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High-resolution emission spectra of TiCl have been recorded in the 10 000 –18 000 cm 21 region using a Fourier transform
spectrometer. The molecules were excited in a microwave discharge through a flowing mixture of TiCl 4 and helium. TiCl
bands observed in the 11 000 –13 500 cm 21 region have been assigned to a new [12.8] 2F–a 2F electronic transition with the
0 – 0 bands of 2F 5/2– 2F 5/2 and 2F 7/2– 2F 7/2 subbands at 12 733.7 and 12 791.5 cm 21, respectively. A rotational analysis of several
bands has been obtained, and spectroscopic constants have been extracted. This assignment is supported by the available
theoretical calculations and is also consistent with the near infrared measurements of a doublet– doublet transition of ZrCl [J. G.
Phillips, S. P. Davis, and D. C. Galehouse, Astrophys. J. Suppl. Ser. 43, 417– 434) (1980)]. © 1999 Academic Press
INTRODUCTION

In recent years, the study of transition metal diatomic halides
has attracted considerable attention (1–3). Because of high
cosmic abundances of transition metal elements, these molecules are potentially of astrophysical importance. Recently we
studied the electronic spectra of TiF (1), TiCl (2), and ZrCl (3)
and have shown that these molecules have 4F ground states.
Our work on these transition metal halides started when we
initially observed the G 4 F–X 4 F transition of TiF in the visible
region using laser excitation and Fourier transform emission
spectroscopy (1). Our assignment of a 4F ground state for TiF
was consistent with the recent ab initio calculations by Harrison (4). For TiCl, three new electronic transitions, assigned as
C 4 D–X 4 F, G 4 F–C 4 D, and G 4 F–X 4 F, were identified in the
3000 –12 000 cm 21 region (2). For ZrCl, the C 4 D–X 4 F transition was observed in the 3800 – 4300 cm 21 region, again
consistent with a 4F ground state (3). The ground state assignments of TiCl and ZrCl have also been confirmed by recent
calculations by Boldyrev and Simons (5) and Focsa et al. (6)
(for TiCl) and by Focsa et al. (7) (for ZrCl). In addition to the
ground state, these authors have also predicted the spectroscopic properties of some low-lying doublet and quartet excited states of TiCl (5, 6) and ZrCl (7).
The emission spectrum of TiCl was first observed by Fowler
(8) in 1907 using an arc source. Several complex bands were
observed in the 400 – 420 nm region, which were reinvestigated
by several workers in emission as well as in absorption (9 –16).
These studies focused mainly on the vibrational assignment of
these bands. Moore and Parker (9) assigned them to a doublet–
doublet transition, while Rao (10) and Shenyavskaya et al. (11)
assigned them as a 4)– 4( 2 transition. Similar assignments
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were also proposed by Chatalic et al. (12) and Diebner and Kay
(13). The rotational analysis of a few strong bands in the
400 – 420 nm region was obtained by Lanini (14) and Phillips
and Davis (16). Lanini (14) assigned these bands to a 2F– 2D
transition, while Phillips and Davis (16) assigned them into
four DV 5 1 doublet– doublet electronic transitions. In our
TiCl (2) and ZrCl (3) papers we suggested that this transition
was either 4 D–X 4 F or 4 G–X 4 F. The very recent work of
Imajo et al. (17) has confirmed the 4 G–X 4 F assignment.
During the study of TiCl spectra in the 3000 –12 000 cm 21
region (2), we noted that several bands remained unclassified
due to their complexity and weaker intensity. To obtain an
assignment and to search for other transitions to higher wavenumbers, we have recorded again the emission spectra of TiCl
in the 10 000 –18 000 cm 21 region. The new bands observed in
the 11 000 –13 500 cm 21 region have been assigned to a new
doublet– doublet transition analogous to that observed for ZrCl
by Phillips et al. (18) in the 8700 –10 300 cm 21 region. Rotational analysis of this transition will be presented in this paper
and its electronic assignment will be discussed in the light of
the recent theoretical calculations.
EXPERIMENTAL DETAILS

The experimental details and observation procedures for
TiCl spectra have been described in our previous paper (2). In
summary, the TiCl molecules were excited in a microwave
discharge through a flowing mixture of helium and a trace of
TiCl 4 vapor. The spectra were recorded with the 1-m Fourier
transform spectrometer of the National Solar Observatory at
Kitt Peak. The spectra in the 10 000 –18 000 cm 21 interval
were recorded using a visible beam splitter and Si photodiode
detectors. A total of five scans were coadded in about 30 min
of integration at a resolution of 0.02 cm 21.
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FIG. 1. A compressed portion of the 0 – 0 band of the [12.8] 2F–a 2F system of TiCl.

The spectral line positions were determined using a data
reduction program called PC-DECOMP developed by J.
Brault. The peak positions were determined by fitting a Voigt
lineshape function to each line. Because this spectrum lacked
strong impurity CO or other atomic or molecular lines necessary for wavenumber calibration, we decided to use strong
atomic lines as transfer standards. For this purpose we chose
the previously recorded TiCl spectrum (2) in which both HCl
1– 0 vibration–rotation lines and the atomic lines were present.
The atomic lines were first calibrated using the HCl lines (19)
and then the calibration was transferred to the present spectrum
of TiCl. The molecular lines of TiCl have a typical width of
0.03 cm 21 and appear with a maximum signal-to-noise ratio of
12:1, so that the best linepositions are expected to be accurate
to about 60.002 cm 21.
RESULTS AND DISCUSSION

The new emission bands of TiCl are located in the 11 000 –
13 500 cm 21 region and consist of four groups in the 12 200 –
12 400 cm 21, 12 600 –12 800 cm 21, 13 000 –13 200 cm 21, and
13 400 –13 600 cm 21 intervals. A careful inspection of the
spectrum indicates that each group consists of two subbands
and can be assigned as the 0 –1, 0 – 0, 1– 0, and 2– 0 bands of
a new doublet– doublet transition. The bands in the 13 400 –
13 600 cm 21 interval are weaker than the bands in the other
three groups. In addition to these bands, there are several very
weak bands near 11 618, 12 057, 12 390, 12 450, 12 561, and
12 844 cm 21 which still remain unassigned. Of these bands, a
band near 11 618 cm 21 is probably the 2– 0 band of the G 4 F–
X 4 F transition. Inspection of rotational structure of this band
indicates that it is strongly perturbed and a rotational analysis
could not be obtained.
Of the new bands, the two bands observed in the 12 600 –

12 800 cm 21 interval are the strongest in intensity and have
been assigned as the 0 – 0 band of the two subbands of a
doublet– doublet transition. This transition is most probably the
band system analogous to the near infrared transition of ZrCl
reported previously by Phillips et al. (18). A part of the
spectrum of this band is presented in Fig. 1, where the proposed assignments have been marked.
The structure of each band consists of single R and P
branches consistent with a DV 5 0 transition between states
having high V values. An expanded part of the rotational
structure of the [12.8] 2 F 7/ 2 –a 2 F 7/ 2 , 0 – 0 band is presented in
Fig. 2, where the lines of the most abundant Ti 35Cl have been
marked. The lines of the minor isotopomer Ti 37Cl were also
identified in our spectra, but the molecular constants have been
determined only for the most abundant 48Ti 35Cl isotopomer. Ti
has five isotopes, 46Ti (8%), 47Ti (7.3%), 48Ti (73.8%), 49Ti
(5.5%), and 50Ti (5.4%), but the lines involving the weaker
titanium isotopes were not identified in our spectra. With the help
of the available theoretical calculations on TiCl (6) and ZrCl (7),
we have assigned this system as [12.8] 2F–a 2F transition.
No cross transitions with D( Þ 0 were observed in our
spectra so that the spin– orbit intervals could not be determined
directly. The rotational constants for the two spin components
of the observed states were determined by fitting the lines of
both subbands separately using a simple term energy expression (Eq. [1]), although the observed electronic states most
likely obey Hund’s case (a) coupling.
F v ~ J ! 5 T v 1 B v J~ J 1 1! 2 D v @ J~ J 1 1!# 2
1 H v @ J~ J 1 1!# 3 .

[1]

The rotational lines were given weights based on resolution,
extent of blending, and effect of perturbations. Perturbed lines
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FIG. 2. An expanded portion of the 0 – 0 band of the [12.8] 2F 7/2–a 2F 7/2 subband of Ti 35Cl near the R head. The R branch shows a strong perturbation near
J 5 35.5. The unmarked lines are due to the minor isotopomer Ti 37Cl.

were not included in the fit, although the combination differences for the unperturbed levels, for example for v 5 0 and 1
of [12.8] 2F 7/2, were included in the fit. The inclusion of the
higher order constant H v for some vibrational levels is a
reflection of interactions with other electronic states. The observed line positions for the different subbands are provided in
Table 1 and the molecular constants for the a 2 F and [12.8] 2F
states are provided in Table 2.
A rotational analysis of the 0 – 0 and 1– 0 bands of the
[12.8] 2 F 7/ 2 –a 2 F 7/ 2 subband indicates the presence of a strong
local perturbation in the v 5 0 vibrational level of the lower
state near J0 5 35.5. The perturbation observed in the R
branch of the 0 – 0 band can clearly be noticed in Fig. 2. The
high J lines of the 0 – 0 band of the [12.8] 2 F 5/ 2 –a 2 F 5/ 2
subband are also affected by perturbations. The P-branch lines
of this subband appear to split into two components near J0 5
40.5. This splitting increases rapidly with increasing J, and it
becomes difficult to follow lines beyond J0 5 43.5 in one V
component and J0 5 54.5 in the other V component. This
splitting is most probably due to perturbations which affect the
two V components differently. Although the band heads of the
0 –1 and 2–1 bands of the [12.8] 2 F 5/ 2 –a 2 F 5/ 2 subband are
clearly present at 12 321.7 and 13 113.3 cm 21, the rotational
lines were not identified because of their weak intensity and
overlapping from other bands as well as perturbations. The
structure of only the 0 – 0 and 1– 0 bands of the [12.8] 2 F 5/ 2 –
a 2 F 5/ 2 subband could be rotationally analyzed. In contrast, the
rotational structure of eight bands, 0 –1, 1–2, 0 – 0, 1–1, 1– 0,
2–1, 3–1, and 4 –2, of the [12.8] 2 F 7/ 2 –a 2 F 7/ 2 subband has
been identified and analyzed.
Although the TiCl bands in the visible and near ultraviolet
regions have been known for decades, the identity of the

ground state has always been in question. The present observation strongly suggests that the a 2 F lower state is not the
ground state of TiCl, consistent with our recent assignment of
the X 4 F ground state (2). These observations are also supported by recent theoretical calculations on TiCl (6), which
predict the first doublet excited state, a 2 F, at about 8800 cm 21
above the ground X 4 F state. The local perturbation observed in
the a 2 F 7/ 2 spin component is caused by a doublet or quartet
state located in the vicinity. In particular, a 2D and a 4D state
have been predicted in the region of the a 2 F state, but other
states are possible. Boldyrev and Simons (5) did not predict the
spectroscopic properties of the low-lying 2F state, and they
implicitly assumed that a 2D state is the lowest state in the
doublet manifold of TiCl (5). However, the work of Focsa et
al. on TiCl (6) and ZrCl (7) predict a 2F state to be lowest in
the doublet manifold of TiCl and ZrCl, based on ligand field
theory. At this stage we are unable to confirm definitely
whether the observed lowest doublet state is a 2D or 2F state,
but the absence of V doubling in the observed bands indicates
that the doublet states of V . 1 are involved in this transition
of TiCl and ZrCl (18). In this paper we have preferred to label
the lower state as the a 2 F state. It is possible, but less likely,
that our bands belong to a 2D– 2D transition. Note that the
assignment of the 7/2 and 5/2 spin components was based only
on the relative size of the effective B values in the a 2F state
and is also not secure.
The electron configurations of the observed states of TiCl
are expected to be similar to those of TiF (4) and TiH (20). A
correlation diagram of the energy levels of TiCl, TiF, TiH, and
Ti 1 is provided in our previous paper (2) where the 4F assignment of the ground state of TiCl has been justified. The lowest
a 4 F (3d 2 4s 1 ) term of Ti 1 correlates to the X 4 F, A 4 ( 2 , B 4 ),
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TABLE 1
Observed Line Positions (in cm 21) for the [12.8] 2F–a 2F Transition of TiCl
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TABLE 1—Continued
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TABLE 1—Continued
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TABLE 1—Continued

Note. Asterisks mark perturbed lines, see text for details.
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TABLE 2
Molecular Constants (in cm 21) for the a 2F and [12.8] 2F States of TiCl

Note. Values in parentheses are one standard deviation uncertainty in the last digits.

and C 4 D states of TiCl, where the X 4 F state is the ground
state. The higher lying A 4 ( 2 , B 4 ), and C 4 D states of TiCl
have been predicted near 1456, 2450, and 5650 cm 21, respectively, by Focsa et al. (6). The first excited state b 4 F (3d 3 ) of
Ti 1 correlates with the D 4 D (5300 cm 21), E 4 ) (8770 cm 21),
F 4 ( 2 (9970 cm 21), and G 4 F (11 570 cm 21) states according to
the calculations of Focsa et al. (6). We have experimentally
observed the C 4 D and G 4 F states of TiCl near 3300 and
10 900 cm 21, respectively. The next higher excited a 2 F
(3d 2 4s 1 ) state of Ti 1 correlates with 2F, 2( 2, 2), and 2D states
which have been calculated near 8400, 9850, 10 200, and
10 420 cm 21, respectively (6). Ligand field theory thus predicts
that the doublets and quartets of the a 4 F and a 2 F terms of the
Ti 1 3d 2 4s 1 configuration have the same energy ordering: F,
( 2, ), and D. A similar ordering of states has also been
predicted for ZrCl (7). We have, therefore, labeled the 2F state
as the a 2 F state following the usual spectroscopic convention.
A high quality ab initio calculation is needed to confirm our
assignments.
Our analysis indicates that some excited state vibrational
levels of the [12.8] 2F 7/2 spin component are also affected by
global perturbations (Table 2). For example, the constants of
Table 2 provide DG 1/ 2 5 403.5485(12) cm 21, DG 3/ 2 5
397.0862(20) cm 21, DG 5/ 2 5 409.5940(26) cm 21, and
DG 7/ 2 5 391.8992(31) cm 21 for the [12.8] 2F 7/2 spin component. The abnormal value of DG 5/ 2 clearly indicates the effect
of global interactions of the v 5 2 and 3 vibrational levels with
another state (or states). This can also be confirmed from the
rotational constants of v 5 2 and 3 vibrational levels which
have abnormal magnitudes for B v and D v values. The constants
of Table 2 have been used to determine the approximate values
for the equilibrium constants, in spite of global interactions in
both the lower and upper states. After deweighting the values
for the perturbed levels, equilibrium vibrational constants v e 5
423.9036(27) cm 21, v e x e 5 0.4226(12) cm 21 for the a 2 F 7/ 2

and v e 5 405.5595(51) cm 21, v e x e 5 1.0055(11) cm 21 for
the [12.8] 2F 7/2 spin components have been obtained. The equilibrium vibrational constants could not be determined for the
a 2 F 5/ 2 and [12.8] 2F 5/2 spin components due to lack of sufficient data, although a DG 1/ 2 5 401.0468(20) cm 21 has
been obtained for the [12.8] 2F 5/2 spin component. A similar
treatment of the rotational constants of Table 2 provides
B e 5 0.17377(12) cm 21, a e 5 0.00103(8) cm 21 for a 2 F 7/ 2 ,
B e 5 0.164155(52) cm 21, a e 5 0.001039(24) cm 21 for the
[12.8] 2F 7/2, and B e 5 0.164282(17) cm 21, a e 5 0.000963(20)
cm 21 for [12.8] 2F 5/2 spin components. The equilibrium rotational constants for the a 2 F 5/ 2 spin component could not be
determined. These constants provide the bond lengths of r 0 5
2.19565(10) Å for a 2 F 5/ 2 , r e 5 2.19031(75) Å for a 2 F 7/ 2 ,
r e 5 2.25268(12) Å for [12.8] 2F 5/2, and r e 5 2.2535(36) Å
for the [12.8] 2F 7/2 spin components.
CONCLUSIONS

We have recorded the emission spectrum of TiCl in the
10 000 –18 000 cm 21 region using a Fourier transform spectrometer. A number of new bands observed in the 11 000 –
13 500 cm 21 region have been assigned to a new [12.8] 2 F–
a 2 F electronic transition with the 0 – 0 bands of the 2F 5/2– 2F 5/2
and 2F 7/2– 2F 7/2 subbands at 12 733.7 and 12 791.5 cm 21, respectively. This transition is analogous to the near infrared
transition of ZrCl reported by Phillips et al. (18). These observations are also supported by recent theoretical calculations on
TiCl (6) and ZrCl (7), but more theoretical work is needed.
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