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Rotational and hyperfine analysis of the near infrared 3p,- XD,
transitions of CoCl and Col

Ally L. Wong, W. S. Tam, and A. S-C. Cheung?
Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong

(Received 20 March 2003; accepted 13 May 2003

Electronic transitions of cobalt monochloride and cobalt monoiodide have been studied using laser
vaporization—reaction free jet expansion and laser induced fluorescence spectroscopy in the near
infrared region. The observed transitions have been identified 4$Qt@ 3® ,—X 3®, transition of

CoCl and[11.0] %®,—X 3®,, transition of Col. The magnetic hyperfine structure arising from the
cobalt nucleus with=7/2 was resolved and analyzed. Accurate rotational and hyperfine parameters
for the [10.3] 3®, and X 3®,, states of CoCl anfi11.0] 3®, and X 3®, states of Col have been
obtained. Comparison of Fermi contact parametbgs, for the upper states indicated that the
observed10.3] 3®,—X 3®, transition of CoCl andl11.0] 3*®,—X 3®, transition of Col have arisen

from the promotion of an electron from the bondiagorbital to a slightly antibondingr orbital.
Observed low-lying®® states of the cobalt monohalides and hydride are also compared and
discussed. ©2003 American Institute of Physic§DOI: 10.1063/1.1589476

I. INTRODUCTION perimental conditions will be given here. A laser pulse of 532

Interests in the structure of gaseous transition metal hgl™ and 10 mJ from a Nd:YAG laser was focused onto the

lide molecules are both in basic resedrend practical ap- surface of a cobalt roq to prloduce cob_alt metal vapor. A
plication which include halogen metallurgy, chemical vaporpmsed valve, §ynchron|zed g/wth appropriate delay time, re-
transport, and deposition to the lamp indugt¥.Spectro- leased gas mlg(tures of 1.'8A3 of Rdh argon to produce
scopic studies of transition metal diatomic halides have bee O_Cl and 4.3% of CHl in argon to produce Col. The
an active area of research for many yeafsThe diatomic d:-YAG—pulsed valve system was operated at 10 Hz. The

metal monohalides are simple model systems that can pr elt COO'EiOrI Cr(i)nm land rCoIﬂr}nolgcll)JIesnwerre (naxim;etld byr aLC'W'r
vide insight into the role of thed orbitals in chemical ~Sapphlre Ting 1aser pumped Dy an argon 1on faser. Lase

bonding®® induced fluorescence signal was collected by a lens system

Amongst the cobalt monohalides, high resolution spec-and detected using a photomultiplier tWEMT). The PMT

voscopic stuiesof CoF and Cocl® /iave been per- 0P W3 e o 5 boser tegrar for avereging, A
formed in recent years. However, there has been no higR W w ! ni

resolution spectroscopic work on CoBr and Col so far. In thist'a”y’ and the transition bands detected were eventually re-

paper, we report rotational and hyperfine analysis of th(%:orded under high resolution. The line width of the molecu-
3d,-3d, transition of CoCl and Col in the near infrared ar transition was about 250 MHz and the line positions were

region. Six and eight vibronic transition bands of CoCl andmeasured with an absolute accuracy of abo0t002 cm *.

Col, respectively, were recorded and analyzed. Accurate mo-

lecular parameters for both the upper and the grotshg IIl. RESULTS AND DISCUSSION

states have been determined by least squares fitting of line

positions of observed bands simultaneously for each mol- High resolution laser induced fluorescence spectra of
ecule, which yielded accurate molecular parameters for bote0oCl and Col between 750 and 900 nm have been recorded
the upper and lowei®d , states. This work represents the first and analyzed. Six and eight transition bands belonging to
experimental investigation of the spectrum of Col. CoCl and Col were analyzed.

A. Spectrum of CoCl

Figure 1 shows thé4,0) band of thd10.3] 3®,—X 3d,

CoCl and Col molecules were produced in a supersonigransition. The first linesP(5), Q(4), and R(4) of the
free jet expansion in argon by the reaction of laser ablate@ranches, are clearly resolved and assigned, which confirmed
cobalt atoms with phosphorous trichloride (B)cind methyl  the transition observed belongs to(H="=4 transition.
iodide (CHl), respectively. The laser vaporization—reactionwith strongP and R branches, the transition has been as-
free jet expansion laser induced fluorescence spectrometgigned as &®,—X 3®, transition. TheR branch appears to
employed in this work had been described in earlierbe slightly higher in intensity because hyperfine transitions
publications'®*° Only a brief description of the relevant ex- are not resolved. Further evidence supporting our assignment
is discussed in later section. It is easily noticed that in both

aAuthor to whom correspondence should be addressed. Teleptgs@:  the P an_dQ branChesy_ the hyperfine widths decrease rapidly
2859 2155; Fax(852 2857 1586; Electronic-mail: hrsccsc@hku.hk whenJ increases, which suggests that the angular momen-

Il. EXPERIMENT
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FIG. 1. (4,0 band of the[10.3] °®,~X *®, transition of CoCl. FIG. 2. High resolution spectrum of th@(4) lines of the(4,0) band[10.3]
3®,—X 3d, transition of CoCl at 11 938 cnt showing resolved hyperfine
components.

tum coupling of the’®,, state is closed to Hund’s coupling o .

case @,). We have observed and analyzed six bands at thd- Determination of spectroscopic parameters

following positions 11200, 11571, 11939, 12305, 12668, The 3®; state studied has three spin components, be-
and 13028 cm®. In addition, two much weaker bands at cause of large spin—orbit interaction, only one substate,
12274 and 12631 cit were also observed, unfortunately, namelyQ)” =4, has been observed. For only one substate, the
due to low signal-to-noise ratio of the transition lines, a de-otational energy levels could easily be represented using the
tailed analysis of rotational structure of %tsgese bé':mds was ndbllowing expression:

possible. Since chlorine has two isotop&€l and*’Cl, and _ N2 2

the natural abundance of these isotopes are about 3:1, it is F)=TotBII+1)~DI(I+1)% @
reasonable to explore the possibility that these two weakeFhe hyperfine Hamiltonian can be represented by

bands belong to the GtCl isotope. The shift in band heads -

between theglz 305 and 12 27p4 bands is 3Itrand the Higs=al L, +bl-Stcl;S,, 2
12668 and 12631 bands is 37 thy which agree well with  wherea, b, andc parameters are the same as defined by
the isotopic shift between the two isotopic species when th&rosch and Fole$! The three terms in the hyperfine Hamil-
12305 and 12 668 cit bands are assigned as #%0) and  tonian are respectively the nuclear spin—orbit, the Fermi con-
(6,0) bands of the C8CI, respectively. Figure 2 shows the tact and the dipolar electron spin and nuclear spin interac-
hyperfine transitions of th€(4) line. Hyperfine transition tions. For a® state with large spin—orbit interaction, the
lines, caused by the cobalt nucleus with 7/2, satisfy selec- angular momentum coupling case is appropriately described
tion rulesAF=—1, 0, and+1 are, respectively, labeled as by the Hund’s coupling caseatg;).22 In such coupling case,
p(F"), q(F"), andr(F"). Due to the limitation of our wave- the grand total quantum numbErresults from coupling the
length coverage, the lowest vibrational level studied waswclear spin,l, with the angular momentund, where
with v=2. A list of the wave numbers of thes( 0) bands F=I1+J. Matrix elements of ab state in Hund's coupling
with v=2-7 of the3®,-X3®, transition of CoCl mea- case @) can be found in Azumaet al?® The matrix ele-
sured in this work is deposited to the EPAPS. ments concerning the hyperfine Hamiltonian are:

Q-h[F(F+1)—1(1+1)—JJ+1)]

2J(J+1) ' ©

(JQIF|HpJOIF) =

hy3?— Q%I+ +F+1)(F+I-1)(J+I—F)(F+1—-J+1)

20\(23+1)(23-1)

4

(JQIF|HpdI-1.Q1F )=

Sinceh=aA +(b+c)3, for the 3, substate(that is with  ting, and, eventually, a merged fit with all line positions

A=3 andX=1) thanh=3a+b+c. measured was performed. A data set consisting of 785 hyper-
The observed line positions were fitted in two steps. Ini-fine lines was simultaneously fit yielding a root-mean-

tially, information such as rotational constants and band orisquaregrms) error of 0.0012 cm®. Since only lowJ lines

gin of individual band were obtained in a band-by-band fit-were observed in our experiment, the centrifugal distortion
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TABLE I. Molecular constants for thgl0.3] 3®, andX 3®,, states of CoCl (core)(100)2(4m)*4(16)3(5m)3(110) L (120)*
(cm™1).
56 5 3 3 1 1
cte v . B, . o, °II, (3)°®, (3)°II, (2)~P,(2)"1I. (6)
[10.3 3, 7 13026.775@) 0.15835%6)  0.05282) It is generally agreed that thie state arises from electronic
6 12666.631(»)  0.1574047)  0.053§2) configuration(5) is the ground state. ThE20.7] 3® state
5 12303.8236)  0.15765%)  0.05462) arises from the promotion of one electron fromo11120
4 11938.371®)  0.1582107)  0.05492) orbital as indicated in electronic configurati®f).!” Such
3 11570.2598)  0.1588887)  0.05512) Lo o )
2 11199.484%)  0.1596527)  0.05512) situation is similar to the transition in CoH W|th_ the promo-
tion of an electron from &— 80 molecular orbital as ob-
X30, 0 0 0.1795287)  0.04381) served by Barnest al?* Magnetic hyperfine structure gives

useful information about the bonding in the molecule be-
cause hyperfine parameters are related to expectation values
constantD for the X 3®, state was fixed at the value ob- of the coordinates of electron near the spinning nucféus.
tained using Fourier transform spectrosc@pyS) by Hirao ~ Hyperfine parameters can be expressed as averages over
et al’” Molecular constants obtained for the observed vi-electronic coordinates and are listed as follors cm™*
bronic levels are listed in Table I. The rotational constant ofunit):

thev =7 level is unreasonably large, which indicates that the

whole v =7 subband is subjected to a global perturbation. _[_Ho ) -3

Detail of this perturbation is not known at the present mo- 2 (4 hc 9omern 2 (1)) @

ment, we could not pursue any further this perturbation. For g
obtaining equilibrium molecular constants, we did not in- Mo ™

clude the molecular constants for the=7 level. The results P (4 hc) 3 ggN’MB’MN(ZS>E (ui(0)), ®
are presented in Table Il. The experimentally determined ro-

tational constants are effective parameters for(e4 sub- Mo |3
level of the3® state and hence, the determined effective ZA7ho| 2 9INHBHN| 5 E (3cog §;—1)(r ),
bond length for the)=4 substates ang,=2.1746 A for the (9)

[10.3] 3®, andr,=2.068 A for theX 3®,, states.
b=bg—3c (10)

2. Interpretation of hyperfine parameters

As indicated by Bernath and co-workers in ¢b¥ and
CoClI}" and Adamet al. in CoF%!® and CoCH® the elec-
tronic states and electronic spectra of cobalt monohalides
and cobalt hydrid®?°> are very similar. The[20.7]
3¢ ,—X 3, and[21.3] 3® ,—X 3, transitions of CoCl were
suggested by Adarat al® using laser induced fluorescence
spectroscopy that these transitions arise from the promotio
of an electron from the 1#—120 molecular orbital. How-
ever, recent FTS work of Hiraet al!’ indicated that the
upper state of thg21.3] transition is probably’A; state but
the 3®, assignment of Adanet al® could not be definitely
ruled out The electronic configurations suggested by Adam
et al® for the lower and upper states are as follows:

A common method of obtaining estimates of the hyper-
fine parameters is to use a free atom comparison method to
compare the determined parameters aithinitio results for
8tom?’ The a and ¢ parameters were calculated using the
above expressions and the values/qf3),?® and (3 co¢ 6,
—1).2%% For the X3® state, we obtained a
=0.02071 cm?® andc=—0.01522 cm? from such calcu-
fAtions. Experimentallyh=3a+ b+ c was determined to be
0.04380 cm*, which gives an estimate of th®- parameter
to be —0.008 18 cm®. This value is quite small, which is
consistent with the electronic configuration of no unpaired
electron occupying any of th&r orbital. Such a small value
"Sf by for the X 3®,, state was also obtained by Adanhal 16
For the upper statgl0.3] 3®, the value ofa andc should be
(core)(100)%(4m)*4(16)3(5m)3(110)? similar to that of theX 3®, state, so that estimated value of

%30, 3 1o I ®) the bp parameter for the upper state is 0.003 12 ¢m

' o Electronic configuration(6) gives rise to three excited
and 3d states. It is not possible to calculateba value for the
particular near infrared state studied, since these thdee

- 3 states cannot be treated separately. However, one can esti-
TABLE II. Equilibrium molecular constants for tf&0.3] °®, state of CoCl

and[11.0 3®,, state of Col (cm). mate the range within which th®- values lie. ThebF values
calculated can then be compared to experimentally deter-
Parameter [10.3 *®, of CoCl [11.0 *®, of Col mined bg values. The Slater determinant electronic wave
T, 10 260.90846) 11 059.7683) functions for the threéd states can be writtei.
we 378.76431) 226.075%3)
WX 1.3347) 0.72189) 3. 3,3 1w+
ooy 0.0043) ~0.002 05(8) P0; 8 m(C0) X oo (*ET))
Be 0.162 43 0.065 465
a, 0.0013 0.000 277 1 -
re (R) 2.1746 2.5295 = E|(52+1T+0'E)—(52+17+0'a')>, 11
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FIG. 3. (2,0 band of the[11.0] 3®,—X 3®, transition of Col. FIG. 4. High resolution spectrum of ti2,0) band of thg11.0] 3®,—X 3d,,
transition of Col at 11 619 cmt showing partially resolved hyperfine com-
ponents.

[PD; B m3(ld) X aa(32T))
CoCl also arises from the #l-120 transition and th¢10.3]

=i|—2(5“?*00)+(52+7T*UE)+(52+77*FU)>, 3<I>4.state. is anothef®, state arisen from the electronic
J6 configuration(6).
(12 B. Spectrum of Col
30; SBr3CP)x g (32 ) A total of eight vibronic transition bands have been ob-
served and analyzed. Each band consist® 0fQ, and R
_ i|_3(gz+7mo)+(5z+ mtoo) branches. The first line of each branch was unambiguously
J12 assigned which confirms the transition with =Q"=4. Fig-
oh — S ure 3 shows the band head region at 1162Itrand a
H(& o)+ (8 T g0)). 13 portion of theQ branch. TheR branch appears to be stronger

because of the overlapping of unresolved hyperfine compo-
nents. Sincé°Co'?’ is the only detectable isotope, we could
"ot use the usual isotopic shift method to assign vibrational
numbering of the transition bands observed. We searched the
spectral region from 750 to 900 nm and could not find any

The values ofbg for the three wave functions can be
obtained by calculating eigenvalues of the one-electro
Fermi contact operators for the twoorbitals. This calcula-
tion was performed to CoBf With the assumption that the

dominant contribution to the hyperfine parameter was fro ther transition band below 11172 ch Therefore, it

the.|Co atcr)]m, tfhg estivnclgrt]dtﬂ: V"’!'”ES ford%deI VCVOUId be would be reasonable to assign the 11172 érband to be
similar to that of CoH. With atomic beam orCoatom w0 0,0) band of the[11.0] 3® ,—X 3d, transition. Figure 4

gnodggging Sgggthreea Vga\_/nf funcﬁ@h}}% bg Va|l|JeS 0: shows a portion of the spectrum at higher resolution. The
: ' » and bcm are obtainéd.- 1he bg vaiueé o magnetic hyperfine transitions of thd®> branch at

3
gh(e)ngo'z]l (I)h4_ hstate of Cl(I)CI. hwis m%;?\sure(_j 0 Ibe 11619 cm® are relatively resolved. The Fermi contact in-

) : Icmd 'AW ]!C ?}ggafz we W't t _‘? 'Ee UM SIZ€ Valu€ yo 4 ction of both*d, states of Col are small, only the stron-
calculated. As for th¢21.3| transition, if the upper state is ger AF=AJ transitions in these bands were assigned. The

3@, state, itsbg value fits well with the largest value calcu- line positions of the eight observed bands of {HA.Q]
lated. If the upper state of tH@1.3] transition is3A; state, 3¢ ,—X 3D, transition have been also tabulated and depos-

the Iargng valge suggests that tHa, ;hould arise frpm an i into the EPAPE
electronic configuration with an unpaired electron insan
orbital. Although the electronic configuration proposed by
Hirao et all” for the®A; state has an unpaired electron in the
120 orbital which has considerabler<haracter, such con- Similar to the CoCl molecule, the observed line posi-
figuration involves moving the two electrons from thesll tions forv=0-7 level of the[11.0] 3®,—X 3®, transition
orbital to the 5r and the 12 orbitals. It is expected that such of Col were merged in a grand least squares fit using expres-
two-electron jump transition should be extremely weak,sions given in(1)—(4). The centrifugal distortion constants,
however, it is puzzling that thi21.3] transition is of consid- D, for the both®®, states were fixed at values given by the
erable intensity” In our work, the[10.3] 3®, states with a  Kratzer relation. A total of 610 hyperfine lines were used and
very smallbg value of —0.003 12, which fits into the pattern yielded a rms error of 0.0016 ¢m. The results of the least
and agrees well with the smallebt value predicted. We squares fit are tabulated in Table 11l and the equilibrium mo-
could conclude that th¢10.3] 3®,-X3®, transition of lecular constants also were included in Table IIl. The deter-

1. Determination of spectroscopic parameters
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TABLE III. Molecular constants for thg11.0] *®, andX *®,, states of Col  the CoCl molecule should also be valid for Col. For a small
o ;
(cm™). value of thebg=—0.009 08 cm* obtained for th¢11.0] 3®
T B h, state, it would be consistent to assign fi4.0] 3®—X 3
transition as arising from a—o transition.

State

<

v v

[11.0] 3®, 7 12 713.855@) 0.0633783)  0.04687)
6 12498.1908)  0.0636683)  0.047a8) ; ;
5 12280.9978)  0.06394%3)  0.04537) C. Discussion
4 12062.294)  0.0642243)  0.04718) It is interesting to study and compare the knowh
2 E 2‘2‘5'2328 8'823 3223; g'gjsg;; states of the cobalt hydride and monohalides. Table IV listed
1 11 397.2483) 0.0650463)  0.04767) the molecular constants for the Iow—lyin@_b states deter-
0 11172.617@)  0.0653203)  0.04767) mined so far. It is well known that there is a strong corre-
3 spondence between the electronic states of the Co—F and
X3, 0 0 0.07458@)  0.04297)

Co—H, even though the C& bond is much more ionic
than Co—H bond? In both cases, the single bond forms by
loss or pairing of ars electron from the metal to leaw#' st
mined rotational constants are effective parameters for thgr d"** configuration. Using molecular orbital10), we
=4 sublevel and hence, the effective bond length of the:ould also describe the ionic nature of the cobalt monoha-
Q=4 substate are,=2.5295 A for the[11.0] °®, andry,  |ides. There are nine valence electrons in theahd 3
=2.3698 A for theX *®, state of Col. This is the first time  grpjtals of the cobalt atom and five valence electrons impthe

that molecular constants for Col have been reported. orbitals of the halogen. The lowestand = MOs are essen-
tially formed from thep atomic orbitals of the halogen atom,
2. Interpretation of hyperfine parameters the filling up of these orbitals requires a transfer of electron

Using expression$7)—(10), we could estimate the hy- from the Co atom to ther MO. Such move of electron from

perfine parameters of Col. Since such values are cominiie Co atom to the halogen atom forms the expectetCo
from the ab initio results for Co atom, the andc param-  ionic compound. The upper states involved the promotion of
eters would be similar to those used for CoCl, thatais @n electron from a closed bonding orbital to the slightly
=0.020 71 an¢t= —0.015 22 cm*. Thebg values obtained antibondingo orbital, it is expected that the bond length of
from using the experimentally determinadn Table Ill are  the upper states would be longer than #éd state as
—0.009 08 and-0.004 38 for thg11.0] 3®, and theX 3®, shown in Table IV. In addition, it is commonly known that
states. The molecular orbital energy levels formed from théhe electronegativities of constituent atoms in a molecule
Co atom’s 3 and 4 atomic orbitals and the iodinepsor-  play a very important role in determining the bond type. In
bitals are very similar to those in CoCl. The electronic con-the case of cobalt monohalides, the electronegativities of F,
figuration of the valence orbitals of Col a@m30? and Cl, and |, are, respectively, 4, 3.1, and 2.6 and for Co is 1.8.
53m3otot, which are similar to those configurations (® It is reasonable that cobalt monohalides are ionic compounds
and (6) giving rise to the ground and low-lying electronic and the ionicity decreases from F to I. Our experiments
states, respectively. Amongst the thrde states expected to showed that thé® electronic states studied in the near in-
arise from thes® 3o to ! configuration, th¢11.0] 3® state is  frared region for CoCl and Col are quite similar to that of the
the only one studied so far. The earlier discussions concerrEoF, it is reasonable to expect CoBr have similar electronic
ing the three different sizes of the hyperfine parameters of state in this energy region. We searched for the near infrared

TABLE IV. Molecular constants for the low-lying® states of cobalt monohalides and hydride (én

CoF CoCl Col CoH
X 3@ B.=0.389 82 X3P B,=0.179317 ¢ X3, B,=0.074 587 X3, B.=7.255 382
ro(A)=1.7349 ro(A)=2.0696 ro(A)=2.3698 ro(A)=1.5313
we=677.59 AG,,=430.418 AG,,=1858.793
Ad=—232.873
[10.3°® B.=0.354 022 [10.3°3D, B.=0.162 43 [11.0°3d, B.=0.065 465 A 30, B,=6.37541
re(A)=1.8231 re(A)=2.1746 ro(A)=2.5295 ro(A)=1.6335
0.=580.35 0,=378.76 0e=226.07
[18.8°D B.=0.378F [20.4°3® B,=0.168617 4
ro(A)=1.762 ro(A)=2.1343
0.=673.3 A=—131.2941
A=—195507 we=403.57
[19.2°%® B.=0.3785% [21.0]% B,=0.1708456
re(A)=1.761 Ed) ro(A)=2.1203
0.=580.35 A= —207.5324
0e=393.73
aSpin—orbit interaction parameter. YMolecular constants for this state were taken from Ref. 17.
b\Molecular constants for this state were taken from Ref. 12. ®Molecular constants for this state were taken from Ref. 16.
®Molecular constants for this state were taken from Ref. 13. "Molecular constants for this state were taken from Ref. 25.
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