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The emission spectrum of HfCI has been investigated in the 3000—-18 500region at high resolution using a Fourier
transform spectrometer. The bands were excited in a microwave discharge through a flowing mixture, anidf@élium.
Two bands near 17 140 and 17 490 ¢rwere also measured in absorption using laser excitation spectroscopy. In this instance
the molecules were created by laser ablation in a molecular beam apparatus. The observed bands have been classified into tw
electronic transitiond7.6]*A 5 ,—X*A 4, and [17.1FA,,—X?A 4, involving a common lower state. A rotational analysis of the
0-0 and 1-1 bands §7.6]*A;,—X?A;, and 0-0, 1-1, and 1-0 bands of fi§.1]°A,,,—X*A, transitions has been carried
out and the equilibrium spectroscopic constants have been determined. The ground state principal molecular coBstants are
0.1097404(54) crt, o, = 0.0004101(54) cit, andr, = 2.290532(57) A Ab initio calculations have been performed
on HfCl and spectroscopic properties of the low-lying electronic states have been predicted. The ground state is predicted to
be a regular’A state arising from the valence electron configuration’2&*30°17*18". On the basis of ouab initio
calculations, we assign the observed transitiong a8)]*A 5;,—X?*A 4, and [17.1FA3,—X?A5,.  © 2000 Academic Press

INTRODUCTION (33) and Hfl (34, 395 have also been reported, but high-

_ _ resolution studies are still lacking and the identity of grounc
Because of the relatively large cosmic abundance of trangjzie is in question. In the present paper we report on o

tion metal elements in stars, transition metal-containing mo'ﬁ'l'vestigation of HfCl in the 3000—18 500 cfregion using a
cules are of astrophysical importance. Several transition metglrier transform spectrometer and by laser excitation spe
containing molecules such as oxidés{) and hydrides§-12  {roscopy. The observed bands have been assigned to t
have been identified in the spectra of cool S- and M-type stdgctronic transitions[7.6]*A,—X?A, (6500—7700 cr)
and in sunspots. So far no transition metal halides have begp [17.1FA4,~X?A,, (16 000—17 500 cnt), having a com-
identified in stellar spectra, although some metal halides likgon Jower state. The near-infrared transition of HfCI has bee
NaCl, KCI, AICl, and AIF have been observed in the atmQspserved for the first timeb initio calculations have also been
sphere of the carbon star IRA0216 by milimeter-wave herformed and spectroscopic properties of the low-lying elec
astronomers 13, 14. This strengthens the possibility thakgnic states have been calculated. Our electronic assignme
transition metal chloride and fluoride molecules also might Bg; the observed transitions are supported by these calculatiol
found. High-qualityab initio calculations are now possible forp (otational analysis of the 0-0 and 1-1 bands of th
transition metal systems and these predictions should be ¢ MB]*As,~X?A,, and 0-0, 1-1, and 1-0 bands of the
pared with experiments. For these reasons, there has be RR1]2A,,~X?A,,, transitions has been obtained. The result

renewed interest in the spectroscopy of transition metal hali ur experimental and theoretical studies of HfCl are reporte
(15-24. In the IV B transition metal family, the electronic;, ihis paper.

spectra of TiF 25), TiCl (26-29, and ZrCl @9, 30 have been
studied very recently at high resolution.

The electronic spectrum of HfCI was first observed in 1975
by Kabankovaet al. (31) in absorption. This work was fol-
lowed by another study by Moskvitinat al. (32), who con-
firmed and extended the previous observations and also obThe HfCl molecules were excited in a microwave discharg
tained a rotational analysis of a few bands in the visible regiatirough a flowing mixture of about 30 mTorr of HfCVapor
In this work the technique of intracavity laser spectroscopy wasd 3 Torr of He. The discharge tube was made of quartz ar
applied and the absorption spectra were recorded in the 56tad an outer diameter of 12 mm. The Hf@bwder was placed
700 nm region at 0.1 nm/mm dispersion using a grating spen-a small bulb, which was heated continuously in order tc
trograph. Although no spin splitting d2-doubling was ob- maintain a constant pressure of HfGapor in the discharge
served, the observed bands were assigned #g &ransition tube. The HfCl bands appeared strongly when the dischart
equivalent to &%-°I1,,, transition in Hund’s case (a) notation.had an intense blue-white color. The emission from the di
Among other hafnium-containing halides the spectra of HfRharge tube passed directly through the 8-mm entrance ap
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HfCl ELECTRONIC STATES 117

ture of the 1-m Fourier transform spectrometer of the Nationlaw-lying states in the doublet and quartet manifolds (eigh
Solar Observatory at Kitt Peak. The spectra in the 1800—9086ublets and four quartets). Thé initio approach used in our
cm ' interval were recorded using liquid-nitrogen-cooled InSprevious work on transition metal nitrides RuBBj, IrN (39),
detectors, Si filters, and a Cabeam splitter. A total of 29 and OsN 40) has been adopted here. We refer to these pape
scans were co-added in albi@uh of integration at a resolution for more computational details and for an estimate of th
of 0.02 cm™. The 9000-18 500 cim range was recorded with accuracy of the calculated spectroscopic properties, typical
Si photodiode detectors, a red pass filter (3—68), and a visilwhin 0.05 A for the equilibrium internuclear distances, within
beam splitter. In this case two scans were co-added in 20 rsidcm * for harmonic vibrational frequencies, and within 2000
of integration. cm* for the term energy values. The 60 core electrons of H
The spectral line positions were determined using a ddtave been described by a quasi-relativistic pseudopotent
reduction program called PC-DECOMP developed by (#1)and the remaining electrons by the corresponding valenc
Brault. The peak positions were determined by fitting a Voigtouble-zeta (DZ) basis set]), augmented by a single Gauss-
lineshape function to each line. The infrared spectra weianf function with an exponent of 0.8. By analogy, the Cl atonr
calibrated using the wavenumbers of the vibration—rotatiavas represented by a 10-electron quasi-relativistic pseudor
lines of the 1-0 band of HCBE), which appeared in emissiontential @2) and the corresponding DZ valence basis &) (
in the same spectrum. The visible spectra were calibrated witblarized by a single @ Gaussian primitive with an exponent
the lines measured by the laser excitation experiment. TbE0.75. State-averaged full-valence CASSCF calculatidBp (
molecular lines of HfCl have a typical width of 0.035 chand were used to optimize thes4 2w, and ¥ valence orbitals
appear with a maximum signal-to-noise ratio of 8:1 so that tleerrelating with the 8 and 6 orbitals of hafnium and with the
best line positions are expected to be accurate to ab0u@03 3sand P orbitals of chlorine. These orbitals were then used ir
cm™. internally contracted multireference configuration interactior
calculations (CMRCI)44), in which all valence electrons were
2. Laser Excitation Spectroscopy correlated. The CMRCI energies were corrected for David

The apparatus used to create the HfCl molecules in tRaN's cqntribution 45) for unlink_ed four-particle clusters. All
molecular beam work has been described in detail previouiculations were performed with the MOLPRO packad@ (
(21, 37; however, some details pertinent to this work will béunning on the Cray J916 computer and Compag-Digital Alph
given. A hafnium target in the form of a slowly rotating anc>ervers of the ULB/VUB computer center.
translating rod was ablated by about 3 mJ of 355 nm radiation' N€ size of the CASSCF wavefunctions ranged betwee
from a Nd:YAG laser. At the same time, a gas mixture of abog00 and 7000 configuration state functions, while CMRC
3% CHCJ, seeded in helium was passed from a pulsed mole@vefunctions ranged between 530000 and 670000 ste
ular beam valve into the ablation region. Vaporized hafniufifnctions (forC,, symmetry), depending on the space and spi
was entrained by the gas mixture and then expanded througtymetries.
short expansion channel into a vacuum chamber, producing a
molecular beam. HfCl molecules formed through reaction of ELECTRONIC STRUCTURE OF HfCl FROM
the hot Hf atoms with the CHGland through condensation AB INITIO CALCULATIONS
during the expansion process. About 5 cm downstream from ) _
the nozzle orifice, the molecules were probed with a Coherent! he potential energy curves of 12 electronic states have be
699-29 Autoscan cw ring dye laser. Laser-induced fluoreg@lculated in order to get a complete picture of the valenc
cence was collected orthogonally to both the molecular be&gctronic structure of HCI below 20 000 ¢t These curves,
and the probe laser and imaged on a 0.25-m monochromafgculated at the CMRCI level of theory at 12 internuclea
Light passing through the monochromator was detected byligtances ranging between 2.0 and 2.75 A, are shown in Fic
cooled photomultiplier. The signal was amplified, integrated;-3- The energy scale used in these figures is relative to t
and sent to the computer controlling the Autoscan laser systdRinimum energy of the ground electronic state. The relativ
R6G laser dye was used to record spectra for the 0—0 and EN&rgies bgtween the different electronic states are better illu
bands near 17 140 and 17 490 crespectively. Typical trated in Fig. 4, where one observes three clusters of stat
linewidths were about 180 MHz where the limitation wa&arked I, II, and Ill. Cluster | groups the three lowest double
residual Doppler broadening in the molecular beam. The frglates below 4000 cmstates (see Fig. 1); cluster Il groups the
quencies of the line positions were measured using the Aufgur lowest quartet states between 7000 and 9000 ¢see
scan system, which has a specified absolute frequency adctg- 3), and cluster Il groups five close-lying doublet state:

racy of =200 MHz and a precision of 60 MHz. between 16 500 and 18 000 ch{see Fig. 2). This clustering
can be interpreted by analysis of the CMRCI wavefunction
AB INITIO CALCULATIONS summarized in Tables 1 and 2, and from the orbital energ

diagram of Fig. 5.
The electronic structure of HfCl has been investigated by Figure 5 has been obtained from full-valence CASSCF ca
means of large-scalab initio calculations performed on theculations performed on the ground states of HI14) and of
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FIG. 1. The doublet potential energy curves of HfCl below 4000 tm
(cluster | in Fig. 4), from CMRCI calculations. FIG. 3. The quartet potential energy curves of HfCl (cluster Il in Fig. 4),

from CMRCI calculations.

|ts_ dl_ssomatlon prodqcts HFE) and Cl (P). The energies in remaining orbitals on hafnium. The dotted lines in the figure
this figure are given in electonvolts and are relative to the 1

orbital of HfCl. One observes a large energy difference bd /e qualitative information on these LCAO mixings. Let us

tween the valence orbitals of Cl and those of Hf, which resul ote an |m_p0rtant stabilization of th@z’rp'tal Wlth_res_pect to
e J orbital of Cl, due to a small bonding contribution from

in an electronic structure in HfCI that is essentially ionic. Art]he 5 orbital of Hf located 49 eV lower thanol The ionic

analysis of the CASSCF wavefunction shows indeed that Uharacter can be quantified from the gross Mulliken popule
bitals 1o, 20, and &r are mainly located on chlorine and th q 9 Pop

Sions on atoms which predict an Hf*° CI7°* structure for the
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R/ A FIG. 4. Relative energies within the doublet and quartet spin systems c

HfCI, from CMRCI calculations. The three clusters of levels, labelled to | to
FIG. 2. The doublet potential energy curves of HfCl in the range 16 500, are detailed in Figs. 1-3. The arrows indicate the two electronic transition
18 000 cm™ (cluster llI in Fig. 4), from CMRCI calculations. analyzed in this work, as assigned from i initio calculations.
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TABLE 1
Electronic Configurations Describing the Low-Lying Electronic States of HfCI
(see Table 2)

119

Label Configuration Electron promotion® Arising states
(A) 162 202 1% 362 151 25
(B) 162 262 174 362 2x1 15~ 2n ’n
(©) 162 262 1n# 302 461 16 - 4o 25+
(D) 162 262 174 351 151 2m1 36~ 2n 211 2), 20 (2), 411, 40
(E) 1062 26! 174 361 152 36~ 18 2r 25+, 25 45
F) 162 262 1n% 35! 15! 40! 36 - 4o 2A(2), %
(G) 162 262 17% 301 272 36 18 - 2n% 25,25 25- 43-
(H) 162 262 1n# 182 46! 362 ~ 1540 2r 25+ 23- 45-
) 102 202 174 182 2x1 362~ 182 2y, 20, 211 2), 411
) 162 262 174 30! 2x! 40! 1n 16 - 2n 4o 211 2), 411
X 162 262 174 35! 452 36 18 - 402 25+

2 Electron promotions are defined with respect to the ground electronic configuration (A).

ground state. More precisely the 11 valence electron chargegroundX’A state. Table 1 also gives the electronic states arisir
are distributed over the Hf/Cl atomic orbitals in the followindgrom each configuration and the corresponding electron prom
way: 1.62/2.00, 0.31/5.53, and 1.52/0.02, respectivelys, qn tion with respect to the ground configuration.
andd orbitals. The first set of configurations (A) to (C) are the leading
The electronic structure of HfCI can be interpreted in terms obnfigurations for the states of cluster |. They are characterize
10 configurations listed in Table 1, which are the configuratioty a single electron in theé]l 27, and 4r orbitals. These
having a weight greater than 2% in the corresponding CMRG®Gibitals are close in energy (within 2 eV), as can be seen in Fi
wavefunctions, as detailed in Table 2. The configuration weigHisand this explains the low term values for thélland £3*
are calculated as the squares of the corresponding CI coefficiestates. Note that the relative energy order for these two stat
Configurations are labeled from (A) to (J) in Table 1. Configuras not correctly predicted by the one electron picture of Fig. 5
tion (A) 16°20”17*30°18" is the ground configuration, leadingto  The second set of configurations corresponds to a single pr

TABLE 2 35
Analysis of the CMRCI Wavefunctions of HfCI §
in Terms of Electronic Configurations © 0L
Cluster Electronic state Weight é -
I X 2a 84% (A) + 2% (G) + 4% (F) © o5l
—
121 78% (B) + 9% (D)
125+ 78% (C) + 8% (H) + 7% (E) 8 o0 [
1I 14A 93% (F) 0 C
145 83% (E) + 8% (H) g i
140 96% (D) < 5F ;
- [ {
141 90% (D) + 5% () r i
T 125 68% (E) + 9% (G) + 1% (1) o tor ,
S " H
229 89% (D) ) oo
= g 20
12r 90% (E) + 3% (H) o 5
220 80% (D) + 5% (B) =
et L
227 2% (F) + 11% (G) + 4% (A) 3 O F gg g I 15
225+ 34% (E) + 33% (K) + 8% (G) 5 i
5L
* Weights (in percent) are obtained from the square of the corresponding configuration Cl HICI Hf

interaction coefficients; weights lower than 2% are not reported. FIG. 5. The molecular orbital correlation diagram for HfCI, from

See Table 1 for the definition of the configuration labelling. CASSCF calculations performed on the ground states of all species.
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motion from the & orbital to the B, 2, and 4r orbitals, and 5, 05 105
therefore larger orbital excitation energies (about 6 eV) than in tI}{@II | | 705 [ 1] s0s 50.5 40.5
case of cluster |. The states arising from these configurations (seeH T HITTTTTTEARAT T LT >

Table 1) split into a set of quartets (around 8000 Ynand a set

of doublet states (around 17 000 ¢y corresponding, respec

tively, to clusters 1l and lIl. Cluster lll contains most of the
doublet states arising from configurations (D), (E), and (F), i.e.,

the ZI1 and & (D), 1°T", 1°%~ and 27 (E), and 2A (F) states. ‘

The 311, 2°®, and 3A states lie above 18 000 ¢imand have not ﬂmmm )\J\M’\

been investigated in this work. ThéX2 state, indicated with | , . A
dotted lines in Fig. 4, has been calculated at a single geometry 7626 7631 7636 c!
(R=2.45 A), close to the equilibrium position of most electronic FIG. 6. An expanded portion of th7.6]%A 5,~X?A 5, 0—0 band of HCI
states of HfCl. The relative energy of this state is thus onhgar theR head.

tentative; the calculated, value is 18 490 cnf.

All the quartet states arising from (D), (E), and (F), i.e., the i ,
1A, 1S, 1°II, and T, are significantly stabilized (abouthas been observed for the first time. The 0-1, 0—0, and 1-

gandheads of this transition are located near 7258.9, 7636, a
They form cluster II. 7609 cm " with the 0—0 band being the most intense. The 0—

The third set of configurations (G) to (K) are secondarg@nd is less than 10% of the intensity of the 0—0 band and
configurations of the states belonging to the three clustef¥€riapped by strong atomic lines. This band was not suitab
They have weights ranging between 2 and 14%. for rotational anaIyS|s_. Rotational analy§|s of only the 0—0 an

The above analysis thus explains the clustering observed in Figt Pands was carried out. The rotational structure of the
4, in particular the very large gap (about 15 000 &nbetween P2ands consists of only two branches, dd@nd oneP, con-
both doublet clusters. This analysis also helps in understandfifgfent With @A = 0 assignment. Ouab initio calculation

why the ground state of HfCl is A state, and not 4D state like " icates that there are no doublet states in this energy regi
in the case of the isovalent TiCl molecul6(-28. which could result in aA\Q) = 0 transition. Instead, &\ state

has been predicted near 8800 ¢mThis state has four spin
OBSERVATION AND ANALYSIS components witlf) = 3,3, 3, and. The?A ground state of HfCI
is a regular state with a large spin—orbit splitting of fhe= 3
The HfCI bands observed in the 300018 500 tmegion and3 spin components. In such a case our observed transiti
fall into two groups, one in the 6500—7700 chnegion and the can tentatively be assigned as-d subband of the A-X*A
other in the 16 000—17 500 crregion, and belong to two transition. A very weak band has been observed at 6715
transitions with their 0—0 bands near 7634 and 17 040‘cmcm ', which could be a 0—0 band of tB€ subband. No other
respectively. The 0—0 bands are the most intense in the th@nds associated with this transition have been observed in c
systems. A rotational analysis of the two 0—0 bands indicategectra. An expanded portion of the 0-0 band of th
that they have a common lower state. Following the results [of.6]"A 5 ,—X?A 4, transition is presented in Fig.véhere theR
our ab initio calculations, we have assigned these two systemgd P branches near the head have been marked.
as [7.6TA4,—X?Ay, and [17.1FA,,—X?A;,, where the
lower state is the ground state of HfCl. For the FT spectra, tRe The [17.1fAs—X"A, Transition
rotational lines in 0—0 and 1-1 bands of the two transitions The pands belonging to thd 7.1]%A4,,~X?A4,, transition

were sorted into branches using a color Loomis—Wood pr@ere previously observed by Kabankoed al. (31) and
gram running on a PC computer. We have determined tfify,skvitinaet al. (32). Our spectrum consists av = 0 andAv
molecular constants only for the most abunddff*Cl iso-  — +1 sequences of this transition with the 0—1, 0~0, and 1—
topomer (*Hf and *CI have natural abundances of 35 angk heads at 16 764.7, 17 142.1, and 17 493.7cifihe Av =
76%, respectively). Some weak lines of tHeHf*'Cl isoto- o sequence is the most intense. The 1-1, 2-2, and 3-3 bal
pomer have also been observed, at least in the strong bandsldlys of this sequence are located near 17 115.9, 17 089.2,
the data were not sufficient for an independent rotational anal 062.2 cm?, respectively. All of these bandheads were-pre
ysis. The lines involving the less abundaffiif (0.2%), "Hf  yiously identified by Moskvitineet al. (32). In the FT spectra,
(5.2%), ""Hf (18.6%), "Hf (27.3%), and'™Hf (13.6%) ise  the rotational structure of only the 0—0 and 1—1 bands of th
topes did not usually provide a measurable isotope splitting, §g@nsition was found suitable for a rotational analysis, althoug
we simply assigned the lines to the mdifHf isotope. the 1-1 band is much weaker than the 0—0 band. The oth
» . bands are very weak in intensity and only their bandhea
1. The [7.6]Asz-X"Aq, Transition positions could be measured with sufficient precision. A por
The HfCI bands in the 65007700 chregion have been tion of the FT spectrum of the 0—0 sequence is presented
assigned to thg7.6]*A;,—X?A,, transition. This transition Fig. 7, whereR heads of the 0—0 and 1-1 bands have bee

10 000 cm™) with respect to the corresponding doublet state

Copyright © 2000 by Academic Press
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HICE [17.1]As, - XAy 00 ¥H£¥'Cl, and*"®Hf*'CI. Only lines for ***Hf**Cl and *"*Hf**ClI
l were assigned since lines from the less abundant isotopomi
were weaker and obscured by their stronger counterparts.
1-1 portion of theR-head region of the 1-0 band from 17 492 to

s ) 17 494 cm' is shown in Fig. 8 The R lines of the*Hf**Cl

isotopomer are indicated. For clarity, only tRdines near the
l head for the'”®"Hf**Cl isotopomer are indicated.

The rotational assignments in the different bands of the tw

T L umulum Wi, transitions were assured by comparing combination differenct
T

T T for the common vibrational levels and the constants wer
17080 17110 17140 cm™

determined by fitting the observed lines to the following simple
FIG. 7. A compressed portion of thEL7.1]A,,—X?A4, transition of term energy expression,

HfCl with the R heads of the 0-0, 1-1, and 2—-2 bands marked with arrows.

F()=T,+B,JJ+1)—D,JJIJ+ 1] [1]
marked. The rotational structure of the 0—0 and 1-1 bands
consists of two branches, oeand oneP, again consistent The rotational assignments were very difficult in the FT
with aAQ = 0 transition. This transition has been assigned apectra because of severe blending in Béead and the
a’Ay,~X*A,, subband of thg17.1]°A—X*A transition with addition of the laser excitation data overcame this problen
the help of oumb initio calculations. In addition to these bandsThe rotational lines were weighted according to resolution an
there are two very weak heads in the same general region wéttient of blending. The observed line positions for the
their R heads near 16 896.4 and 16 858.5 tnThese bands [7.6]*A;,—X?A;, and [17.1FA,,—X?A,, transitions of
are possibly the 0—-0 and 1-1 bands of thie,,—X?As, ‘**Hf*Cl isotopomer are provided in Table @hile those of
subband. These new bands were not observed in the absorptitf*°Cl isotopomer are provided in Table Zhe molecular
spectra of Kabankovat al. (31) and Moskvitinaet al. (32).  constants for thé*Hf**Cl and *"®Hf*°Cl isotopomers are pro

The 0-0 and 1-0 bands of this system of HfCl were alsdded in Tables 5 and 6, respectively.

recorded in the molecular beam experiments. Reand
P-branch lines were readily assigned but fQdines, which DISCUSSION
were extremely weak in the spectrum, were not assigned until
after a fit of theR andP lines was accomplished. The fift In our recent studies of TiR2E), TiCl (26), and ZrCl Q9),
andP lines were seen confirming the assignment of this trame concluded that the ground states &bestates. Our assign
sition as)’ = 3" = 3. Each band consisted of the resolvedhents were supported @b initio calculations by Harrison on
lines of at least four isotopomers of HICIPHf*CI, ®Hf**CI, TiF (47), and by Boldyrev and Simong®) on TiCl. Focsaet

455 405 355
0.5 5.5 70.5 18014 35¢)
38.5 335
9.5 Jals —178y¢35¢)
1

l
W\N

17492.0 17492.5 17493.0 174935 174940

Wavenumbers (cm™)
FIG. 8. A portion of the laser excitation spectrum of the 1-0 band neaRthead.R lines of **Hf**Cl and ""®Hf**Cl isotopomers have been marked.
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TABLE 3
Observed Line Positions (in cm™) of **Hf*CI
¥ I Obs. 0-C g Ig Obs. 0-C

OHESC] [17.12A-X2A 1-1

155 14.5 17114.837 -11 30.5 35 17102.354 i
16.5 15.5 17114.959 -1 315 325 17101.942 7
17.5 16.5 17115.075 9 325 335 17101.509 3
19.5 18.5 17115.260 0 335 345 17101.074 7
20.5 19.5 17115.352 4 345 355 17100.638 -7
215 20.5 17115.432 3 355 36.5 17100.194 9
225 215 17115.509 6 36.5 375 17099.756 2
235 225 17115.570 -1 375 385 17099.306 6
135 14.5 17108.490 2 385 395 17098.847 8
14.5 15.5 17108.185 4 39.5 405 17098.370 3
155 16.5 17107.856 9 40.5 45 17097.895 5
16.5 175 17107.536 -5 415 425 17097.419 2
17.5 18.5 17107.201 -10 425 435 17096.932 -4
18.5 19.5 17106.862 -13 435 44.5 17096.451 7
19.5 20.5 17106.536 2 4.5 455 17095.951 3
20.5 215 17106.172 -13 455 46.5 17095.442 2
215 225 17105.840 11 46.5 475 17094.934 -1
225 235 17105.478 10 475 48.5 17094.416 4
235 245 17105.102 1 48.5 495 17093.885 -13
245 255 17104.737 11 495 50.5 17093.359 12
255 26.5 17104.345 -1 50.5 515 17092.848 10
26.5 27.5 17103.964 4 515 525 17092.305 6
275 28.5 17103.568 0 52.5 535 17091.745 -10
28.5 295 17103.171 2 535 545 17091.202 2
29.5 30.5 17102.768 4 545 555 17090.649 2
I ) Obs. 0-C J TG Obs. 0-C
OHESC] [17.12A-XPA 1-0
2.5 1.5 17490.770 a 3 4455 435 17492.701 a 2
3.5 2.3 17490.962 a 1 455 445 17492.594 a -1
45 35 17491.146 2 2 475 46.5 17492357 a 0
55 45 17491329 2 2 485 475 17492.229 a 1
6.5 5.5 17491.500 a 1 495 48.5 17492.090 a -1
75 6.5 17491.667 a 3 50.5 495 17491.949 a 2
85 75 17491.821 a -1 2.5 35 17489.451 a 2
9.5 85 17491973 a 0 35 45 17489.210 a 1
10.5 9.5 17492.113 a 2 45 55 17488.956 a -1
115 10.5 17492254 a 2 5.5 6.5 17488.700 a 1
12.5 115 17492.380 a -1 6.5 7.5 17488.430 2 -3
135 12.5 17492.500 a 3 7.5 8.5 17488.160 a 0
145 13.5 17492.614 a -3 8.5 9.5 17487.878 a -1
15.5 14.5 17492.720 a 4 9.5 10.5 17487.593 a 2
16.5 15.5 17492.820 a 4 10.5 115 17487.298 2 2
17.5 16.5 17492913 a -3 115 12.5 17486.993 a -1
18.5 17.5 17493.001 a -1 12,5 13.5 17486.689 a 3
19.5 18.5 17493.078 a 2 135 14.5 17486369 2 0
20.5 19.5 17493.150 a 2 14.5 15.5 17486.046 a 0
215 20.5 17493213 a -3 15.5 16.5 17485715 a 0
225 215 17493270 a -3 16.5 175 17485377 a 0
235 225 17493321 a -1 17.5 18.5 17485.037 a 5
24.5 235 17493364 a -1 18.5 19.5 17484.682 a 2
255 245 17493399 a 0 19.5 20.5 17484326 a 5
26.5 25.5 17493.426 a 2 20.5 215 17483.955 a 2
275 26.5 17493.446 a 2 215 225 17483.580 a 0
28.5 275 17493 .460 a 2 225 235 17483201 a 2

Note.O-C are observed minus calculated wavenumbers in the units dth®* and lines marked
by “a” were observed in the laser excitation spectra.

al. carried out ligand field calculations on TiG49) and ZrCl tions that the ground state of ZrCl is in fact& state. We have
(50). We have also observed the doublet—doublet transitiorecently carried out our owab initio calculations and some
for TiCl (27) and ZrCl @0). Very recently Sakaet al. (51) new absorption measurements that are in agreement with tl
have suggested on the basis of high-quadityinitio calcula- prediction 62). A reinterpretation of the doublet states of TiCl
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TABLE 3—Continued

J 1 Obs. 0-C ¥ J” Obs. 0-C
29.5 285 17493.465 a -3 235 245 17482.812 a 1
355 345 17493357 a 2 245 25.5 17482.417 a 1
36.5 355 17493311 a 0 25.5 26.5 17482.013 a 0
375 36.5 17493.260 a -1 26.5 275 17481.608 2 4
385 375 17493.199 a 3 275 28.5 17481.191 a 4
39.5 38.5 17493.135 a 2 285 29.5 17480.767 a 4
40.5 395 17493.065 a 0 29.5 305 17480336 a 4
425 415 17492.896 a 2 305 315 17479.896 a 2
435 425 17492.801 a 3 315 325 17479.452 a 3

¥ J Obs. 0-C J J” Obs. 0-C

BOHPSCL [17.1PA-XA 0-0

1.5 1.5 17138387 a 0 14.5 15.5 17134304 a 2
2.5 2.5 17138369 a -2 15.5 16.5 17133.993 a 2
3.5 35 17138345 a -4 16.5 17.5 17133.672 a 3
4.5 45 17138324 a 3 17.5 18.5 17133338 a 3
55 5.5 17138292 a 5 18.5 19.5 17133.003 a -5
6.5 6.5 17138247 2 0 19.5 20.5 17132.670 2 2
75 75 17138.200 a -1 20.5 215 17132.326 a 4

8.5 8.5 17138.148 a 1 215 225 17131.972a 3
9.5 9.5 17138.088 a 0 225 235 17131615 a 4
10.5 10.5 17138.022 a 2 235 245 17131.247 a 0
115 115 17137.951 a -1 245 255 17130.878 a 1
12.5 12.5 17137.875 a 1 25.5 265 17130502 a 3
13.5 13.5 17137.792 a 1 26.5 275 17130.117 a i
14.5 14.5 17137.700 a 0 275 285 17129.726 a -1
2.5 1.5 17138920 a 2 28.5 295 17129337 a 5
35 25 17139.115 a -1 29.5 30.5 17128932 2 2
45 35 17139311 a 4 30.5 315 17128523 a 1

5.5 45 17139.492 a 0 315 32.5 17128111 a 3
6.5 55 17139.670 a 0 325 335 17127.692 2 4
75 6.5 17139.844 a 1 335 345 17127.268 a 6
8.5 75 17140.009 a -1 345 355 17126.836 a 6
9.5 8.5 17140.168 a 2 355 36.5 17126.396 a 5
10.5 95 17140326 a 3 13.5 14.5 17134.618 3
115 10.5 17140.470 a -1 14.5 15.5 17134309 3
125 115 17140612 a -1 15.5 16.5 17133.981 -10
135 12.5 17140.747 a -1 16.5 17.5 17133.676 7
14.5 13.5 17140873 a -3 17.5 18.5 17133.349 7
15.5 14.5 17140.995 a 4 18.5 19.5 17133.015 7
16.5 155 17141.114 2 -2 19.5 20.5 17132.670 2
17.5 16.5 17141225 a 2 205 215 17132.318 4
18.5 17.5 17141332 a 1 215 225 17131.980 10
19.5 185 17141427 a 2 225 235 17131.608 4
20.5 19.5 17141518 a 2 235 245 17131.245 2
215 20.5 17141.602 a 4 24.5 25.5 17130.881 4
225 215 17141.679 a 6 255 26.5 17130.490 9
235 225 17141755 a -3 26.5 275 17130.128 12
245 235 17141.822 a 3 275 285 17129.738 11
25.5 245 17141.882 a 4 28.5 295 17129.332 1
26.5 255 17141936 a 4 295 30.5 17128.931 1
275 26.5 17141.987 a -1 30.5 315 17128.525 3
28.5 275 17142.029 a -1 315 325 17128.103 6
29.5 28.5 17142.058 a -8 325 335 17127.697 9
30.5 29.5 17142.092 a 4 335 34.5 17127.267 5
315 30.5 17142.113 a -6 345 355 17126.824 6
325 315 17142.130 a 6 355 36.5 17126.396 4

and ZrCl is also necessary2). A more complete discussion ofinitio calculations predict 4A ground state for HfCI with the

the experimental and predictedb initio ordering of the elec- first quartet state being“® state at about 8257 crhabove the

tronic states in TiCl, ZrCl, and HfCl will be published sepa?A ground state. For ZrCl thb and®A states have almost the

rately G2). same energy with th&\ state a few hundred reciprocal centi
In contrast to the results obtained for TiA6—-28, ourab meters lower %1, 52.
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TABLE 3—Continued

J J” Obs. 0-C J’ J Obs. 0-C
335 325 17142.143 a -4 36.5 37.5 17125.947 1
40.5 39.5 17142.048 a -1 375 38.5 17125.495 -1
415 40.5 17142.005 a -6 385 39.5 17125.039 -1
42.5 415 17141.962 a -4 39.5 40.5 17124.584 7
435 425 17141917 a 2 40.5 41.5 17124.110 3
44.5 43.5 17141.857 a -1 41.5 425 17123.632 1
455 445 17141.793 a -1 425 435 17123.144 -6
54.5 53.5 17140.944 0 435 44.5 17122.657 -6
55.5 54.5 17140.816 -3 445 455 17122.165 -4
56.5 55.5 17140.680 -7 45.5 46.5 17121.671 1
57.5 56.5 17140.549 0 46.5 47.5 17121.158 -6
58.5 57.5 17140.406 1 47.5 48.5 17120.652 0
59.5 585 17140.256 1 48.5 49.5 17120.134 0
60.5 59.5 17140.103 4 49.5 50.5 17119.607 -2
61.5 60.5 17139.933 -3 50.5 51.5 17119.079 0
62.5 61.5 17139.773 5 S1.5 52.5 17118.535 -8
63.5 62.5 17139.603 10 52.5 53.5 17118.000 -1
64.5 63.5 17139.423 11 53.5 54.5 17117.452 1
65.5 64.5 17139.237 12 54.5 55.5 17116.902 5
66.5 65.5 17139.039 7 55.5 56.5 17116.331 -5
67.5 66.5 17138.826 -6 56.5 57.5 17115.768 -2
68.5 67.5 17138.632 6 57.5 58.5 17115.193 -4
69.5 68.5 17138.413 -2 58.5 59.5 17114.611 -7
70.5 69.5 17138.205 7 59.5 60.5 17114.030 -2
71.5 70.5 17137.974 1 60.5 61.5 17113.439 -2
72.5 71.5 17137.744 1 61.5 62.5 17112.843 -2
73.5 72.5 17137.514 7 62.5 63.5 17112.241 0
74.5 73.5 17137.275 10 63.5 64.5 17111.628 -4
755 74.5 17137.030 14 64.5 655 17111.017 0
76.5 75.5 17136.773 12 65.5 66.5 17110.395 0
77.5 76.5 17136.514 13 66.5 67.5 17109.766 -2
78.5 715 17136.238 4 67.5 68.5 17109.127 -7
79.5 78.5 17135.961 1 68.5 69.5 17108.490 -5
80.5 79.5 17135.682 1 69.5 70.5 17107.856 6
81.5 80.5 17135.407 11 70.5 71.5 17107.201 3

1.5 2.5 17137.837 a -2 71.5 72.5 17106.536 -5
2.5 35 17137.603 a -1 72.5 73.5 17105.873 -4
3.5 4.5 17137.365 a 1 73.5 74.5 17105.202 -6
4.5 55 17137.116 a 0 74.5 75.5 17104.529 -3
55 6.5 17136.864 a 1 755 76.5 17103.841 -10
6.5 7.5 17136.605 a 1 76.5 71.5 17103.171 8
7.5 8.5 17136.339 a 1 77.5 78.5 17102.470 1
8.5 9.5 17136.068 a 2 78.5 79.5 17101.767 -4
9.5 10.5 17135.790 a 1 79.5 80.5 17101.055 -10
10.5 11.5 17135.505 a ! 80.5 815 17100.350 -3
115 12.5 17135.216 a 2 81.5 82.5 17099.628 -8
125 13.5 17134917 a -1 82.5 83.5 17098.902 -10
13.5 14.5 17134.617 a 2

J J” Obs. Oo-C J’ J” Obs. 0-C

BOHESC) [7.6]A-XPA 1-1

29.5 28.5 7608.949 6 68.5 67.5 7601.588 1
30.5 29.5 7608.905 -7 69.5 68.5 7601.230 -3
315 30.5 7608.866 -6 70.5 69.5 7600.872 3
32.5 31.5 7608.822 -2 9.5 10.5 7603.484 -3
335 325 7608.771 4 10.5 11.5 7603.186 2
345 335 7608.701 -2 11.5 12.5 7602.863 -8

The regular’A ground state of HfCl has a large spin—orbital and chemical evidence suggests that these bands alm
splitting so that bands involving the excitédAs,, spin com  certainly involve the Hf atom. These bands are probably due 1
ponent would tend to be weak in our spectra. Ttfe\s,— HfCl,.

X?A 5, interval could not be determined from our spectra. A As discussed in our papers on Ti#7f and TiCl 26, 27,
group of bands with a very smal value (<0.05 cmi*) have their low-lying electronic states correlate to the states 6faEi
been observed in the 4400—-4450 ¢iregion. The experimen do the electronic states of TiKbg). A similar correspondence
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TABLE 3—Continued

J’ J” Obs. o-C J’ 37 Obs. O-C
355 345 7608.635 4 12.5 13.5 7602.553 2
36.5 355 7608.545 -4 13.5 14.5 7602.232 9
37.5 36.5 7608.464 4 14.5 15.5 7601.895 9
38.5 375 7608.367 5 15.5 16.5 7601.538 -3
395 385 7608.259 2 16.5 17.5 7601.188 0
40.5 39.5 7608.145 3 17.5 18.5 7600.825 -2
415 40.5 7608.022 2 18.5 19.5 7600.463 5
425 415 7607.901 11 19.5 20.5 7600.075 -6
435 425 7607.758 6 20.5 215 7599.693 -2
445 435 7607.613 9 21.5 22.5 7599.301 -1
45.5 445 7607.455 7 22.5 23.5 7598.901 1
46.5 455 7607.292 6 235 24.5 7598.502 13
475 46.5 7607.114 0 24.5 25.5 7598.063 -8
48.5 47.5 7606.935 2 255 26.5 7597.652 7
495 48.5 7606.745 0 26.5 27.5 7597.219 8
50.5 49.5 7606.542 -6 27.5 28.5 7596.766 -2
51.5 50.5 7606.341 -2 285 295 7596.320 3
52.5 51.5 7606.134 4 29.5 305 7595.856 -2
53.5 52.5 7605.904 -5 30.5 315 7595.386 -5
54.5 53.5 7605.686 7 315 325 7594.904 -12
55.5 54.5 7605.440 -1 325 335 7594.435 3
56.5 55.5 7605.188 -6 33.5 345 7593.934 -7
57.5 56.5 7604.940 0 345 35.5 7593.442 1
58.5 57.5 7604.672 -4 355 36.5 7592.931 -2
59.5 58.5 7604.406 1 36.5 37.5 7592.420 3
60.5 59.5 7604.123 -2 375 38.5 7591.894 1
63.5 62.5 7603.231 -5 38.5 39.5 7591.352 -9
64.5 63.5 7602.923 0 39.5 40.5 7590.822 1
65.5 64.5 7602.602 0 40.5 415 7590.267 -4
66.5 65.5 7602.274 2 415 425 7589.712 -3
67.5 66.5 7601.935 2 435 44.5 7588.571 -6

J’ J” Obs. 0-C J’ J” Obs. O-C

'HESCL [7.6)°A-XPA 0-0

28.5 27.5 7636.602 6 17.5 18.5 7628.418 0
295 28.5 7636.576 3 18.5 19.5 7628.059 10
30.5 29.5 7636.545 3 19.5 20.5 7627.667 -3
315 30.5 7636.502 -2 20.5 21.5 7627.285 1
325 315 7636.461 5 21.5 22.5 7626.895 6
335 325 7636.413 12 235 24.5 7626.074 -1
345 335 7636.342 5 24.5 25.5 7625.659 3
355 345 7636.261 -4 25.5 26.5 7625228 -1
36.5 35.5 7636.180 -6 26.5 27.5 7624.792 -1
375 36.5 7636.099 3 27.5 28.5 7624.351 1
385 37.5 7635.992 -9 28.5 29.5 7623.900 2
39.5 385 7635.900 4 29.5 30.5 7623.442 4
40.5 395 7635.781 -1 30.5 31.5 7622.975 6
41.5 40.5 7635.662 1 315 325 7622.498 5
42.5 41.5 7635.535 4 325 335 7622.012 3
43.5 425 7635.386 -7 335 345 7621.518 1
44.5 43.5 7635.252 5 345 355 7621.018 3
455 44.5 7635.091 -2 355 36.5 7620.506 -1
46.5 45.5 7634.935 5 36.5 375 7619.987 -3
415 46.5 7634.759 0 37.5 385 7619.461 -3
48.5 47.5 7634.580 0 385 39.5 7618.929 -2
50.5 49.5 7634.189 -9 39.5 40.5 7618.382 -7
51.5 50.5 7633.983 -10 40.5 415 7617.820 -19

is expected for HfCl, HfH, and Hf states. The ground stateelectron. Occupation of thedd orbital keeps theal electron
term of Hf" is a°D from the &°5d" configuration with a away from the ligand and lowers the energy. Tdf& state
low-lying a‘F (~6000 cm*) state from the 6'5d” configu  gives rise to the'®, *A, “II, and *3~ states of group II. The
ration (G4). The *D term is split intoX?A, 1°I1, and £2° a°D anda‘F states are the low-lying terms for H{54). The
states (group 1) by the Clligand field. The ordering of thesegroup lll states seem to correlate with th@ term from the
states is consistent with the effects of theé @hion on the 8 same 8'5d? configuration of Hf which lies at~17 500 cm™.
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TABLE 3—Continued

J’ J” Obs. o-C J’ J” Obs. 0-C
525 51.5 7633.785 4 415 425 7617.272 -9
535 52.5 7633.562 2 42.5 435 7616.707 -9
54.5 53.5 7633.342 11 435 44.5 7616.138 -3
55.5 54.5 7633.101 6 445 455 7615.555 -4
56.5 55.5 7632.857 8 455 46.5 7614.965 -3
57.5 56.5 7632.605 9 46.5 47.5 7614.367 -2
58.5 57.5 7632.340 6 47.5 485 7613.754 -8
59.5 58.5 7632.062 -2 48.5 49.5 7613.139 -8
60.5 59.5 7631.782 -4 49.5 50.5 7612.521 -2
61.5 60.5 7631.504 6 50.5 51.5 7611.888 -4
62.5 61.5 7631.207 3 51.5 52.5 7611.249 -3
63.5 62.5 7630.903 2 52.5 53.5 7610.598 -7
64.5 63.5 7630.583 -5 53.5 54.5 7609.940 -9
65.5 64.5 7630.265 -4 54.5 555 7609.275 -10
66.5 65.5 7629.944 3 55.5 56.5 7608.604 -9
67.5 66.5 7629.609 6 56.5 57.5 7607.932 1
68.5 67.5 7629.264 5 57.5 58.5 7607.233 -10
69.5 68.5 7628.905 0 58.5 59.5 7606.542 -4
70.5 69.5 7628.544 0 59.5 60.5 7605.836 -5
715 70.5 7628.183 8 60.5 61.5 7605.134 6
72.5 71.5 7627.798 2 61.5 62.5 7604.406 -1
73.5 72.5 7627.418 9 62.5 63.5 7603.673 -4
74.5 73.5 7627.020 5 63.5 64.5 7602.927 -12
75.5 74.5 7626.617 5 65.5 66.5 7601.434 -5
76.5 5.5 7626.203 3 66.5 67.5 7600.674 -2
715 76.5 7625.781 1 67.5 68.5 7599.905 -1
78.5 7.5 7625.353 2 68.5 69.5 7599.128 1
79.5 78.5 7624.916 1 69.5 70.5 7598.342 1
80.5 79.5 7624.468 -2 70.5 71.5 7597.543 -2
81.5 80.5 7624.024 7 71.5 725 7596.742 1
82.5 81.5 7623.544 -11 72.5 735 7595.931 1
83.5 825 7623.088 4 735 74.5 7595.110 0
84.5 83.5 7622.607 1 74.5 755 7594.282 0
85.5 84.5 7622.117 -3 75.5 76.5 7593.443 -3
86.5 85.5 7621.623 -1 76.5 77.5 7592.603 2
87.5 86.5 7621.118 -2 715 78.5 7591.747 -2
88.5 87.5 7620.605 -3 78.5 79.5 7590.886 -2
89.5 88.5 7620.084 -4 79.5 80.5 7590.018 -1
90.5 89.5 7619.553 -7 80.5 81.5 7589.144 2
91.5 90.5 7619.017 -5 81.5 82.5 7588.259 2
94.5 93.5 7617.352 -8 825 83.5 7587.360 -3
95.5 94.5 7616.785 -4 83.5 84.5 7586.467 6
96.5 95.5 7616.216 6 84.5 85.5 7585.547 -4
97.5 96.5 7615.618 -3 85.5 86.5 7584.630 -3
98.5 97.5 7615.020 -5 86.5 87.5 7583.702 -4
5.5 6.5 7632.223 -1 87.5 88.5 7582.777 6
6.5 7.5 7631.942 -10 88.5 895 7581.826 -2
8.5 9.5 7631.381 -1 89.5 90.5 7580.881 4
9.5 10.5 7631.086 0 90.5 91.5 7579.912 -5
10.5 11.5 7630.785 4 91.5 92.5 7578.952 3
11.5 12.5 7630.462 -6 92.5 93.5 7577.984 10
12.5 13.5 7630.140 -7 93.5 94.5 7576.983 -7
13.5 14.5 7629.820 2 94.5 95.5 7576.004 7
14.5 15.5 7629.482 2 95.5 96.5 7575.004 8
15.5 16.5 7629.144 9 96.5 97.5 7573.995 8
16.5 17.5 7628.783 2

It is interesting to compare the present results for HfCl with The constants of Table 5 have been used to determine t
those available for the isoelectronic Hf35). Both of these equilibrium rotational constants for the observed states ¢
molecules have a regulak ground state. In the HfH case, two'*Hf*Cl (Table 7). The equilibrium constants ofB,

33 transitions (at 14 495 and 19 147 cihshowed substantial 0.1097404(54) ¢, a, = 0.0004101(54) cit have been ob
Q-doubling in the excited states more consistent with sptained for theX’A,, ground state, while the values & =
components ofIlI states. The excited states of both HfH an0.105651(54) cm', a. = 0.0004068(67) cmi, and B,
HfCl evidently have case (c) tendencies and are not wél1066838(53) cit, a. = 0.0005043(63) cit have been deter
represented by Hund’s case (a) labels. mined for [7.6fA;, and [17.1fA;, excited states, respectively.
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TABLE 4
Observed Line Positions (in cm™) of "*Hf*CI
¥ 3 Obs. 0-C 'R 3 Obs. 0-C

HESCL [17.1PA-X2A 1-0

2.5 1.5 17491.137 a 0 455 44.5 17492.963 a 1
35 25 17491.329 a -2 46.5 45.5 17492.845 a -1
4.5 35 17491.520 a 1 1.5 25 17490.062 a 4
55 4.5 17491.698 a 0 2.5 35 17489.821 a 0
6.5 5.5 17491.872 a 1 3.5 4.5 17489.574 a -3
7.5 6.5 17492.033 a -3 4.5 55 17489.333 a 8
8.5 7.5 17492.195 a 1 55 6.5 17489.063 a -3
9.5 8.5 17492.343 a -1 6.5 7.5 17488.799 a 0
10.5 9.5 17492.485 a -2 7.5 8.5 17488.524 a -2
11.5 10.5 17492.623 a -1 8.5 9.5 17488.246 a i
125 11.5 17492.750 a -3 9.5 10.5 17487.954 a -3
13.5 125 17492.872 a -2 10.5 115 17487.664 a 3
14.5 13.5 17492.988 a -1 11.5 12.5 17487.360 a 1
15.5 14.5 17493.096 a 0 12.5 13.5 17487.049 a 0
16.5 15.5 17493.199 a 3 13.5 14.5 17486.735 a 2
17.5 16.5 17493.289 a 0 14.5 155 17486.408 a 0
18.5 17.5 17493.377 a 3 15.5 16.5 17486.078 a 1
19.5 18.5 17493.460 a 7 16.5 17.5 17485.738 a 0
20.5 19.5 17493.523 a -1 17.5 18.5 17485.398 a 5
21.5 20.5 17493.585 a -2 18.5 19.5 17485.037 a -3
22.5 21.5 17493.643 a -2 19.5 20.5 17484.682 a 2
235 22.5 17493.694 a 0 20.5 21.5 17484318 a 5
245 23.5 17493.736 a 0 21.5 22.5 17483.938 a 0
255 24.5 17493.771 a 0 22.5 235 17483.556 a -1
26.5 25.5 17493.797 a -2 235 24.5 17483.168 a 0
275 26.5 17493.818 a -2 24.5 255 17482.771 a -1
28.5 275 17493.832 a 0 25.5 26.5 17482.366 a -3
29.5 28.5 17493.838 a -1 26.5 27.5 17481.965 a 6
335 325 17493.793 a 1 27.5 28.5 17481.541 a 0
345 335 17493.764 a 1 28.5 29.5 17481.117 a 1
355 345 17493.726 a 1 29.5 30.5 17480.686 a 1
36.5 355 17493.681 a 0 30.5 315 17480.245 a -1
375 36.5 17493.629 a 0 315 325 17479.799 a -1
38.5 375 17493.571 a 0 325 33.5 17479.345 a -2
435 425 17493.173 a 1

J’ J” Obs. 0-C J’ J" Obs. 0-C

BHESCL [17.1PA-X?A 0-0

25 1.5 17138.968 a 3 8.5 8.5 17138.200 a 7
35 2.5 17139.163 a 0 9.5 9.5 17138.133 a 0
4.5 35 17139.355a 1 10.5 10.5 17138.066 a -2
5.5 4.5 17139.538 a -1 11.5 11.5 17137.995 a -1
6.5 5.5 17139.718 a 1 12.5 12.5 17137918 a 0
7.5 6.5 17139.891 a 1 13.5 13.5 17137.834 a 0
8.5 75 17140.053 a -4 14.5 14.5 17137743 a 0
9.5 8.5 17140.217 a 0 1.5 25 17137.884 a 0
10.5 9.5 17140.369 a -2 2.5 3.5 17137.649 a 0
11.5 10.5 17140.518 a -1 35 4.5 17137.409 a 1
12.5 11.5 17140.661 a 1 4.5 5.5 17137.162 a 1
13.5 12.5 17140.796 a 1 5.5 6.5 17136.906 a -1
14.5 13.5 17140.922 a -2 6.5 7.5 17136.647 a 0
15.5 14.5 17141.045 a -2 7.5 8.5 17136.383 a 2
16.5 15.5 17141.163 a 0 8.5 9.5 17136.109 a 1
17.5 16.5 17141.274 a 0 9.5 10.5 17135.830 a 0
18.5 17.5 17141.379 a 1 10.5 1L.5 17135.544 a -1

Note.O-C are observed minus calculated wavenumbers in the units 6th®* and lines marked by “a”
were observed in the laser excitation spectra.

The equilibrium constants provide the bond lengths efquilibrium bond length can be compared with the bond lengths
2.290532(57), 2.334437(60), and 2.323113(58) A forxhe,, 2.2647 A for theX'd ground state of TiCIZ6), 2.3852 A for the
[7.6]'A4,, and [17.1JA,, states, respectively. The ground statéd state of ZrCl 29), and 2.33 A for HfC| (56).
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TABLE 4—Continued

J’ J” Obs. 0-C J’ J” Obs. 0-C
19.5 18.5 17141.476 a 1 11.5 12.5 17135.255 a 2
20.5 19.5 17141.566 a -1 12.5 13.5 17134.955 a -2
21.5 20.5 17141.651 a -2 13.5 14.5 17134.656 a 3
225 215 17141.731 a 0 14.5 15.5 17134.340 a -4
23.5 22.5 17141.805 a 1 15.5 16.5 17134.025 a -3
24.5 235 17141.872 a 1 16.5 17.5 17133.705 a -1
25.5 24.5 17141.936 a 4 17.5 18.5 17133.376 a -2
26.5 25.5 17141.987 a 2 18.5 19.5 17133.040 a -3
275 26.5 17142.029 a -5 19.5 20.5 17132.702 a -1
28.5 27.5 17142.076 a 0 20.5 21.5 17132.355 a -1
295 28.5 17142.113 a 1 21.5 225 17131.999 a -4
30.5 29.5 17142143 a 2 22.5 23.5 17131.646 a 3
315 30.5 17142.164 a -1 23.5 24.5 17131.277 a -2
44.5 435 17141.906 a 1 24.5 25.5 17130.907 a 0
455 445 17141.839 a -3 25.5 26.5 17130.529 a -1
46.5 45.5 17141.777 a 4 26.5 275 17130.145 a -1
475 46.5 17141.697 a -1 27.5 28.5 17129.755 a -1
48.5 475 17141.608 a -8 28.5 29.5 17129.359 a -1

1.5 1.5 17138.432 a 0 29.5 30.5 17128.958 a 0
2.5 2.5 17138.414 a -3 30.5 31.5 17128.548 a -1
35 3.5 17138.394 a -1 31.5 325 17128.135 a 1
4.5 4.5 17138.369 a 3 325 33.5 17127714 a 1
55 5.5 17138.335 a 2 335 345 17127.291 a 4
6.5 6.5 17138.292 a 0 345 35.5 17126.857 a 3
7.5 75 17138.247 a 2 355 36.5 17126.412 a -3

The observe® head positions of 0-1, 1-2, 2-3, 3—4, 0—0and 1-0 bands of thE17.1]°A,,—X*A,,, and 0-0 and 1-1

1-1, 2-2, 3-3, 1-0, 2-1, 3-2, and 4-3 bands at 16 7640ands of thg7.6]"A;,—X*A ), transitions provide thaG’ (3)

16 740.6, 16 716.1, 16 665.7, 17 142.1, 17 115.9, 17 089values of 350.3616(25) and 351.85319(86) “tnfor the
17 062.2, 17 493.7, 17 464.8, 17 435.7, and 17 406.1'cm[17.1FA,, and [7.6FA, excited states, respectively. The com
respectively, have been used in the usual vibrational enefgiwed fit provides the ground state vibrational interval of
expression to determine the vibrational constantswpf= —AG’(3) = 377.9694(21) cm'.

379.85 cm?, wX. = 1.13 cm* for the X*A,,, and w, = The spectroscopic properties calculated from the CMRC
353.85 cm*, wX, = 1.23 cm* for the [17.1FA,, state (with potential energy curves are given in Table 8, where they ai
T. = 17 154.10 cm'). These vibrational constants are iralso compared to the available experimental values. The fc
general agreement with those of Moskvitiagal. (32). Note lowing properties are reported: the equilibrium internuclea
that the rotational constants of Moskvitiagal. (32), however, distanceR,, the harmonic frequencies at equilibrium, and
are clearly in error because they predict unreasonably lotige term energie$,, corrected for the zero-point energy eon
bond lengths. The equilibrium vibrational constants for thibution calculated within the harmonic approximation. The
[7.6]*A;, state of HfCI could not be determined due to a lackalculated values are in good agreement with the correspor
of vibrational bands. The rotational analysis of the 0—0, 1-thg experimental values derived in this work: within 4% Ry

TABLE 5
Spectroscopic Constants (in cm™) for the X°A;,, [7.6]*A4,, and [17.1]°A;, States of *Hf*ClI
constants XA, ) [7.6]'A,, [17.17%4,,
v=0 v=1 v=0 v=1 v=0 v=1
T, 0.0 377.9694(21) 7633.79378(80) 7984.1554(24) 17138.39814(36) 17490.25133(78)
B, 0.1095353(42) 0.1091252(53) 0.1054479(42) 0.1050411(52) 0.1064316(42) 0.1059273(47)
108x D, 3.803(37) 4.58(13) 3.951(37) 4.78(12) 3.596(39) 3.27(10)

Note: Numbers in parentheses are one standard deviation in the last digits quoted.
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TABLE 6 TABLE 8
Spectroscopic Constants (in cm™) for the X*A;, Spectroscopic Properties of the Low-Lying Electronic States
and [17.1]°A;, States of "*Hf**CI of HfCI from CMRCI Calculations
constants XA, [17.11%A4, Spin State To Re oe
v=0 v=0 v=1 multiplicity emly (A) (em'l)
T, 0.0 17138.44387(37) 17490.62056(44) 2 X 2 0 2.384 347
B, 0.1096923(97) 0.1065747(92) 0.1060757(93) (2.290532) (379.8)
10°x D, 4.07(58) 3.45(52) 3.85(93) 12 2038 z417 327
12+ 3740 2.441 300
. N . 125 16540 2.429 318
Note: Numbers in parentheses are one standard deviation in the last digits quoted.
220 16723 2.436 317
12r 17207 2.454 319
(0.09 A), within 8% (30 cm) for w, and within 5% (800 220 17261 2.466 299
cm ) for the T, values. A similar agreement was observed for 224 17955 2.405 338
the two latter properties in the case of diatomic transition metal (17138) (2.323113) (353.8)
nitrides calculated at the same level of theoBy+39. The 4 144 7270 2.406 328
agreement was, however, better (within 0.04 A) for the equi- (7634) (2.334437) (350.1)
librium internuclear distances. We attribute this difference to 14y 7842 2374 348
the singly polarized basis set used for the chlorine atom. It was 1o 6915 2.508 259
indeed showng56-57 that adding a secondd3polarization 141 9047 2.404 283

orbital on third row atoms resulted in a significant lowering of
the R, values, while this effect was negligible in the case of Note. Experimental values from this work are given in parentheses.
second row atoms. Owb initio calculations thus support the

following assignment for the two observed transition$A4 i
X2A and ZA-X?A (see the arrows in Fig. 4). 2.290532(57) A to be compared 2.2647 A for TiGl*() and

2.3852 A for zZrCl (®).
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ground state of HfCI consistent with oab initio calculations.
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