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The low-Iying electronic states of TiF and TiCI have been studied using high level ab initio techniques. Both are
found to have twa low-Iying excited eJectronic states, 4~- (0.080 eV (TiF) and 0.236 eV (TiCI» and 2~ (0.266 eV
'(TiF) and 0.348 eV (TiCI», and 4<})ground states at the highest CCSD(T)/6-31l ++G(2d,2f) level of theory. Our
theoretical predictions of 4<})ground electronic states for TiF and TiCI support recent expenmental findings by Ram and
Bemath, and aur calculated band lengths and vibrational frequencies are in reasonable agreement with their expenmental
data. @ 1998AcademicPress

I. INTRODUCTION

The ground electronic states of TiF and TiCI have been
a matter of controversy for many years. Initially, Diebner
and Kay (l) interpreted the absorption spectra of TiF be-
tween 390 and 410 nm assuminga X 4L- ground electronic
stale. However, IDe 4n- 4L- assignment for the transition
was questioned by Shenyavskaya and Dubov (2), who reas-
signed the spectrum as involving 2<1>_2~and 2~_2~ transi-
tions and concludedthat the X 2~ stale is the ground stale
of TiF. Most recently, Ram et al. (3) observed three bands
in the 13 500-16 OOO-cm-Iregion, with heads at 14388,
15033, and 15576 cm-I, which they assigned as 0-1, 0-
O,and 1-0 vibrational bands of a new TiF G4<1>_X4<1>transi-
tion. The assignment of X 4<1>as the ground stale of TiF
was consistent with unpublished theoretical calculations of
Harrison and expectations based on the known ground elec-
tronic stale of TiH.

Similarly for TiCI, More and Parker (4) assigned strong
bands in the 400-420-nm range to a doublet transition,
which Rao (5) reassigned to a 4n- 4L - transition. Shenyav-
skaya et al. (6) proposed yet another assignment for the
same bands, although they retained the 4n - 4L - transition.

Catalic, Deschamps, and Pannetier ( 7) and Diebner and Kay
- (1) made the same assignments, but Lanini (8) questioned

these analyses and used rotational analysis ot a rew strong
bands to assigned Lbemto a 2<1>-2~ transition. Phillips and
Davis (9) made a rotational analysis of a number of bands
in the 409.5-420-nm region aI}dclassified these bands into
tour doublet electronic transitions. Finally, Ram and Bernath
(10) investigated IDeemission spectrum of TiCI in the 3000-
12 000-cm-1 region at high resolution, and they classified
the observed bands into three electronic transitions: C4~-
X4<1>,G4<1>_X4<1>,and G4<1>-C4~. The X4<1>stale was thus

assigned to the ground stale of TiCI, by analogy with their
wark on TiF (3).
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Certainly ab initio calculations could make a contribution
in the search of the ground electronic states of the halides
of Ti. We have recently successfully applied the ab initio
quadratic CI method including single and double excited
states explicitly and triple excited states by perturbation the-
ary (QCISD (T» to SiCu and its ions (11), as well as to
ZnX diatomic molecules, where X is a first or second row
atom (12). The variety of coupled cluster methods (QCISD,
QCISD(T), CCSD, and CCSD(T» offers a reasonable
compromise for obtaining relatively. good molecular con-
stants for the lowest roots in every symmetry at reasonable
cost. We therefore expected that out calculations of the low-
est states ofTiF and TiCI at the QCISD, QCISD(T), CCSD,
and CCSD(T) levels oftheory could help in the clarification
of the problem of the ground electronic states and could
indeed predict about the ground electronic states. In searches
for the ground electronic states of molecules composed from
even one 3d-transition metal it is very important to take into
account as much dynarnic correlation as possible, and the
coupled cluster methods have proven to be good tools for
this. Because a first-row transition element and F or CI is

involved, it is unlikely that relativistic effects need to be
included if OUtgoal is to identify the ground electronic stale.

II. COMPUTATIONAL DETAILS

The hond lengths and harmonic vibrational frequencies of
the lowest electronic states of TiF and TiCI having various
spatial and spin multiplicities were first optimiz~d using
analytical gradients and polarized split-valence basi s sets of
6-311 ++G(d,f) quality (13-18) ( ++ denotes diffuse s ,p
functions on F and CI and diffuse d functions on Ti and
(d,f) denotes polarization d functions on F and CI and
polarization f functions on Ti) within the second-order
Mj2jller-Plesset perturbation theory (MP2) (19) and qua-
dratic configuration interaction methods including all single
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TABLE 1

Calculated Molecular Properties of the Lowest Bound States of TiF

~~ ~~ ~~
1a21~42a21o13a12~1 1a21~42a21o23a1 1a21~42a21o13a2

MP2/6-311++G(d,f) MP2/6-311++G(d,f) MP2I6-311++G(d,f)
EpMP2=-948.169493 E PMP2=-948.163039 E PMP2=-948.147940
Re(Ti-F)=1.867A Re(Ti-F)=1.814A Re(Ti-F)=1.754A

coe=617cm-1 coe=665cm-1 coe=751cm-1
<S2>=3.7538 <S2>=3.7548 <S2>=0.7918
Te,PMP2=0.0 eV Te, PMP2=0.176 eV Te PMP2=o.586 eV

aCISD/6-311++G(d,f) aCISD/6-311++G(d,f) aCISD/6-311++G(d,f)
EaCISD=-948.177658 EaCISD=-948.173827 EaCISD=-948.165927
Re(Ti-F)=1.867A Re(Ti-F)=1.827A Re(Ti-F)=1.770A
coe=620cm-1 coe=645cm-1 coe=695cm-1
<S2>=3.753 <S2>=3.754 <S2>=0.788
Te,aCISD=O.OeV Te,aCISD=0.104 eV Te,aCISD=0.319 eV
aNPA(Ti)=+0.819e aNPA(Ti)=+0.769e aNPA(Ti)=+0.665e
aSpin(Ti)=3.005e aSpin(Ti)=3.037e aSpin(Ti)=1.036e
~e=2.958 D ~e=3.110 D ~e=1.863 D

aCISD(T)/6-311++G(2d,2f) aCISD(T)/6-311++G(2d,2f) aCISD(T)/6-311++G(2d,2f)
EaCISD(T)=-948.217070b EaCISD(T)=-948.214245b EaCISD(T)=-948.208167b
Te,aCISD(T)=O.OeV Te,aCISD(T)=O.O77eV Te,aCISD(T)=0.242 eV

CCSD/6-311++G(2d,2f) CCSD/6-311++G(2d,2f) CCSD/6-311++G(2d,2f)
ECCSD=-948.206499 ECCSD=-948.202329 ECCSD=-948.191919
Re(Ti-F)=1.872A Re(Ti-F)=1.834A Re(Ti-F)=1.779A
coe=634cm-1 coe=641cm-1 coe=686cm-1
<S2>=3.753 <S2>=3.754 <S2>=0.788
Te,CCSD=O.OeV Te,CCSD=0.113 eV Te,CCSD=0.396 eV

CCSD(T)/6-311++G(2d,2f) CCSD(T)/6-311++G(2d,2f) CCSD(T)/6-311++G(2d,2f)
ECCSD(T)=-948.216124 ECCSD(T)=-948.213191 ECCSD(T)=-948.206356
Re(Ti-F)=1.869 A Re(Ti-F)=1.832A Re(Ti-F)=1.777A
coe=634cm-1 coe=638cm-1 coe=677cm-1
<S2>=3.753 <S2>=3.753 <S2>=0.783
Te,CCSD(T)=O.OeV Te,CCSD(T)=0.080eV Te,CCSD(T)=0.266eV

a Spin-contamination is given before spin-projection.

b Optimized at QCISD/6-311 ++G(d,f).

and double excitation (QCISD) (20). The energies of the
lowest electronic states of each symmetry were then refined
at the higher CCSD/6-311 ++G(2d,2f) and CCSD(T)/
6-311++G(2d,2f) levels of theory and basis sets. The
unrestricted MP2 (UMP2) wave functions for open-shell
systems were spin-projected to produce purer spectroscopic
s!ates (PMP2) (21). All calculations were carried out with
the GAUSSIAN 94 (22) suite of programs, and the core
orbitaIs (F Is, Clls-2p, and Ti Is-3p) were frozen in all
correlated calculations.

III. RESUL TS AND DlSCUSSION

In "Periodic Table of Diatomic Molecules, Part B: Di-
atomics Composed from One Main Group Atom and One
Transition Metal Atom" (23), we assumed the following
canonical order of the valence molecular orbitaIs, 10'20'-
171'1830'271'40',and we used the Aufbau principle to predict

the ground electronic states. According to this order of the
valence MOs, one predicts the ground electronic stale to
be 2~i (1 0'220'2l7r418330' °271'°40'°) for TiF, TiCI, and other

valence isoelectronic halides of Ti, Zr, and Hf. One goal of
the present wark bas been to see if those predictions are
correct.

In aur ab initio calculations we studied what are probably
the three lowest electronic states: 4~- (10'2171'420'218230'1-
271'°), 2~r (10'2171'420'218130'2271'°),and 4<1>(10'2171'420'2181-
30'1271'1), as well as the 2~i (10'2171'420'218330'°271'°)stale
that was expected to be the ground stale on the basis of
Aufbau principle. The states considered involve double oc-
cupancy of the 2s (1O'-MO), 2pO'(20'-MO), and 2p7r(171'-
MO) orbitaIs of F, or 3s (1O'-MO), 3pO'(20'-MO), and 3p7r
(171'-MO)orbitaIs ofCI with the three othervalence electrons
distributed throughout the 18, 30', and 271'valence orbitaIs.
At the lowest level of theory (MP2) that inc1uded any corre-
lation, the 4<1>stale was found to be most slabIe with the
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TABLE 2

Calculated Molecular Properties of the Lowest Bound States of TiCl

a Spin-contamination is given before spin-projection.

b Frequency was not calculated at this level of theory due to convergence problems.

'Optimized at QCISD/6-311 ++G(d,f).

4L - and 2b.r states being higher in energy than the ground
eleetronie stale by 0.176 eV (4L-) and 0.586 eV eb.r) for
TiF and by 0.420 eV (4L -) and 1.250 eV eb.r) for TiCl.
The 2b.i stale was foundto be substantiallyhigher in energy
(3.51 eV for TiF and 3.46 eV for TiCl), therefore the 2b.i
stale was excluded trolli further examination.

The three lowest eleetronie states, 4q>(10'217r420'218130'1-
21f1), 4L- (10'211f420'218230'121fO), and 2b.r (10'211f420'2-
18130'221fo),were then studied at the QCISD, QCISD(T),
CCSD, and CCSD(T) levels of theory. The results of our
ea1culations for TiF and TiCl are 'presented in Table 1 and
Table 2, respeetively.

The 4q>stale was found to be the ground stale at all (MP2,
QCISD, QCISD(T), CCSD, and CCSD(T)) levels of the-
ory for both TiF and TiCl, in agreement with reeent experi-
mental findings (3, 10) and similar to what is kilowo for
TiH (24-27). The MP2, QCISD, CCSD, and CCSD(T)

methods give very similar bolid lengths (1.867 -1.872 Afor
TiF and 2.304-2.318 Afor TiCl) and harmonie frequencies
(617 -634 cm-I for TiF and 386-397 cm-I for TiCl). These
numbers eompare reasonably with the experimental values:
Re(TiF) = 1.8311 Aand b.G1/2 = 650.70 cm-I for TiF [3],
and Re(TiCl) = 2.2647 A and b.G1/2 = 404.33 cm-I for

TiCl [10]. In the 4q>stale, we find the unpaired spin density
to be loeated eompletely on the Ti atom, and we find the
charge density to be very ionie (atomie effeetive eharges:
Q(Ti) = +0.82 e for TiF and Q(Ti) = +0.74e,f9r TiCl
whieh produee dipole moments of /Le(TiF) = 2.96 D.and
/Le(TiCl) = 3.86 D). .,

The 4L - stale arising from promoting one eleetron trolli
the 21f-MO into the 18-MO is the lowest exeited stale for
both moleeules with 0.080 eV (TiF) and 0.236 eV (TiCl)
exeitation energie s at the CCSD(T)/6-311++G(2d,2f)
level of theory. This stale bas a higher dipole moment (/Le
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TiCJ(4ct» TiCI(4L-) TiCI (2L\r)

1a21n42a2113a12n1 1a21n42a2123a1 1a21n42a21 13a2

MP2I6-311++G(d,f) MP2/6-311++G(d,f) MP2/6-311++G(d,f)
EPMP2=-1308.138605 EpMP2=-1308.123184 EpMP2=-1308.092650

Re(Ti-CI)=2.305 A Re(Ti-CI)=2.260 A Re(Ti-CI)=2.211 A

roe=388 cm-1 roe=410 cm-1 roe=424 cm-1

<S2>=3.7539 <S2>=3.7559 <S2>=0.7609

Te,PMP2=0.0 eV Te,PMP2=0.420 eV Te,PMP2=1.250 eV

aCISD/6-311 ++G(d,f) aCISD/6-311 ++G(d,f) aCISD/6-311 ++G(d,f)
EaCISD=-1308.161298 EaCISD=-1308.151981 EaCISD=-1308.133503

Re(Ti-CI)=2.304 A Re(Ti-CI)=2.336 A Re(Ti-CI)=2.286 A

roe=386 cm-1 roe=376 cm-1 roeb

<S2>=3.754 <S2>=3.754 <S2>=0.760

Te,aCISD=O.O eV Te,aCISD=0.254 eV Te,aCISD=0.756 eV

aNPA(Ti)=+0.744 e aNPA(Ti)=+0.791 e aNPA(Ti)=+0.711 e
aSpin(Ti)=3.002 e aSpin(Ti)=2.968 e aSpin(Ti)= 0.980e
Jle=3.863 D Jle=3.868 D Jle=3.168 D

aCISD(T)/6-311 ++G(2d,2f) aCISD(T)/6-311 HG(2d,2f) aCISD(T)/6-311 ++G(2d,2f)

EaCISD(T)=-1308.199740c EaCISD(T)=-1308.190609C EaCISD(T)=-1308.177601C

Te,aCISD(T)=O.O eV Te,aCISD(T)=0.248 eV Te,aCISD(T)=0.602 eV

CCSD/6-311 ++G(2d,2f) CCSD/6-311 ++G(2d,2f) CCSD/6-311 ++G(2d,2f)
ECCSD=-1308.191781 ECCSD=-1308.181123 ECCSD=-1308.176327
Re(Ti-CI)=2.318 A Re(Ti-CI)=2.291 A Re(Ti-CI)=2.324 A

roe=397 cm-1 roe=399 cm-1 roeb

<S2>=3.755 <S2>=3.755 <S2>=0.766

Te,CCSD=O.O eV Te,CCSD=0.290 eV Te,CCSD=0.421 eV

CCSD(T)/6-311 ++G(2d,2f) CCSD(T)/6-311 ++G(2d,2f) CCSD(T)/6-311 ++G(2d,2f)
ECCSD(T)=-1308.199406 ECCSD(T)=-1308.190699 ECCSD(T)=-1308.186602
Re(Ti-CI)=2.311 A Re(Ti-CI)=2.288 A Re(Ti-CI)=2.336 A

roe=393 cm-1 roe=398 cm-1 roeb

<S2>=3.755 <S2>=3.755 <S2>=0.766

Te,CCSD(T)=O.O eV Te,CCSD(T)=0.236 eV Te,CQ§[)(T)=0.348 eV
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= 3.11 D for TiF and /-Le= 3.87 D for TiCl) than the ground
stale and bas all of the unpaired eleetron density loeated on
the Ti atom.

The 2~ doubletstale arising tram promotionof one elee-
tron tram the 27f-MO into the 3a-MO is on a somewhat
higher (0.266 eV (TiF) and 0.348 eV (TiCl) at the
CCSD(T)/6-311 ++G(2d,2f) level and is less ionic
(atomie effeetive eharges: Q(Ti) = 0.67 e forTiF and Q(Ti)
= 0.71 e for TiCl and dipole moments: /-Le(TiF)= 1.86 and
/-Le(TiCl)= 3.17 D).

In their 4<1>ground states, both TiF and TiCl are strongly
bound with dissociation energies of De(TiF) = 5.36 eV,
Do(TiF) = 5.32 eV, De(TiCl) = 3.98 eV, and Do(TiCl) =
3.93 eV (all at the CCSD(T)/6-311 ++G(2d,2f) level of
theory) .

IV. SUMMARY

aur theoretieal predietions of 4<1>ground eleetronie states
for TiF and TiCl support reeent experin:ental findings by
Ram and Bernath (3, 10). aur ealculated band lengths and
vibrational frequencies at the CCSD(T)/6-311 ++G(2d,
21) level oftheory are in deeent agreement with their experi-
mental data. The high-spin ground eleetronie 4<1>states of
TiF and TiCl are not the 2~i ground eleetronie states ex-
peeted tram Aufbau prineiple.

We found a reasonable agreement among the results ob-
tained for all the low-lying states of TiF and TiCl at the tour
eoupled cluster methods (QCISD, QSCISD(T), CCSD, and
CCSD(T». In aur previous ealculations on AlZn (12), we
found important eontributions tram triple exeitations (e.g.,
going from QCISD to QCISD(T», but for TiF and TiCl
triple exeitations wece found to make only modest eontribu-
tions to the moleeular eonstants.

The three lowest states are very close in energy for TiF
at aur highest level of theory but are moce widety spaeed
for TiCl. One eould then speeulate that for the less ionie
TiBr and Til, the 4<1>stale should be even moce slabie relative
to the other states and should thus be the ground stale again.
Ram and Bernath (28) reeently. studied ZrCl and found evi-
denee that suggests the 4<1>stale is also the ground eleetronic
stale for that moleeule. Based on results of aur ealculations
and the reeent experimental data by Ram and Bernath, the
previously proposed ground eleetronic states for all halides
of Ti, Ze, and Hf should therefore be reeonsidered.
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