the lowest ion pair
states should lie in the vicinity of 20 000 cm!atR =2.0A,
quite close to the energy where intense transitions begin. The
same mechanism has been invoked to explain the intense tran-
sitions in ZrFe that occur in a similar spectral region.”®

V. COMPUTATIONAL STUDIES
A. The nature of the beast

Our previous theoretical work on the homonuclear 3d
metal diatomics, Sc,,°! Ti»,*? and Mn,,” showed most clearly
the very many difficulties with which one is confronted,
even for obtaining “reliable qualitative” results. At first this
is surprising, considering that we are dealing with a rel-
atively small number of active (outer) electrons, 12, and
just two nuclei that are not very heavy, making it a rather
chemically trivial system. However, the very large density
of the 3d—M atomic states of high orbital and spin angu-
lar momenta, the rather unfavorable atomic configurations
for bond formation, and the intense multireference nature
of the 3d—M, molecules provide poor conditions for accu-
rate all-electron ab initio calculations. Our experimental and
theoretical results (vide infra) indicate that the ground state
of TiFe is of 'X* symmetry, with the in situ atoms in the
a>F(4s'3d%) (Ti) and a>F(4s'3d”) (Fe) states, 0.806 + 0.875 =
1.681 eV above the ground state dissociation channel, a*F(Ti)
+ a’D(Fe).”* Including all of the separated atom states be-

tween the ground separated atom limit and the limit that
leads to bond formation for the X' = state, there are 9 chan-
nels, namely Ti(4s?3d?; a’F) + Fe(4s%3d°; a’D), Ti(4s'3d%;
a°F) + Fe(4s23d%; a’D), Ti(4s?3d%; a'D) + Fe(4s%3d°;
a’D), Ti(4s?3d%; a’F) + Fe(4s'3d’; a°F), Ti(4s>3d%; a’P)
+ Fe(4s23d°; a’D), Ti(4s!'3d?; b’F) + Fe(4s23d®; a’D),
Ti(4s?3d%; a'G) + Fe(4s23d°; a’D), Ti(4s?>3d?*; a’F) +
Fe(4s'3d”; a3F), and Ti(4s'3d%; a°F) 4 Fe(4s!3d”; a°F) at 0.0,
0.806, 0.872, 0.875, 1.032, 1.420, 1.475, 1.488, and 1.681 eV,
respectively.”* The number of molecular IAS) (I$2)) states em-
anating from each channel is 60 (525), 100 (875), 15 (125),
84 (735), 27 (225), 60 (525), 25 (225), 84 (441), and 140
(1225), respectively, a total of 595 (4901). By inspection of
the atomic electronic configurations and based on our previ-
ous experience,"l’93 4s2-4s? distributions (channels 1, 3, 5,
and 7) lead to van der Waals interactions, whereas 4s!-4¢?
configurations (channels 2, 4, 6, and 8) can give rise to 3
electron—2 center weakly bound states. The only “chemically”
relevant channel which can lead to strongly bound states is the
ninth one, i.e., Ti(4s'3d?; a°F) + Fe(4s'3d’; a°F), giving rise
to 140 25+ A states, that is,' 3> (= +[4], = ~[3], [1[6], A[5],
®[4], T[3], H[2], D.

The above short exposition rationalizes our reservations
about the possibility of quantitative all-electron first princi-
ples calculations for the 3d-M; or 3d-MM’ molecules with
today’s technology.

B. Computational results

Table IV collects our theoretical results and Figure 6 dis-
plays potential energy curves of the 10 states investigated in
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FIG. 6. MRCI potential energy curves for 10 states of the TiFe molecule and
corresponding energy level diagram (inset).

this report. We list common molecular constants (Te, We, ®WeXe,
T.), dissociation energies (D.), and permanent electric dipole
moments (1) of the **Ti*Fe isotopomer. Observe the rugged
morphology of the potential curves, reflecting the complex-
ity of the electronic structure of the TiFe molecule discussed
above.

1. X'+

Our calculations, in agreement with the present experi-
mental results, indicate that the ground state of TiFe is I+,
The dominant equilibrium CASSCF configurations, Mulliken
atomic population distributions, relevant molecular orbitals,
and total charges (q), are

1X'SF) ~ 0.69|16°187 20> 1] 1777187
+0.33(|10°187 20177 171825
+[16°16,.25,20% 17} 17187 )),

where 8. corresponds to the 4,22 orbital and §_ corresponds
to the dyy orbital.

Ti: 4S1 .334p(z).05 3d(z)é604p2.03 3d2i624p8.03 3d8'z623d2'2570y2 3d0.50

Xy °
q=—0.36

Fe : 450'594[)2'033(1;53441)2'03Sd)l('z324p8'033d)l,'z323d,1('24_7y23d)1{y47s
q=+0.36

J. Chem. Phys. 137, 054302 (2012)

lo ~ (0.71)3d%s + (0.38)3dT} — (0.31)4s™ — (0.26)4s™
20 ~ (0.67)4s™ + (0.58)4s™ + (0.45)3ds + (0.27)3dT
I & (0.79)3dE — (0.46)3dT

185 ~ (0.93)3d5e, 284 ~ (0.93)3d}!

The atomic populations and the natural orbitals given
above suggest a zeroth order bonding scheme that can be vi-
sualized by the following valence—bond-Lewis diagram.

)
3‘18 —TIUFeg

Ti(a’F; M,=0) Fe(a’F; M,=0) X'z

It should be noted that the 4s atomic orbitals of Ti and
Fe are much more extended than the 3d orbitals. In fact, the
ratio of the Hartree—Fock radii are (r4)/(r3;) = 2.6 (Ti) and
3.0 (Fe).”* According to this diagram, the bonding interaction
can be ascribed to two ¢ bonds (four electrons coupled into
a singlet) and two w4 bonds; the four § electrons are strictly
localized on the respective 3d atomic orbitals with no contri-
bution to the bonding. According to the Mulliken analysis, a
total of ~0.4 e~ move from Fe to Ti, the result of a 0.65 e~
charge transfer from Ti to Fe along the = frame, and a back
o-transfer of ~le™.

The MRCI (4+Q) bond distance of the X' =+ state is r,
= 1.707 (1.724) A (Table IV), in relatively good agreement
with the experimental value of ry = 1.7024(3) A. The calcu-
lated adiabatic dissociation energy with respect to the frag-
ments Ti(a’F) + Fe(a’D) (2nd channel), D, = 70.6 (71.3)
kcal/mol, is in conformity with the experimental results, D
> 67 kcal/mol (= 2.91 eV). Notice that both the in situ
atoms are in their excited configurations Ti(4s'3d?; a°F) and
Fe(4s'3d’; a°F) (9th channel), lying experimentally 1.681 eV
above the ground state (1st) channel. With respect to the dia-
batic end products the calculated MRCI (+Q) binding energy
is Dgiabatic = Dadiabatic + AE(9 < 2) = 70.6 (71.3) + 22.5
(23.7) = 93.1 (95.0) kcal/mol. Interestingly, the binding en-
ergy calculated by the approximate formula, D, = w.*/4wX.,
is 97.5 kcal/mol. The MRCI (ACPF) electric dipole moment
calculated as an expectation value is (1) = 1.96 (2.12) D.
When calculated by the finite-field method, the correspond-
ing MRCI (MRCI + Q) [ACPF] values are 1.74 (1.85) [1.90]
D with field strengths ranging from 1076 to 1073 a.u. We rec-
ommend p = 2.0 £ 0.1 D, with the positive end on the Fe
atom, Ti~Fe™.

A density functional theory (DFT) calculation of TiFe
has been published by Gutsev et al.>> These workers studied
the ground states of all 3d-MM’ (M, M’ = Sc —Zn) diatomics.
For the TiFe (X ' ©%) species, their DFT(BPW91)/6-3114G*
results are: r. = 1.67 A, Dy = 94.5 kcal/mol (= 4.1 eV), and

w. = 681 cm™!; a sextuple Ti — Fe bond was also suggested.>

2. A, 3A[1]

The 'A and 3A[1] states have a strongly multirefer-
ence character, the prevailing feature for both states being a
§* — 830! excitation with respect to the X! X+ state. At the
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MRCI level the 'A and 3A[1] states are strictly degenerate
with T, = 10 923 and 10 929 cm™!, respectively, correlat-
ing adiabatically to channel 2; see Figure 6. With respect to
the adiabatic atoms, De(' A, 3A[1]) = 39.3 kcal/mol. The cal-
culated bond lengths are r. = 2.096 ('A) and 2.06 CA[1])
A, with remarkably small calculated dipole moments as com-
pared to the ground state, (u) = 0.10 (*A)and 0.20D CA[1]).
Observe that for the ' A state the w. and w.x. molecular con-
stants could not be obtained (Table IV) due to the vagaries of
its potential energy curve. It should be mentioned that, quite
generally, the construction of potential energy curves for di-
atomic TiFe led to a variety of technical problems, all related
to the extreme density of molecular states (vide supra).

3. 'x-,'r,%r, %"

The dominant equilibrium CASSCF configurations of
these four states above are

I'S2.'Ty) ~ 0.55(|10%20%18% 26 172172151 ))
F (| 10220218L1n§1n§152,25_1,)),

Py o) & 0.57(|16%20°167 28} 1 ; 1181 )
+ (1620718} 1w} 177182 281 )),

where the £ subscripts on the ¥ and I symbols correspond
to the choice of =+ in the linear combination that appears in
the wavefunction. These four states are all generated from the
ground electronic state by a promotion of a 1§ electron to the
248 orbital. The states of the same multiplicity have identical
components, the only difference being the sign of the linear
combination. The similarity between singlets and triplets is
reflected in the similar shapes of their potential energy curves,
hence their similar properties. In particular r., D., we, and i
of 'YX~ and 'T", and *X~ and °T’, are practically the same. In
addition, the ("X, 'T") and (X, 3I) states are quasidegen-
erate with MRCI(4-Q) T. = [13 178(10 732), 13 463(9964)]
and [14 161(11 588), 14 382(11 654)] cm™!, respectively; see
Table IV and Figure 6.

4. 3A[2]

The MRCI(+Q) 3A[2] — X!'E7T separation energy is
15 697(12 817) em™!, with r. = 2.160 A, and D, = 25.7
kcal/mol with respect to channel 2, i.e., Ti(4s'3d3; a’F)
+ Fe(4s23d%; a°D). The 3 A[2] state is characterized by along
bond distance, ~0.50 A longer than that of the X I+ state,
and a very small dipole moment, (i) = 0.22 D, see Table IV.

5. 31, %®

The 311 and 3® states arise from the ground ' X+ state
primarily by promotion of a 15 electron to the 27 orbital, with
dominant equilibrium configurations of

@, *T) ~ 0.60(|16°20° 187 1] 17527 161 )
£ ([10%20°18} 1w 727 (177167 ))

Here the “+4 sign refers to the *®, and the “~” to the *T1
state. The two states are strictly degenerate, the MRCI(4-Q)

J. Chem. Phys. 137, 054302 (2012)

T, being 20 854(17 185) cm™! for both states (but see below).
Their dissociation energy with respect to channel 2, is D,
= 11 kcal/mol, but with an energy barrier with respect to
equilibrium (r. = 1.847 A) of 31 kcal/mol; see Figure 6. The
SO interaction splits the 3IT state into three £ components,
Q = 2, 1, 0%, with a calculated SO coupling constant
A = —438 cm™!. This is close to the semiempirical esti-
mate obtained in Sec. IV C for the *IT state deriving from
the 162 202 1x* 16° 27! configuration, A = —405 cm™!
or A = —489 cm~! using the molecular orbital coefficients
found here, and is not too far from the experimental value of
A = —329 cm™!. Taking spin-orbit interaction into considera-
tion, the MRCI4+Q T.CTT«X ' %) =17 185 cm™~! becomes
To(Q=1)=Te + Awe/2=17080 cm~! and To(Q2 =0) =T,
+ Aw./2— A =17518 cm™". These values are a bit high com-
pared to the experimental values of To(2 = 1, 0) = 15 852,
16 183 cm™', but given the complexity of the molecule, the
agreement can be considered to be very good. In addition,
these results provide a definitive identification of the upper
states of the [15.913T1; and [16.2]°T1+ excited states that are
observed in the experiment.

VI. SUMMARY

The diatomic molecule, TiFe (AZ = 4), has been experi-
mentally investigated for the first time, and is found to have a
strongly bound ' ©F ground state arising from a leading con-
figuration of 102 202 1% 184, with rg = 1.7024(3) A. This
bond length is very similar to the nominally sextuply bonded
isoelectronic molecule, Cr,, for which ryp = 1.6858 A8 The
adiabatic MRCI+Q binding energy of the X !X state of
TiFe is D, (Dy = D, — we/2) = 71.3 (70.5) kcal/mol with
an experimental estimate Dy > 67.1 kcal/mol. The molecule
has quadruple bonding character comprising two o and two
d, bonds. The § electrons remain localized on the individ-
ual atoms and are not involved in chemical bonds. Although
the isoelectronic molecule, ScCo (AZ = 6), also has a ' =+
ground state, its bond length is significantly increased, to
1.8121(10) A.%

The Q = 0% and 1 levels of a *TI; excited state arising
from the 102 202 1r* 18% 27! configuration have been iden-
tified in the experiments, in agreement with ab initio work
that is also reported here. Given the huge density of states
present in this molecule, it is remarkable that this state re-
sults from a nearly pure electronic configuration, as do the
calculated states that arise from the 10> 20 17 163 28! con-
figuration. As might be expected when the antibonding 27 or-
bital is populated, there is a significant increase in bond length
when moving from the ground state to this *IT state, which has
r. ~ 1.885 A and w. ~ 346.9 cm™!, averaged over the
Q = 0% and 1 components.

Further to the blue (20 000-21 500 cm™") a congested re-
gion of the spectrum is found in which there is a large num-
ber of much more intense transitions. It is argued that ion-
pair states corresponding to Ti* + Fe™ provide the oscillator
strength for transitions in this region, and that this oscilla-
tor strength is shared with other nearby states through state
mixing induced by configuration interaction and spin-orbit
mixing.
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