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The emission spectrum of ZrCl has been observed in the 1800 –12 000 cm 21 region using a Fourier transform spectrometer.
The molecules were excited in a microwave discharge of a mixture of helium and a trace of ZrCl 4 vapor. In addition to the
C 4D–X 4F transition reported previously, numerous new bands observed in the near infrared have been classified into two
electronic transitions, [7.3] 2D–a 2F and [9.4] 2F–a 2F. Five new bands observed in the 6700 –7400 cm 21 region have been
assigned as 2D 3/2– 2F 5/2 and 2D 5/2– 2F 7/2 subbands of a new electronic transition, [7.3] 2D–a 2F. The two subbands of the
[9.4] 2F–a 2F transition were previously observed by G. Phillips, S. P. Davis, and D. C. Galehouse [Astrophys. J. Suppl. 43,
417– 434 (1980)], who tentatively labeled them as 2P 1/2– 2P 1/2 and 2P 3/2– 2P 3/2 subbands. A number of new bands involving
higher vibrational levels have been identified for these two subbands. A rotational analysis of a number of bands of both
transitions has been obtained and spectroscopic constants have been determined. Global perturbations have been observed in
both spin components of the a 2F state. The assignment of the observed electronic states has been discussed in light of recent
theoretical calculations. © 1999 Academic Press
INTRODUCTION

Although the electronic spectra of ZrCl have been known for
several decades (1), the identity of the ground state has always
been in question. A 4S 2 ground state was suggested on the
basis of a vibrational analysis of ZrCl bands observed in the
400 – 415 nm region by radio frequency excitation of ZrCl 4
vapor (1). These bands were reinvestigated by Jordan et al. (2)
using a corona-excited supersonic jet source. They classified
these bands into four subbands of a 4P- 4S 2 transition with the
4 2
S state assigned as the ground state, although no rotational
analysis was carried out. The 400 – 415 nm bands probably
belongs to a 4G– 4F system, by analogy with recent work on
TiCl (3). Phillips et al. (4) have observed another transition of
ZrCl in the near infrared, which was assigned as a DV 5 0
doublet– doublet transition. Again no conclusion was drawn
about the nature of the ground state, although a 2P or 2D
assignment was proposed for the lower and upper excited states
of this transition.
Recently we have investigated the electronic spectra of ZrCl
in the 3000 –10 000 cm 21 region. We have observed a new
transition of ZrCl in the 3600 – 4400 cm 21 region which has
been assigned as the C 4D–X 4F transition (5). The 4F ground
state assignment for ZrCl is consistent with our recent findings
for TiCl (6) and TiF (7) and is also consistent with recent ab
initio results for TiF (8). A high-level ab initio study of TiF has
been carried out by Harrison (8), who calculated the spectroscopic properties of a number of doublet and quartet states.
This work predicts a 4F state as the ground state consistent
with the results of TiH (9-11). According to this calculation,

the ground state of TiF is followed by a close-lying 4S 2 state
about 0.1 eV above the X 4F state and the lowest doublet state
is a 2F state which lies about 0.65 eV above the ground 4F
state. Similar electronic structure is also expected for the TiCl
and ZrCl molecules. The ab initio calculations of Boldyrev and
Simons (12) support the 4F assignment of the ground state for
both TiF and TiCl.
Recently Focsa et al. have calculated the spectroscopic
properties of the low-lying electronic states of TiCl (13) and
ZrCl (14) using ligand field theory. These calculations have
also confirmed our assignment of the 4F ground state and have
predicted the location of other low-lying doublet and quartet
states. A 2F state has been predicted to be the lowest in the
doublet manifold of states. Recently we have observed a doublet– doublet transition of TiCl in the near infrared which has
been labeled as the [12.8] 2F–a 2F transition (15). The assignment of the lower state as a 2F is also supported by the
calculations of Focsa et al. (13) for TiCl, but we cannot rule out
a [12.8] 2D–a 2D assignment. The infrared transition of ZrCl,
reported initially by Phillips et al. (4) is analogous to the
[12.8] 2F–a 2F transition of TiCl (15). This transition has been
renamed as the [9.4] 2F–a 2F transition in the present paper.
In our recent work on the near-infrared spectra of ZrCl (5)
we noted that several weaker bands remained unassigned. In
this paper we report on the analysis of numerous such bands in
the 6700 –12 000 cm 21 region. Several new bands observed in
the 7700 –12 000 cm 21 region have been identified as higher
vibrational bands of the transition initially analyzed by Phillips
et al. (4). In addition, another low-lying transition, [7.3] 2D–
a 2F, with a common lower state has been observed in the
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6700 –7400 cm 21 region. The rotational analysis of these two
transitions will be reported in this paper and the nature of the
observed electronic states will be discussed in light of the
available theoretical calculations.
EXPERIMENTAL DETAILS

The experimental conditions and methods of observation of
the ZrCl bands have been provided in detail in our previous
paper (5). In summary, the ZrCl molecules were excited in a
microwave discharge through a flowing mixture of about 3
Torr of helium and a trace of ZrCl 4 vapor. The spectra were
recorded using the 1-m Fourier transform spectrometer of the
National Solar Observatory at Kitt Peak. The spectra in the
1800 –9000 cm 21 region were recorded using liquid-nitrogencooled InSb detectors and Si filters. A total of 10 scans were
co-added in about 60 min of integration at a resolution of 0.02
cm 21.
The spectral line positions were measured 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. The ZrCl bands in the 9000 –
12 000 cm 21 region were measured from the spectra used by
Phillips et al. (4) in their previous study of this molecule. Since
no molecular or atomic lines suitable for calibration were
present in the 9000 –12 000 cm 21 region, the sharp atomic lines
common to both the spectra were first calibrated using the
measurements of the vibration–rotation lines of the 1– 0 band
of HCl (16) which appear in our spectra. This calibration was
then transferred to the spectra in the 9000 –12 000 cm 21 region.
All of the bands observed in the 9000 –12 000 cm 21 region
including those reported in the paper of Phillips et al. (4) were
remeasured. There is excellent agreement between the present
measurements and those of Phillips et al. (4). A maximum
deviation of 60.002 cm 21 has been observed between the two
sets of measurements. The molecular lines appear with a width
of 0.035 cm 21 and a maximum signal-to-noise ratio of about
13:1. The line positions are expected to be accurate to about
60.003 cm 21. However, because there is considerable overlapping and blending caused by the presence of different subbands in the same region, the error in the measurement of
blended and weak lines is expected to be somewhat higher.
OBSERVATIONS AND ANALYSIS

In addition to the C 4D–X 4F transition of ZrCl reported
previously, numerous additional bands have been observed in
our spectra in the 6700 –12 000 cm 21 region. Most of these
bands have been assigned as involving doublet– doublet transitions. The electronic assignment of these transitions has been
made with the help of recent theoretical predictions for TiCl
(13) and ZrCl (14). A schematic energy level diagram of the
observed doublet– doublet transitions is provided in Fig. 1.
A number of bands observed in the 8000 –12 000 cm 21

FIG. 1.
of ZrCl.

A schematic energy level diagram of the observed doublet states

region have been assigned previously by Phillips et al. (4) into
two doublet– doublet subbands with the 0 – 0 origins near 9133
and 9605 cm 21, respectively. These two subbands were labeled
as 2P 1/2– 2P 1/2 and 2P 3/2-- 2P 3/2 transitions (4). In the present
paper we have renamed this transition as [9.4] 2F–a 2F based
on a recent theoretical calculation (14) and experimental observations on the isovalent TiCl in the 10 000 –13 000 cm 21
region (15). The number quoted in square brackets is the
average of the T 00 values of the two subbands in units of 1000
cm 21. The two DV 5 0 transitions of ZrCl (4) are thus the
[9.4] 2F 5/2–a 2F 5/2 and [9.4] 2F 7/2–a 2F 7/2 subbands.
Several of the bands in the 7000 – 8700 cm 21 region were
assigned as higher vibrational bands in the Dv 5 22 and 23
sequences of the [9.4] 2F–a 2F transition. In addition, five new
bands observed in the 6700 –7400 cm 21 region have been
assigned as two subbands of a new doublet– doublet transition
with DV 5 61. These bands are much weaker in intensity than
the bands of Phillips et al. (4) but involve the same lower state.
This transition has been labeled as [7.3] 2D–a 2F in the present
paper.
(a) The [9.4] 2F–a 2F Transition
Phillips et al. (4) assigned three bands located near 8721,
9133, and 9487 cm 21 as the 0 –1, 0 – 0, and 1– 0 bands, respectively, of the 2P 1/2- 2P 1/2 subband [present notation, [9.4] 2F 7/2–
a 2F 7/2] and seven ZrCl bands near 8730, 8785, 9195, 9605,
9957, 10 246, and 10 309 cm 21 as the 1–3, 0 –2, 0 –1, 0 – 0,
1– 0, 3–1, and 2– 0 bands, respectively, of the 2P 3/2– 2P 3/2
subband [present notation, [9.4] 2F 5/2–a 2F 5/2]. In the present
work we have extended the previous observations to include
bands involving higher vibrational levels of the lower and
excited states. In particular the new bands observed near 9838,
9776, 8315, 8257, 7855 and 7806 cm 21 have been assigned as
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FIG. 2. An expanded portion of the 0 –2 band of the [9.4] 2F 5/2–a 2F 5/2 subband of ZrCl.

2– 0, 3–1, 0 –2, 1–3, 1– 4 and 2–5 bands of the [9.4] 2F 7/2–a 2F 7/2
subband and the bands observed near 9137, 8727, 8375, 8323
cm 21 have been assigned as the 1–2, 1–3, 0 –3 and 1– 4 bands
of the [9.4] 2F 5/2–a 2F 5/2 subband. All of these new bands have
been rotationally analyzed. The rotational structure of each
subband consists of two branches: one R and one P, along with
the isotopic companions involving 37Cl and various isotopes of
Zr. The rotational structure of the 0 –2 band of the [9.4] 2F 5/2–
a 2F 5/2 subband is provided in Fig. 2, where only the lines of the
most abundant 90Zr 35Cl isotopomer have been marked. The
unmarked lines are due to the less abundant isotopomers involving 91Zr (11.2%), 92Zr (17.2%), 94Zr (17.4%), 96Zr (2.7%),
or 37Cl (24.2%) isotopes. No V-doubling was observed in any
of the bands. The rotational constants for only the most abundant 90Zr 35Cl isotopomer have been obtained. The relative size
of the B eff values was used to distinguish between the 2F 7/2 and

F 5/2 spin components because first lines were not detected.
The observed states have been assigned as regular as suggested
by the calculations of Focsa et al. (13,14) [Fig. 1].
2

(b) The [7.3] 2D–a 2F transition
On the lower wavenumber side of the [9.4] 2F–a 2F transition, several weaker bands with R heads near 6835, 6940, 7246,
7351, and 7714 cm 21 could not be accommodated into the
Deslandres table of the two subbands described previously. A
careful inspection of the rotational structure of these bands
indicates that they have strong Q branches and, therefore,
involve DV 5 61 transitions. A rotational analysis of the
bands near 6835 and 7246 cm 21 indicates that they are the 0 –1
and 0 – 0 bands of a new subband with the a 2F 7/2 spin component as its lower state, while the bands near 6940, 7351, and

FIG. 3. A compressed portion of the 0 –1 band of the [7.3] 2D 5/2–a 2F 7/2 and [7.3] 2D 3/2–a 2F 5/2 subbands of ZrCl.
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TABLE 1
Observed Line Positions (in cm 21) for the New Bands of the [9.4] 2F–a 2F System of ZrCl

Note. Dn’s are observed minus calculated wavenumbers in the units of 10 23 cm 21.
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TABLE 1—Continued
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TABLE 1—Continued

7714 cm 21 are the 0 –1, 0 – 0, and 1– 0 bands of another new
subband with the a 2F 5/2 spin component as its lower state.
These bands are much weaker in intensity than the bands
described previously. A compressed portion of the spectrum
showing the 0 –1 bands of the two subbands is provided in Fig.
3. The present observation suggests that the excited state of this
transition is either a 2D or a 2G state. It is difficult to decide
between the 2D or the 2G assignment because the intensity of
the R and P branches is similar and the Q branch is most
intense. No V doubling has been observed in any of the bands.
In the present paper we have preferred the 2D assignment on
the basis of the theoretical predictions of Focsa et al. for TiCl
(13) and ZrCl (14).
The rotational assignments in the different bands were made
by comparing combination differences for the common vibrational levels. The observed electronic states probably belong to
Hund’s case (a) coupling but the subbands were not fitted
together. Rather than fitting all of the lines together with
assumed spin– orbit constants, we decided to use the following

simple empirical term energy expression for each spin component:
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 1 1!# 3 .

[1]

Initially a band-by-band fit was obtained for each subband.
This fit provided similar constants for common vibrational
levels, confirming the vibrational assignments. In the final fit,
the lines of all of the vibrational bands of each subband with a
common lower state were combined and fitted simultaneously.
The observed line positions for the new bands of the [9.4] 2F–
a 2F transition are provided in Table 1 while the line positions
for the new [7.3] 2D–a 2F transition are provided in Table 2.
The rotational constants were determined by weighting the
individual lines according to signal-to-noise ratio and extent of
blending. Badly blended lines were heavily deweighted. The
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TABLE 2
Observed Line Positions (in cm 21) for the [7.3] 2D–a 2F System of ZrCl

Note. Dn’s are observed minus calculated wavenumbers in the units of 10 23 cm 21.
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TABLE 3
Rotational Constants (in cm 21) for the a 2F, [7.3] 2D, and [9.4] 2F States of ZrCl

Note. Values in parentheses are one standard deviation in the last digits and “a” and “b” refer to the undetermined term energies for the a 2F 7/2 and a 2F 5/2 spin
components, respectively.

molecular constants for the a 2F, [7.3] 2D and [9.4] 2F states are
provided in Table 3.
RESULTS AND DISCUSSION

The constants of Table 3 clearly indicate the presence of
interactions in the two spin components of the lower a 2F state.
The molecular constants for the v 5 2 and 3 vibrational levels
of the a 2F 7/2 and a 2F 5/2 spin components indicate that these
levels are affected by strong global interactions. Although no
local perturbations have been observed in these vibrational
levels, the vibrational intervals as well as the B v and D v
constants have abnormal magnitudes. For example, the vibrational intervals of DG(1/2) 5 411.42811(49) cm 21, DG(3/2) 5
407.1793(67) cm 21, DG(5/2) 5 411.7237(73) cm 21, DG(7/2) 5
401.6292(32) cm 21, and DG(9/2) 5 400.5090(13) cm 21 for the
a 2F 7/2 spin component and DG(1/2) 5 411.30660(31) cm 21,
DG(3/2) 5 408.38659(46) cm 21, DG(5/2) 5 410.1215(16), and
DG(7/2) 5 404.8471(21) cm 21 for the a 2F 5/2 spin component
have been observed. Similar irregular variations have been
found for the rotational and distortion constants. Therefore,
meaningful equilibrium molecular constants could not be determined for the a 2F state although approximate values of v e

5 413.8952 cm 21, v ex e 5 1.2336 cm 21, B e 5 0.12836 cm 21,
and a e 5 0.00054 cm 21 were estimated for the a 2F 7/2 spin
component by deweighting the values corresponding to the
perturbed levels. The values of v e 5 413.0669 cm 21, v ex e 5
0.8801 cm 21, B e 5 0.12836 cm 21, and a e 5 0.00064 cm 21
were estimated for the a 2F 5/2 spin component in a similar
manner. The constants for the [7.3] 2D 3/2 spin component, for
which v 5 0 and 1 vibrational levels have been observed, have
the values of DG(1/2) 5 362.64732(78) cm 21, B e 5
0.1187052(10), and a e 5 0.0005062(12) cm 21.
In contrast to the a 2F state, the constants for the [9.4] 2F
state indicate that this state is free from perturbations. For
example, the regular intervals of DG(1/2) 5 353.69517(42)
cm 21 DG(3/2) 5 351.41732(47) cm 21 and DG(5/2) 5
349.14097(89) cm 21 have been obtained for the [9.4] 2F 7/2 spin
component. This provides v e 5 355.97225(70) cm 21, and v ex e
5 1.13864(20) cm 21 for the [9.4] 2F 7/2 spin component. The
rotational constants for the different vibrational levels of the
[9.4] 2F 7/2 spin component are also very regular and provide the
equilibrium constants of B e 5 0.11931542(52) cm 21 and a e 5
0.00053822(24) cm 21. The molecular constants for the
[9.4] 2F 5/2 spin component (Table 3) also do not show the
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influence of perturbations and provide the equilibrium constants of v e 5 354.79904(30) cm 21, v ex e 5 1.14019(38) cm 21,
B e 5 0.11912290(38) cm 21, and a e 5 0.00053987(17) cm 21
for the [9.4] 2F 5/2 spin component.
Prior to our very recent work on ZrCl (5), there were very
limited spectroscopic studies. The initial studies of ZrCl had
suggested a 4S 2 ground state for ZrCl (1, 2), while our recent
analysis of an infrared transition has suggested a 4F ground
state (5) consistent with experimental observations for isovalent TiCl (6) and TiF (7). This observation has recently been
supported by theoretical calculations of Focsa et al. for TiCl
(13) and ZrCl (14). These calculations have also predicted the
location of some states in the doublet manifold. In particular,
they have predicted a 2F state located at 4810 cm 21 above the
ground X 4F state is the first doublet excited state of ZrCl (14).
The lower a 2F state observed in the present work is, therefore,
the first excited doublet state of ZrCl. Three more low-lying
doublet states 2S 2, 2P, and 2D have been predicted at 6931
cm 21, 7935 cm 21, and 8886 cm 21 by the ligand field calculations of Focsa et al. (14). The 2D state observed in our spectrum near 7300 cm 21 can tentatively be assigned as the 2D state
calculated by Focsa et al. (14) near 8886 cm 21 above the
ground state. The location of the [9.4] 2F state has not been
calculated by Fosca et al. (14) because it arises from a higher
atomic configuration. High-quality ab initio calculations are
necessary to confirm our assignments and the ligand field
predictions. A reliable prediction of the spectroscopic properties of ZrCl will require the use of high-level ab initio calculations using large basis sets and an extensive treatment of
electron correlation.
Our electronic assignments must be regarded as tentative
since first lines were not measured. The most likely alternative
assignments of [7.3] 2F–a 2D and [9.4] 2D–a 2D for our two electronic transitions cannot be ruled out yet.
We have noticed several small errors in the work of Phillips
et al. (4). In particular the J assignment in the 1–3 band of the
[9.4] 2F 5/2–a 2F 5/2 subband [their notation, 2P 3/2- 2P 3/2] needs to
be increased by 2 units. It is worth mentioning that they stated
in their paper that the P branch was not observed in the 1–3
band, while we have observed both R and P branches. We have
also noticed that the J assignment in the 0 –1, 0 – 0 and the 1– 0
bands of the [9.4] 2F 7/2–a 2F 7/2 subband [their notation, 2P 1/2–
2
P 1/2] needs to be increased by one unit, but this could be a
misprint since the constants reported for this subband match
very well with the values obtained in the present analysis.
CONCLUSIONS

The near infrared emission spectrum of ZrCl has been observed at high resolution using a Fourier transform spectrom-
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eter. Numerous new bands have been detected in the 6700 –
12 000 cm 21 region in addition to those reported previously by
Phillips et al. (4). Six new bands observed near 9838, 9776,
8315, 8257, 7855, and 7806 cm 21 have been identified as 2– 0,
3–1, 0 –2, 1–3, 1– 4 and 2–5 bands of the [9.4] 2F 7/2–a 2F 7/2
subband while additional new bands observed near 9137, 8727,
8375 and 8325 cm 21 have been identified as 1–2, 1–3, 0 –3 and
1– 4 bands of the [9.4] 2F 5/2–a 2F 5/2 subband. To lower wavenumbers, the bands found near 6835 and 7246 cm 21 have been
assigned as the 0 –1 and 0 – 0 bands of the [7.3] 2D 5/2–a 2F 7/2
subband and bands near 6940, 7351, and 7714 cm 21 have been
assigned as the 0 –1, 0 – 0, and 1– 0 bands of the [7.3] 2D 3/2–
a 2F 5/2 subband. Both of these transitions have the lower state
in common. A rotational analysis of these bands has been
obtained and molecular constants have been determined. The
nature of the observed states has been discussed in light of the
available theoretical results, but more calculations are needed.
ACKNOWLEDGMENTS
We thank J. Wagner and C. Plymate of the National Solar Observatory for
assistance in obtaining the spectra. The National Solar Observatory is operated
by the Association of Universities for Research in Astronomy, Inc., under
contract with the National Science Foundation. The research described here
was supported by funding from NASA laboratory astrophysics program. Some
support was also provided by the Petroleum Research Fund administered by
the American Chemical Society and the Natural Sciences and Engineering
Research Council of Canada.

REFERENCES
1. P. K. Carroll and P. J. Daly, Proc. Roy. Irish Acad. 61, 101–106 (1961).
2. K. J. Jordan, R. H. Lipson, N. A. McDonald, and D. S. Yang, Chem. Phys.
Lett. 193, 499 –506 (1992).
3. T. Imajo, D. Wang, and K. Tanaka, Paper MG10, 54th International
Symposium on Molecular Spectroscopy, Columbus, OH, June 1998.
4. J. G. Phillips, S. P. Davis and D. C. Galehouse, Astrophys. J. Suppl. Ser.
43, 417– 434 (1980).
5. R. S. Ram and P. F. Bernath, J. Mol. Spectrosc. 186, 335–348 (1997).
6. R. S. Ram and P. F. Bernath, J. Mol. Spectrosc. 186, 113–130 (1997).
7. R. S. Ram, J. R. D. Peers, Y. Teng, A. G. Adam, A. Muntianu, P. F.
Bernath, and S. P. Davis, J. Mol. Spectrosc. 184, 186 –201 (1997).
8. J. F. Harrison, private communication
9. J. Anglada, P. J. Bruna and S. D. Peyerimhoff, Mol. Phys. 69, 281–303
(1990).
10. T. C. Steimle, J. E. Shirley, B. Simard, M. Vasseur, and P. Hackett,
J. Chem. Phys. 95, 7179 –7182 (1991).
11. O. Launila and B. Lindgren, J. Chem. Phys. 104, 6418 – 6422 (1996).
12. A. Boldyrev and J. Simons, J. Mol. Spectrosc. 188, 138 –141 (1998).
13. C. Focsa, M. Bencheikh, and L. G. M. Pettersson, J. Phys. B: At. Mol.
Phys. 31, 2857- 2869 (1998).
14. C. Focsa, private communication.
15. R. S. Ram and P. F. Bernath, J. Mol. Spectrosc. 195, 299 –307 (1999).
16. R. B. LeBlanc, J. B. White and P. F. Bernath, J. Mol. Spectrosc. 164,
574 –579 (1994).

Copyright © 1999 by Academic Press

