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The emission spectrum of TiCl has been investigated in the 3000–12 000 cm01 region at high resolution using a
Fourier transform spectrometer. The bands were excited in a microwave discharge through a flowing mixture of TiCl4

and helium. The observed bands have been classified into three electronic transitions, C 4D–X 4F, G 4F–X 4F, and G 4F–
C 4D. In the 3000–3500 cm01 region, four bands with R heads at 3368.7, 3331.8, 3291.9, and 3243.4 cm01 have been
assigned as the 0–0 bands of the 1/2–3/2, 3/2–5/2, 5/2–7/2, and 7/2–9/2 subbands, respectively, of the C 4D–X 4F
transition. To higher wavenumbers, four transitions with 0–0 R heads at 10 930.7, 10 921.3, 10 906.5, and 10 886.9
cm01 have been assigned as the 3/2–3/2, 5/2–5/2, 7/2–7/2, and 9/2–9/2 subbands, respectively, of the G 4F–X 4F
system of TiCl. Four additional bands with 0–0 R heads at 7568.8, 7596.4, 7622.2, and 7651.7 cm01 have been identified
as the 1/2–3/2, 3/2–5/2, 5/2–7/2, and 7/2–9/2 subbands of the G 4F–C 4D transition, respectively. A rotational
analysis of a number of vibrational bands of these transitions has been obtained and molecular constants have been
extracted. The lowest 4F state has been assigned as the ground state of TiCl, by analogy with our recent work on TiF
(R. S. Ram and P. F. Bernath, J. Mol. Spectrosc., in press) . The correspondence between the electronic states of TiCl,
TiF, TiH, and Ti/ is also discussed. q 1997 Academic Press

INTRODUCTION by Fowler (18) who observed complex banded structure in
the 400–420 nm region using an arc source. This work was
followed by several attempts (19–25) to obtain a vibrationalThe atomic lines of transition metal elements are promi-
classification of these bands using the spectra recorded innent in stellar spectra (1) . The presence of several transition
emission as well as in absorption. More and Parker (19)metal oxides (1–8) and hydrides (9–13) is also well estab-
assigned the strong bands in this region to a doublet transi-lished in cool stars, particularly in S- and M-type stars and
tion, while Rao (20) assigned the same bands to a 4P–in sunspots. So far no transition metal halides have been
4S0 transition. The analysis of Rao (20) was criticized byidentified in stellar spectra, partly because of a lack of labo-
Shenyavskaya et al. (21) who proposed new assignmentsratory data. The observation of metal halides such as NaCl,
for the same bands, although they retained the 4P– 4S0 elec-KCl, AlCl, and AlF in the atmosphere of the carbon star
tronic assignment. Similar assignments were also proposedIRC /10216 by millimeter-wave astronomers (14, 15)
by Chatalic et al. (22) and Diebner and Kay (23) . Thesestrengthens the possibility that transition metal chloride and
analyses were later disputed by Lanini (24) who obtainedfluoride molecules will be found. These observations are
a rotational analysis of a few strong bands and assigned thempartly responsible for a renewed interest in the spectroscopy
to a 2F– 2D transition. More recently a rotational analysis ofof transition metal halides (16, 17) . In some cases such as
a number of bands in the 409.5–420 nm region was obtainedfor TiCl, even the identity of the ground electronic state has
by Phillips and Davis (26) who classified these bands intobeen in question. The reason for this state of affairs is the
four doublet electronic transitions.complexity of the visible spectra of transition metal halides.

Recently we observed a 4F– 4F transition of TiF by Fou-The presence of open d shells in transition metal elements
rier transform emission spectroscopy and by laser excitationoften results in a high density of close-lying electronic states
spectroscopy (27) . The ground state of TiF was identifiedwith high multiplicity and large orbital angular momenta.
as the X 4F state. This assignment was supported by a recentThe numerous close-lying electronic states perturb each
ab initio calculation of Harrison (28) who predicted theother extensively. TiCl is typical in that complex spectra
spectroscopic properties of the ground state and a numberhave been known for nearly a century, but a definitive as-
of low-lying excited electronic states. Our assignment wassignment of the ground state and the low-lying electronic
also consistent with expectations based on available resultsstates has yet to be carried out.

The electronic spectrum of TiCl was first observed in 1907 for isovalent TiH (29–32) . The electronic structure of TiCl
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should be very similar to that of TiF so that we also expect analysis of a number of strong bands, it became clear that
there were three transitions with 0–0 bands located in thea 4F ground state for TiCl. The other low-lying electronic

states will be 4S0 , 4P, and 4D in the quartet manifold and 3000–3400, 10 500–11 000, and 7500–7560 cm01 intervals,
assigned as the C 4D–X 4F, G 4F–X 4F, and G 4F–C 4D tran-2F, 2D, 2P, and 2S0 states in the doublet manifold, as pre-

dicted for TiF (28) and TiH (29) . sitions, respectively, of TiCl. The lines in different bands
were sorted into branches using a color Loomis–Wood pro-In the present paper we report on the observation of three

new electronic transitions of TiCl, C 4D–X 4F, G 4F–X 4F, gram running on a PC computer.
A correlation diagram of the energy levels of TiCl, TiF,and G 4F–C 4D, in the 3000–12 000 cm01 region with the

X 4F state assigned as the ground state. We base the letter TiH, and Ti/ is presented in Fig. 1. Although no theoretical
calculations are available for TiCl, energy levels are drawnnotation for these states on the recent theoretical predictions

of Harrison (28) for TiF and the data available for TiH (29– on the basis of available data for the isovalent molecule TiF
(28) . The ground state of TiF has been assigned as X 4F from32) . The rotational analysis of these band systems provides

the first high-resolution spectroscopic data for all four spin experimental observations (27) and theoretical calculations
(28) . TiF has a number of low-lying electronic states withcomponents of the ground state of TiCl. Several weaker

bands and a few strong complex bands remain to be analyzed quartet and doublet multiplicity. In the quartet manifold of
states, the 4S0 state is predicted to be 0.1 eV above thein the 3000–12 000 cm01 interval.
ground state. A 4F state of TiF at 15 033 cm01 was assigned

EXPERIMENTAL DETAILS as the G 4F state (Fig. 1) . A comparison of the observed
positions of the new electronic states of TiCl and TiF leads

The emission spectra of TiCl were produced in an elec-
to the labeling of the 4F state of TiCl at 10 900 cm01 as the

trodeless microwave discharge through a flowing mixture of
G 4F state. The C 4D state of TiF has yet to be identified. In

30 mTorr of TiCl4 vapor and 3 Torr of He. The discharge
addition to the transitions analyzed in this work, several

tube was made of quartz and had an outer diameter of 12
additional bands remain to be assigned. Some of these bands

mm. The liquid TiCl4 sample was placed in a small bulb at
are weaker in intensity while the other strong bands have a

room temperature and the partial pressure of TiCl4 in the
very complex structure. In particular the bands centered at

discharge tube was regulated with a needle valve. The TiCl
5150 and 6600 cm01 seem to have several subbands over-

bands appeared strongly when the discharge had an intense
lapped in a narrow wavenumber range. Improved spectra at

blue–white color. The emission from the discharge tube
higher resolution are required to analyze these bands.

passed directly through the 8-mm entrance aperture of the
As predicted by Harrison (28) for TiF, there should also

1-m Fourier transform spectrometer of the National Solar
be a number of low-lying doublet electronic states for TiCl.

Observatory at Kitt Peak. The spectra in the 1800–9000
Some of the weaker unassigned bands may involve doublet–

cm01 interval were recorded using liquid nitrogen cooled
doublet transitions. We have just recorded additional spectra

InSb detectors and Si filters. A total of 11 scans were co-
in the 10 000–25 000 cm01 region, in order to identify other

added in about 80 min of integration at a resolution of 0.02
low-lying electronic states of TiCl. In this paper we report

cm01 . The 9000–12 500 cm01 range was recorded with Si
on the rotational analysis of the bands of the C 4D–X 4F,

photo diode detectors and a red pass filter (RG 850) but the
G 4F–X 4F, and G 4F–C 4D transitions (Fig. 2) . We have

CaF2 beam splitter had poor efficiency above 9000 cm01 .
determined the molecular constants only for the most abun-

The spectral line positions were determined using a data
dant 48Ti35Cl isotopomer. Some weak lines of the 48Ti37Cl

reduction program called PC-DECOMP developed by J.
isotopomer have also been observed in the strong bands but

Brault. The peak positions were determined by fitting a Voigt
the data were not sufficient for rotational analysis. The lines

lineshape function to each line. The spectra were calibrated
involving the less abundant 46Ti (8%), 47Ti (7.3%), 49Ti

using the wavenumbers of the vibration–rotation lines of
(5.5%), and 50Ti (5.4%) isotopes were not identified be-

the 1–0 band of HCl (33) which appeared in emission in
cause of their weak intensity.

the same spectrum. There was enough overlap between the
two spectral regions to bring them to the same wavenumber

1. The C4D–X4F Transitionscale. The molecular lines of TiCl have a typical width of
0.03 cm01 and appear with a maximum signal-to-noise ratio

The four red degraded bands with R heads at 3368.5,
of 20:1 so that the best line positions are expected to be

3331.8, 3292.0, and 3243.5 cm01 have been assigned as the
accurate to about {0.002 cm01 .

0–0 bands of the 4D1/2– 4F3/2 , 4D3/2– 4F5/2 , 4F5/2– 4F7/2 ,
and 4D7/2– 4F9/2 subbands, respectively. A compressed partDESCRIPTION OF OBSERVED BANDS
of the spectrum of this transition is presented in Fig. 3. The
0–0 bands are followed by weak 1–1 bands with R headsThe spectrum of TiCl contains a large number of bands

spread over the 3000–12 000 cm01 region. After rotational at 3341.6, 3304.1, 3263.1, and 3216.3 cm01 , respectively.
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FIG. 1. A correlation diagram of the electronic energy levels of TiCl, TiF (28) , and TiH (29) with the atomic energy levels of Ti/ (37) . The energy
levels of TiH are taken from ab initio calculation (29) while those for TiF are based on ab initio calculation (28) and partly on our empirical estimates.
The observed TiCl transitions are marked with arrows.

Rotational analysis of the 1–1 band was not attempted be- 4F7/2 , 4F5/2– 4F5/2 , and 4F3/2– 4F3/2 subbands (Fig. 5) . Each
of these subbands consists of single R and single P branchescause of weak intensity. Off-diagonal bands with D£ x 0

were not seen in our spectra. as expected for a DV Å 0 transition with no V doubling.
The rotational analysis of the bands of this transition indi-The structure of each of the subbands consists of single

P , Q , and R branches, without any V doubling. A perturba- cates that the lower state is in common with the previously
analyzed C 4D–X 4F transition.tion has been observed in the £ Å 0 vibrational level of the

C 4D3/2 spin component at J * § 29.5, and perturbed lines We have obtained the rotational analysis of the 0–1, 0–
0, and 1–0 bands of the G 4F–X 4F transition. Although thecould not be identified. An expanded portion of the 1/2–3/

2 subband is presented in Fig. 4. 2–0 band is prominent in the spectra, strong perturbations
in the excited state make the structure relatively complex.
For this reason, no analysis of the 2–0 band was attempted2. The G4F–X4F Transition
at this time. The analysis of other bands such as 0–2, 1–2,

In the 10 000–12 000 cm01 region, five groups of bands 1–1, or 2–1 was not attempted because of their weak inten-
with the highest wavenumber R heads at 10 125, 10 527, 10 sity. Several local perturbations have been observed in the
931, 11 276, and 11 619 cm01 have been assigned as the 0– G 4F state. A local perturbation has been found in the £ Å
2, 0–1, 0–0, 1–0, and 2–0 bands of the G 4F–X 4F transi- 0 vibrational level of the G 4F3/2 spin component near J Å
tion. A closer inspection of these bands indicates that each 19.5. The £ Å 1 vibrational level of the G 4F state is also
vibrational band consists of four subbands as expected for perturbed in the G 4F3/2 (J ú 52.5) , G 4F5/2 (J ú 33.5) , and
a 4F– 4F transition. In the 0–0 band, for example, the four G 4F7/2 (J ú 43.5) spin components. In some bands the
subbands with R heads at 10 931, 10 921, 10 907, and 10 perturbed lines as well as those with J values higher than

the J value of a strong perturbation could not be identified.887 cm01 have been identified as the 4F9/2– 4F9/2 , 4F7/2–
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FIG. 3. A compressed portion of the 0–0 band of the C 4D–X 4F transi-
tion of TiCl with the subband R heads marked with arrows.

expected. The rotational perturbations observed in the C 4D
and G 4F states have also been confirmed from the analysis
of this transition. An expanded portion of the 9/2–7/2 sub-
bands near the R head is presented in Fig. 8.

ANALYSIS AND RESULTS

Since each of the three observed transitions has at least one
state in common, the rotational assignments in the different
bands were made by comparing combination differences for
the common vibrational levels. As is often the case, no transi-
tions having DS x 0 were observed and the spin–orbit inter-
vals could not be determined directly. The subbands of different
spin components were initially fitted separately using a simple
term energy expression (Eq. [1]), although the observed 4F

FIG. 2. A schematic energy level diagram of the observed transitions electronic states most likely obey Hund’s case (a) coupling.
of TiCl. The band origins for subbands involving the highest spin compo-
nent of each state are also listed. Fv(J) Å Tv / BvJ(J / 1) 0 Dv[J(J / 1)]2

[1]
/ Hv[J(J / 1)]3

A portion of the high-resolution spectrum of the 3/2–3/2
subband of the 0–0 band is presented in Fig. 6.

3. The G4F–C4D Transition

Another group of four subbands was identified in the
7500–7650 cm01 interval. These subbands have been as-
signed as the transition between the two excited states of
the C 4D–X 4F and G 4F–X 4F transitions. The G 4F–C 4D
transition of TiCl has four subbands with R heads at 7586.8,
7696.4, 7622.2, and 7651.7 cm01 assigned as 4F3/2– 4D1/2 ,
4F5/2– 4D3/2 , 4F7/2– 4D5/2 , and 4F9/2– 4D7/2 , respectively.
The analysis of this transition confirms the analysis of the
C 4D–X 4F and G 4F–X 4F transitions. A compressed portion
of the 0–0 band of the G 4F–C 4D transition is presented in
Fig. 7. Only the 0–0 band could be identified in our spectra. FIG. 4. An expanded portion of the C 4D1/2– X 4F3/2 subband of TiCl

near the R head.Each subband consists of single P , Q , and R branches, as
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INFRARED EMISSION SPECTROSCOPY OF TiCl 117

FIG. 5. A compressed portion of the 0–0 band of the G 4F–X 4F transi-
tion of TiCl with the subband R heads marked with arrows.

FIG. 7. A compressed portion of the 0–0 band of the G 4F–C 4D transi-
tion of TiCl with the subband R heads marked with arrows.

This initial band-by-band fit of different bands provided sim-
ilar constants for common vibrational levels, confirming the

as a guide since the electronic states of TiCl and TiF arevibrational and rotational assignments. In the final fit, the
expected to be very similar. In fact the observed X 4F, C 4D,lines of all of the vibrational bands in each subband were
and G 4F states are nicely consistent with expectations basedcombined and fitted simultaneously. The observed lines po-
on previous TiF work (27) . Also, the ordering of low-lyingsitions for the C 4D–X 4F and G 4F–C 4D transitions are pro-
electronic states of transition metal fluorides and hydridesvided in Table 1 and the line positions for the G 4F–X 4F
is very similar. These similarities have been noted by us andtransition are provided in Table 2.
other workers and a detailed comparison for the CoH/CoFThe rotational lines were weighted according to resolu-
(34) , FeH/FeF (35) , ScH/ScF (36) , and TiF/TiH (27)tion, extent of blending, and effect of perturbations. Per-
pairs has been reported previously. As discussed in our paperturbed lines were not included in the fit and the badly
on TiF (27) , the low-lying electronic states of TiF correlateblended lines were heavily deweighted. The higher order
directly to the states of Ti/ as do the electronic states ofeffective constant Hv is also required in some spin compo-
TiH (29) . The observed electronic states of TiCl also seemnents of the C 4D and G 4F states because of global interac-
to follow a similar pattern suggesting that the electronictions in the excited states. The molecular constants for the
states of TiCl, TiF, TiH, and Ti/ are all similar.X 4F, C 4D, and G 4F states obtained from these fits are pro-

The Cl0 , F0 , and H0 ligands give rise to similar energyvided in Tables 3, 4, and 5, respectively.
level patterns in TiCl, TiF, and TiH, although the bonding

DISCUSSION in TiH is expected to be much more covalent than in TiCl
and TiF. A correlation diagram of the low-lying electronicAlthough no theoretical calculations are available for
states of TiCl, TiF, TiH, and Ti/ is provided in Fig. 1. AsTiCl, a recent ab initio calculation for TiF (28) may be used

FIG. 6. An expanded portion of the G 4F3/2– X 4F3/2 subband of TiCl FIG. 8. An expanded portion of the G 4F9/2–C 4D7/2 subband of TiCl
near the R head.near the R head.
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TABLE 1
Observed Line Positions ( in cm01 ) for the C 4D–X 4F and G 4F–C 4D Transitions of TiCl
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TABLE 1—Continued
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TABLE 1—Continued
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TABLE 1—Continued
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TABLE 2
Observed Line Positions ( in cm01 ) for the G 4F–X 4F Transition of TiCl
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TABLE 2—Continued
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TABLE 2—Continued
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TABLE 2—Continued
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TABLE 2—Continued
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TABLE 2—Continued

TABLE 3
Molecular Constants ( in cm01 ) for the X 4F State of TiCl
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TABLE 4
Molecular Constants ( in cm01 ) for the C 4D State of TiCl

shown in this figure, the lowest a 4F term of Ti/ , arising not been drawn in Fig. 1 to avoid complexity. It seems that
the general picture of the low-lying states of TiCl, TiF, andfrom the 3d 24s 1 configuration (37) , correlates to the X 4F,

A 4S0 , B 4P, and C 4D states in TiCl, TiF, and TiH. The first TiH can be qualitatively predicted easily from the energy
levels of Ti/ . Further calculations and experiments are nec-excited energy term of Ti/ is b 4F at Ç1000 cm01 . This

term arises from the 3d 3 configuration (37) and correlates essary to verify these correlations. Although we have no
proof that the ground state of TiCl is X 4F, this assignmentto the next set of four states 4S0 , 4D, 4F, and 4P for TiCl,

TiF, and TiH. The third Ti/ term, a 2F (3d 24s 1) at 4700 seems very likely.
In a simple ionic bonding model for TiCl one of the fourcm01 , correlates with the a 2D, b 2P, c 2F, and d 2S0 states

of the diatomics. The doublet states of TiCl and TiF have valence electrons of the Ti atom is transferred to Cl and there

TABLE 5
Molecular Constants ( in cm01 ) for the G 4F State of TiCl
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are three remaining electrons in metal-centered orbitals. The been tentatively assigned as the ground state of TiCl consis-
tent with our recent experimental observations of TiF (27)X 4F state of TiCl arises from the s 1p 1d 1 configuration and

the low-lying A 4S0 , B 4P, and C 4D states arise from the and theoretical predictions of Harrison (28) for TiF. The
ground state of TiCl is a well-behaved Hund’s case (a) 4Fs 1d 2 , pd 2 , and p 2d 1 configurations, respectively.

The constants of Table 3 indicate that the DG(1/2) values state with DG(1/2) Å 404.33 cm01 and re Å 2.2647 Å.
of the individual spin components of TiCl ground state
[X 4F3/2 (404.3663 cm01) , X 4F5/2 (404.3337 cm01) , X 4F7/2 ACKNOWLEDGMENTS
(404.3167 cm01) , and X 4F9/2 (404.3032 cm01)] are very
similar, consistent with an unperturbed, relatively isolated
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involving £ ú 0. The observed local perturbations in the
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