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Perturbations in the pure rotational spectrum of CoCl (X3D)):
A submillimeter study

M. A. Flory, D. T. Halfen, and L. M. Ziurys
Department of Chemistry, Department of Astronomy, and Steward Observatory, University of Arizona,
Tucson, Arizona 85721

(Received 13 May 2004; accepted 29 July 2004

The millimeter/submillimeter-wave spectrum of the CoCl radicéP@;) has been recorded using
direct absorption techniques in the frequency range 340-510 GHz. This work is the first pure
rotational study of this molecule. The radical was created by the reactior, afitbl cobalt vapor.
Rotational transitions arising from tie=4, 3, and 2 spin-orbit components of €6l have been
measured, all of which exhibit hyperfine splittings due to f@o nucleus (=7/2). Transitions
arising from the C&CI species were also recorded, as well as those originating in#g 2, 3,

and 4 vibrational states of both isotopomers. The spin-orbit pattern exhibited by the molecule is
unusual, with theQ=3 component significantly shifted relative to the other spin components. In
addition, the regular octet hyperfine splittings become distorted above a ckvidine for the()=3
transitions only. These effects suggest that the molecule is highly perturbed in its ground state, most
likely a result of second-order spin-orbit mixing with a nearby isoconfiguratibial state. The
complete data set for €&Cl and CJ’Cl were fit successfully with a cad@ Hamiltonian but
required a large negative spin-spin constantaef—7196 GHz and higher order centrifugal
distortion corrections to the rotational, spin-orbit, spin-spin, and hyperfine terms. The value of the
spin-spin constant suggests that fhe3 component is shifted to higher energy and lies near the
Q=2 sublevel. The hyperfine parameters are consistent wii7& electron configuration and
indicate that CoCl is more covalent than CoF. 2004 American Institute of Physics.
[DOI: 10.1063/1.1795691

I. INTRODUCTION the range 415-725 nm using laser-ablation/molecular beam

laser-induced fluorescence. They concluded both bands arose
Although cobalt has its origin in the helium shell burn- from aX3CI)4 term. Consequenﬂy, in ana|ogy to CoRef.

ing in asymptotic giant branch stars and in explosive nucleo11) and CoH*? these authors assigned the ground state of

synthesis in supernovasdt has many practical uses here on coc| asX 3¢, . Adam et al. also were able to resolve the

earth. For example, this element is employed as a catalyst igohalt hyperfine structure and determine thearameter for

many .|ndustr_|al processes, sugh as hydroformylatiand is several states. This work was followed by Fourier transform

used in olefin insertion reactiorisCobalt appears as the infrared spectroscopy of Hirao, Pinchemel, and Bernath in

metal center in various biological molecules, including vita-200313 who recorded the same bands as Adatal. but

min By,, and in low symmetry sites in enzym&st is used also observed additional subbands; they were assigned to the

Isr]crmcet'tc?rl1 %I]lcoléf 2”21é?alstézrrimlgleggsg;?ecgﬁt% |r(;sthheacgn-9:3 spin component of the ground state. In addition, the
iy 9 piex plex V€ 110.33®,-X 3@, and[11.0) 3@ ,—X 3®, electronic transi-

additionally served as dyeg N ceramics and-gla{ss for tho. ions were studied in the near infrared by Wong, Tam, and
sands of years. Yet, despite the many applications of thi

4 . . .
element, the exact nature of how it bonds to even simpliheungl’ who determined thér parameter in several vi

ligands is not well understodd. ronic levels. . -
The lack of understanding of the bonding in cobalt is Here we present the first investigation of the pure rota-

illustrated by the history of a simple species, CoCl. Althoughtional spectr.um of CoCl using millimeter/submillimeter _di—
cobalt (1) chloride is routinely used in general chemistry "6ct absorption spectroscopy. Fifteen and t;Nere rotational
labs, until recently the electronic ground state of thelfansitions were recorded for &€l and CJ'Cl, respec-

monochloride CoCl was not known. Spectroscopic studies ofively: All three spin components were clearly identified in
this diatomic began as early as the 1930s, where variou&e spectra, which repeated in both chlorine isotopomers and
electronic bands were recorded in discharge experiménts. in several vibrational states, providing conclusive evidence
However, the data were too complex to definitely assign athat the electronic ground state ;. In addition, cobalt
electronic ground state. As recently as 1997, theorists weryperfine structure was resolved in all three sublevels. Both
still postulating what the term might be; using density func-the fine and hyperfine structure showed evidence of pertur-
tional theory methods, for example, Bridgeman concludedations from a nearby excited state. In this paper we present
the ground state wa® ~.° However, in 2002, Adaret al}®  these results and their analysis. We also discuss the origin of
recorded two electronic systems of cobalt monochloride irperturbations and the nature of the bonding in CoCl.

0021-9606/2004/121(17)/8385/8/$22.00 8385 © 2004 American Institute of Physics
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Il. EXPERIMENT omd CoCl (XD ] — 43+ 42
The spectrum of CoCl was recorded using one of the Q=4
quasioptical millimeter/submillimeter direct absorption sys- v=1
tems of the Ziurys’ group. These instruments are described Q=2 \
elsewheré? Briefly, millimeter-wave radiation originating at _ To=4 V=1 Q=2 \
a Gunn oscillator/Schottky diode multiplier source is passed |
through a polarizing grid and a series of mirrors into a reac- Q=4
tion chamber. This chamber is a double-pass system with a M0=2 Q=4 v=2
roof-top reflector at the far end. After its second pass through Q=3| =4 \ v=3 i Q=3
the cell, the radiation is directed back through the optics and I v=4
is reflected by the grid into a He-cooled InSb detector. The :
source is modL_JIated at a rate of_ _25 kHz and signals are re- 5 4635 4665 46'9_5
corded at 2 using a lock-in amplifier. Frequency (GHz)
CoCl was produced by reacting cobalt vapor with pure
Cl,. CCl, was originally used as the chlorine donator with F'C: 1. Astick diagram illustrating the progression of the 43— 42 rota-
LT . . tional transition of C&Cl (X 3®,), observed in the range 460.5-470 GHz
some SUCCGSS., but switching tozmcreasled t_he signals five- black lineg, interspersed with its vibrational progression from the44
fold. No dc discharge was necessary in either case. Cobalt 43 transition(dashed linesand lines originating from the =45 44
vapor was obtained by melting chips of cob#&kldrich transition of C3'Cl (gray scal@ Each line actually consists of an octet, but
99.5% in a Broida-type oven through resistive heating. Be_th_is detail is not shown. Th_e unusual spin-orbit pattern of CoCl is evid_ent,
e L . . ° . with the 3=3 component lying about 500 MHz lower in frequency relative
cause of COba_ItS h'gh me_ltlng p_OI(H.'V1495_ Q, the crucible to that of 2=4, while theQ)=2 line is located~8 GHz to higher frequency.
was wrapped in zirconia insulation. Chlorine was added 0Vefhe vibrational pattern for th€=4 ladder of C3%Cl is also easily identi-
the top of the crucible; between 0.5 and 1.0 mTorr of CI fied, but the presence of the €6l isotopomer, its vibrational satellite lines,
resulted in the best signal. Both chlorine isotopes were oband the vibrationally-excited states of tfie=2 and 3 components of onl
served in their natural abundance€l:3’Cl=3:1. No car-  complicate the spectrum.
rier gas such as argon was used, as it did not increase the
signal-to-noise ratio. Use of a dc discharge increased the ] ) ]
intensity of CoCl lines somewhat but also added additionafive to the Q=4 component, while the possib@=2 line
noise, so in the end little net improvement was gained. Th&v@s located~8 GHz higher. Both lines had counterparts in
reaction mixture exhibited no obvious fluorescence. the3’Cl isotopomer, as well as their own vibrational progres-
Rotational constants from optical studi&& provided sipn. After this tentative assignment was made,.the Hirao,
the basis for the initial measurements. After scanning’inchemel, and Bernath papéwas published, which con-

through several transition&~45 GH2 such that harmonic firmed th_eQ=3 identification; the remaining sets of I@ne_s
relationships and spectral patterns could be established, o}€"® assigned to th8@=2 component by process of elimi-
served lines were identified. Transition frequencies werdation. o o o
measured by averaging an even number of scans in both. Th_e spectral_ pattern is illustrated in Fig. 1, which is a
increasing and decreasing frequencies. These scans wethcK figure ranging over B at the frequency of thd=43
typically 5 MHz in width, and two to four were necessary to <42 transition of C&Cl. The1=4 and 3 spin components

obtain adequate signal to noise. Center frequencies were dere clustered at the leflower frequency and the()=2 fea-

termined by fitting the observed lines to Gaussian profilesiU'® is at the far righthigher frequency all indicated by

The instrumental accuracy is+50 kHz. Typical linewidths ~ SOlid black lines. The2=2 and 3 components are consider-
were 1.0-1.5 MHz over the range 343-508 GHz. ably weaker in intensity. Vibrational satellite features due to

Co®°Cl are portrayed by dashed lines; the-=1, 2, 3, and 4
progression is clearly visible for th@=4 component, and a
few lines arising from the other spin levels are additionally
IIl. RESULTS present. The COCI lines for thev =0 spin components are
shown in gray scale; these appear at “odd” frequencies be-
It was clear from the beginning that CoCl was not acause they come from th&=45—44 (=4 and 3 andJ
good Hund'’s caséa) species, and therefore did not have the=44«43 (1=2) transitions—a result of the isotopic shift.
regular intervals between the spin components exhibited bfhe remainder of the features arise from vibrationally ex-
TiF (Ref. 16 or FeCl}’ for example. No obvious spin pat- cited states of thé’Cl isotopomer. Not shown in this dia-
tern was apparent in the spectra. Therefore, features weggam are the hyperfine interactions, which split each depicted
sought that repeated themselves in @l isotopomer. This  line into octets.
procedure enabled the vibrational progression in both isoto- Representative data recorded for the main isotopomer of
pomers for theQ)=4 spin component to be located=1 CoCl are shown in Fig. 2. Here a composite spectrum of the
through 4 for C8°Cl andv=1 through 3 for C&Cl. The three spin components of thie= 35— 34 transition has been
remaining sets of lines had to be due to the ofidadders created using two frequency breaks. The insert shows an
and their respective vibrational satellite features. The seconenlarged version of th@=2 data. The regular octet pattern,
strongest of the remaining features, a likely candidate for tharising from the®®Co spin of | =7/2, is apparent in each
0 =3 ladder, however, was shifted to lower frequency rela-<component(Splittings due to the chlorine nuclear spin lof
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FIG. 2. Spectra of thed=35—34 rotational transition of (_:SSCI X ;) FIG. 3. Spectra of the hyperfine octet recorded fordket2—41 (left) and
sh(_)wmg all thre_e spin-orbit c_omponents=( 0) on the same intensity scale. j—44. 43 transitions of thé€)=3 component of C8CI (v =0). Unlike the
This spectrum is a composite of three separate frequency ranges that a§iet in Fig. 2, these hyperfine patterns appear distorted.JEh2— 41

actually widely spaced; hence, there are two breaks in the frequency scajgayres are broadened and appear to be additionally split, whilé=tHet
(see Fig. 1 The octet hyperfine pattern arising from the cobalt nuclear SPIN_ 43 lines have evolved into nine components as opposed to eight. These

of I=7/2 is clearly resolved in each sublevel. The=3 and 2 features are  ,,het5 appeared in successive transitions to highBach spectrum is 40
considerably weaker than those @f=4, suggesting that they lie close i \114- wide and was acquired in a single 30 s scan.

energy. However, these two components were still recorded with remarkable
signal to noise, as the enlarged spectrum of @he2 octet demonstrates.
These three data sets are 80 MHz wide and were acquired in single, 60 s
scans.
sured as well. All lie in the range 373—-493 GH3Z (
=34-47). For each of th€)=2 and 3 spin components,
=3/2 were not resolved in the data—not surprising sincdour to five transitions were measured in the 1 level for
cobalt has a nuclear moment about six times larger than thdoth chlorine isotopomers, from 373 to 493 GHZ (
of Cl.18) As these data show, the overall splitting is smallest=34—46). In virtually every transition, frequencies for all
in the Q=3 lines and largest in th@=2 hyperfine set. Also eight hyperfine components were recorded, a total of 279
evident in this figure are the relative intensities of the threeseparate measurements. These data sets also are also avail-
spin components, which ar@=4:3:2=25:2:1. This ratio able electronically on EPAPY.
suggests a rotational temperatureTgfi~270—-430K based As may be evident from Table | many of tl§&=3 fre-
on the overall spin-orbit splitting of & or ~1440 K. The quencies were not measured, in particular for those abllove
Q=3 and 2 components appear quite weak in comparison~38, although data has been recorded for the other two spin
with the ground stat€)=4 lines; however, these data were components in this range. These transitions were certainly
actually recorded with high signal to noise with little scanlocated, but the hyperfine pattern exhibited unusual behavior
averaging, as the insert for tife=2 octet shows. Significant that could not be satisfactorily analyzed. At the 39— 38
signal averaging was only necessary for highly-excitedransition in theQ)=3 state of C&Cl, the individual lines of
states, such as the=1 level of the (=3 component of the hyperfine octet were found to broaden into multiple, un-
Cc®'Cl. (Thev=0-1 spacing is 370 K.The similar inten-  resolved features. By thi&= 44— 43 transition, the lines be-
sities of the()=2 and 3 states suggests that they may beome narrow again but there are nine such features, not
closer in energy than predicted by the spin-orbit splittingeight. The extra lines likely arise froddF==*2 transitions,
alone. perhaps a result of mixing with a nearby vibrational state.

Selected transition frequencies for ¥l in they=0  These “nonets” remained in th@=3 data up to the highest
state are presented in Table |. As the table shows, frequenciddevel studied. A similar trend was observed in the*@b
of the eight hyperfine components were typically measuredsotopomer as well for th€)=3 levels. In contrast, the
per spin level per transition. Fifteen transitions were studied=1 transitions for(0=3 did not show any such perturba-
for the main CoCl isotopomer; several include all three spirtions. Wong, Tam, and Cheung also saw some perturbations
components. In the case of ¥6l, twelve transitions were in the cobalt hyperfine structure, but it was for the 7 level
measured. The complete data set spans the range 343-507the[10.3]3®, excited staté?

GHz. The complete list of frequencies for both isotopomers  Figure 3 shows examples of these perturbations for
is available electronically on EPAPS. Co®Cl. On the left, thel=42—41 transition is displayed.

In addition to thev =0 lines, four transitions originating The crisp octet pattern of Fig. 2 has clearly degenerated into
in each of they=1, 2, 3, and 4 levels of CéCl (=4 only) broadened features for most of the hyperfine components. On
were recorded. Four to five transitions originating in each ofthe right, theJ= 4443 transition is shown. Here the lines
thev=1, 2, and 3 states of CtCl (2=4 only) were mea- have narrowed again, but there are nine components. These
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TABLE I. Selected transition frequencies for €6l (X 3®; :v=0) (in MHz).

J —J F'—F" Q v Vobs- calc J' —J" F'—F" QO v Vobs- calc
3231 28.5-27.5 3 343577.266 0.798 39— 38 35.5-34.5 4 418 949.486 0.432
29.5-28.5 343573.101 0.799 36.5-35.5 418 946.485 0.395
30.5-29.5 343 568.622 0.748 37.5-36.5 418 943.351 0.399
31.5-30.5 343 563.901 0.714 38.5-37.5 418940.039 0.399
32.5-31.5 343 558.348 0.104 39.5-38.5 418936.591 0.437
33.5-32.5 343 553.534 0.487 40.5-39.5 418 932.956 0.460
34.5-33.5 343547.873 0.272 41.5-40.5 418 929.154 0.487
35.5-34.5 343541.913 0.007 42,5415 418 925.199 0.531
35.5-34.5 2 426 266.479 0.851
36— 35 325315 4 386 846.516 0.057 36.5-355 426 261 953 0.370
33.5-32.5 386 843.072 0.048 37.5-36.5 426 257.470 0.035
34.5-33.5 38.5-37.5 426253.059 —0.126
35.5-34.5 39.5-385 426248.671  —0.165
36.5-35.5 386831.518 0.132 40.5-39.5 426244357  —0.033
37.5-36.5 386 827.245 0.178 415405 426 240 113 0.267
38.5-37.5 386822.773 0.243 42.5-415 426 235.905 0.697
39.5-38.5 386 818.099 0.321
32.5-31.5 3 386369.743 —0.694 40— 39 36.5-35.5 4 429 643.737 0.124
33.5-32.5 386366.488  —0.491 37.5-36.5 429 640.871 0.085
34.5-33.5 386362.939  —0.399 38.5-37.5 429 637.847 0.050
35.5-34.5 386359.259  —0.258 39.5-38.5 429 634.695 0.049
36.5-35.5 386355.318  —0.198 40.5-39.5 429 631.415 0.080
37.5-36.5 386351.238  —0.100 41.5-40.5 429 627.971 0.106
38.5-37.5 386346.885  —0.099 425415 429 624.387 0.152
39.5-38.5 386342.280 —0.177 43.5-42.5 429 620.603 0.155
32.5-31.5 2 393809.112 0.150 36.5-35.5 2 437 069.490 0.600
33.5-32.5 393804.384  —0.253 37.5-36.5 437 065.025 0.102
34.5-33.5 393799.670  —0.512 38.5-37.5 437060.638  —0.224
35.5-34.5 393794.953  —0.645 39.5-38.5 437056.365  —0.341
36.5-35.5 393790.238  —0.650 40.5-39.5 437052.057 —0.401
37.5-36.5 393785701  —0.353 41.5-40.5 437047.781  —0.338
38.5-37.5 393781.104 0.005 42,5415 437043.646  —0.045
39.5-38.5 393 776.625 0.602 43.5-42.5 437 039.585 0.411
37 36 335325 4 397 550.793 0.564 45 44 41.5-40.5 4 483 060.020 0.525
34.5-33.5 397 547.501 0.538 425415 483 057.630 0.401
35.5-34.5 397 544.039 0.548 43.5-42.5 483 055.209 0.360
36.5-35.5 397 540.364 0.548 445435 483 052.618 0.262
37.5-36.5 397 536.535 0.598 455445 483 050.037 0.286
38.5-37.5 397 532.509 0.652 46.5-45.5 483047.371 0.338
39.5-38.5 397 528.265 0.689 47.5-46.5 483 044.533 0.329
40.5-39.5 397 523.860 0.763 48.5-47.5 483 041.608 0.344
33.5-32.5 3 397 060.610 0.546 41.5-40.5 2 490 959.967 0.485
34.5-33.5 397 057.088 0.334 42,5415 490 956.020 0.192
35.5-34.5 397 053.684 0.409 43.5-42.5 490952.087  —0.020
36.5-35.5 397 050.157 0.527 445435 490947.968  —0.351
37.5-36.5 397 046.484 0.663 455445 490944.403  —0.063
38.5-37.5 397 042.732 0.884 46.5-45.5 490 940.582 0.035
39.5-38.5 397 038.581 0.868 47.5-46.5 490 936.904 0.340
40.5-39.5 397 034.269 0.850 48.5-47.5 490 933.355 0.836
33.5-32.5 2 404 636.294 0.889
35.534.5 404 626.970 0.134 45.5-44.5 504394.712  —0.460
375365 404617726  —0.069 47.5-46.5 504389.987 —0.514
38.5-37.5 404 613.186 0.084 48.5-47.5 504 387.516  —0.503
40.5-39.5 404 604.263 0.883 50.5-49.5 504382.221  —0.539

anomalous splittings cannot be due to the chlorine nucleustom fluorine have been resolved in C8Fproducing dou-
as the expected pattern would be quartets of octets. Also, tHaets of octetd | (F)=1/2], but not the unusual pattern ob-
chlorine hyperfine interactions would be expected to play aerved here(The fluorine magnetic moment is about a factor
role at lower, not higher). Hyperfine interactions arising of 3 larger than that of chlorin®)
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IV. ANALYSIS sublevel is shifted relative to the ca&® spin-orbit patterrf>
An excited A, state is thought to be the perturber in this
Qase. FeC has a large value 0f(1 285 GH2, except it is
positive, and the shift is in the opposite direction in fre-
Her=H ot Hsot Hest Hipt (1)  quency.

The observed rotational transitions were analyzed usin
an effective3d®; Hamiltonian of the form

This Hamiltonian describes molecular frame rotatibh), A. Fine structure splittings
spin-orbit coupling Hyy), spin-spin coupling i), and the
magnetic hyperfine interactiond(;), including their cen-
trifugal distortion corrections. The coupling scheme em-
ployed in this analysis is Hund's case&g). Therefore,
J=L+S and F=J+1. This scheme is appropriate because
the spin splittings are far larger than the hyperfine interac
tions.

To fit the data, the spin-orbit constafdstwas initially set

The spin-orbit and spin-spin interactions compete in a

30 state to establish the fine structure pattern. When the
spin-orbit constantA is larger thanh, the pattern is fairly
regular for a “good cas€a)” molecule. Examples are TiF in
its X *®, state, wheré\=1000 GHz and.=4 GHz (Ref. 16
and FeClK®A;), for which A= —2274 GHz and\=16.4
GHz!" In the case of FeC(3A;), where some evidence of
(165 cnf®)) to the value for CoR—233 cm %) 2L It was later perturbations is observed~X\.“> For CoCl, however\ is

. ) : . : greater tharA (—7196 GHz versus-5000 GH3. The large
determined that this value did not provide a good fit,As0 .

. . . . . __Vvalue of\ is needed to compensate for the large frequency
was varied until an optimal value was obtained. In the final . _ . .

shift of the )=3 spin component, which may be perturbed

fit, it was then fixed tq this yalu(2166 cm ).' Higher order by al®, term. Second-order spin-orbit interactions connect
corrections to the spin-orbit and spin-spin constants were

: ) the 1d, and 3d, states via thé,-§ operator. Although the
found to be necessary for a satisfactory analysis,(A,, 1 8 3 ' .
and \y,). The hyperfine splittings were fit to the b, and & state has not yet been observed in the spectrum of CoCl,

(b-+c) parameters only, as no improvement was obtained bt eoretical calculations predict such a term 2000 thigher

usinge Qg An additional term was also added to the hyper- n energy fc;r CoH, which has_ an |der_1t|cal electron
fine Hamiltonian exclusively for th@=3 levels of the form configuration? For CoCl, a substantially heavier molecule, a
lower energy would be expected for this state.

hzp=3[F(F+1)-JJ+1)—1(1+1)]/2. 2 It is possible to estimate the energy separation between
3 1 “ A ] ” H
This term was originally created for the analysis of fde, 1€ ®s and @5 statesAE, by “undiagonalizing” the spin-
sublevel of CoH2 orbit energy matrix, as described in Refs. 24 and 25. The

The data for both chiorine isotopomers and the1  ©ff-diagonal matrix element for this interaction is
states were fit in an identical manner. For®@, however, (P®3|He ' P3), _WhereHso:_Eiaili?- Assuming that both
the range of) was smaller and hence the higher order cenihese states arise from a singfér® electron configuration,

trifugal distortion corrections were not needed. The resulting}hen

spectroscopic parameters from these global fits are provided R a
in Table II. Also given are th&, and a, constants derived <3CI>3 > al-§ 1CI>3> =a,— ?’T )
from thev=0 andv=1 data only for both species. For :

comparison, the constants for €6l (v=0 andv=1) de- \hile the

. ) ) , diagonal elements are
rived from the infrared measurements of Hirao, Pinchemel,

and Bernatl? are listed as well. These constants were estab- |, ~ 3 /3 PRI

lished from theQQ=4 and 3 components only, however, so < ©4) 2 aili &3, ) = (%0, EI ajli-s;| ",

there is somdexpectedl disagreement between the two pa-

rameter sets. The rms of the fits for ¥l are 434 (=0) — @
=ay i

and 373 kHz ¢=1), and 212 ¢{=0) and 277 kHz ¢=1)
for the chlorine-37 isotopomer.

2

Considering 2 as the displacement due to the perturbation,
the difference in energy between th&,; and3®; states can

V. DISCUSSION be expressed as
This study has resulted in the identification of the third 1 2\2
spin componentQ=2) for CoCl, which confirms thé®, AE=orllam 5 +4?\2}- 5

ground state assignment for CoCl. The lackualoubling in
any Q ladder, which might have been present idlaor A Here it is assumed that the effectixeis \3°.

state, is additional evidence for tide term. Also of note is The & orbitals in CoCl must be centered on the cobalt
the large shift of theQl=3 spin component relative to the atom, as chlorine has no orbitals. Hence, to a reasonable
Q=4 and 2 sublevels, which manifests itself in a lafgega-  approximation, 2s;={c,=—536cm 1.24?° Because a;

tive) value of . Furthermore, the hyperfine structure of this +a,/2=3A, it follows thata,/2=—232cm ®. The energy
sublevel appears perturbed. Both effects, which will be disseparation between thé; and3®, states is then estimated
cussed in the following sections, probably arise from interto be AE~—480cm 1. This calculation implies that thisb
actions with an isoconfigurational excitéd state, which state lies within the ground state spin-orbit manifold. Be-
has a single spin ladder with=3. Evidence of similar per- cause of the very large value af a close-lying perturbing
turbations occur in th& 3A; state of FeC, where th@=2  state is probably expected. Furthermore, the negative value
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TABLE Il. Spectroscopic constants for CoO{ ®;) in MHz.2

Flory, Halfen, and Ziurys

v=0 v=1
Submillimeter Submillimeter Optical Submillimeter Submillimeter

ca™cl ca’'cl CoCF¢ ca*cl ca'cl
B 5422.9485) 5232.87021) 5375.7972) 5391.4147) 5207.6141)
D 0.010 7388) 0.005 407 9%67) 0.003 78851) 0.007 8838) 0.007 1%30) 0.003 84754)
H (10F) 1.8936) 0.50(11) 0.40782)
L (109 3.5673)
A —5000 0006 —4070 000 —6 985000 —5000 0006 —5000 0006 —6 955 080120
Ap —-3.64813) —3.41364) 3.2721) -9.39046) —8.04781)
Ay 0.000 76625) 0.000 67811) 0.000 656 (42) 0.000 574 227)
AL (105 1.8939) 0.10237) 0.06625)
)N —7 195 7003300 -5 791 4001900 —6 985 3002300 —7 009 7005000
NS —34.2563) —-30.1932 —6.47(15) —8.1433)
A —0.000 1310) —0.000 15842)
a 51245 530(41) 569(56) 636(72)
b 13510) 148.67.5) 256(40) 21940
(b+c) —170(140 —220120 —310(180 —530220
hsp —0.8920) —0.76115) —0.6323) —0.4025)
ho_4 1339.23.2) 131816)
rms 0.434 0.212 0.373 0.277
Be 5438.7 5245.5
o 315 25.3

aNumbers in parentheses are errors to three standard deviations for the last significant figure.
PHeld fixed to value established from initial fittingee text

°From Hirao, Pinchemel, and Bernttbased or)=4 and 3 data only.
9From Adamet al,'° based on)=4 data only.

of the effectivex parameter suggests that the-3 substate h,,_,=1755MHz. Moreover, the global fit required the in-
is shifted to higher energy in this case. Hence, the proposeglusion of ahzp centrifugal distortion correction for the
'® state lies lower in energy relative to thie=3 substate. In =3 hyperfine interactions. This term likely accounts for
Fig. 4, this energy ordering is shown. Note that &3  more than centrifugal distortion becaulgy/hq_3>D/B.
sublevel is shifted closer to th@=2 substate in energy. As discussed by Azumat al,?* the Fermi contact and spin
Without this perturbation, it would lie at/ in energy, or
near 500 c®. This proposed shift is supported by the simi-
lar intensities of spectra originating from these two levels. CoCl (X *®;)

Another possible perturber is3, state. The study of 1000 f ————— -2
Hirao, Pinchemel, and Bernafhsuggests that there is®a,
state in CoCl lying about-20 000 cm* above ground state. f
Because it is inverted, th@=3 level would lie lowest in
energy. This’A,; state would therefore interact significantly sor v=3
with the 3® 5 sublevel, although th€=2 level would addi-
tionally be affected.
i - 600 |
B. Hyperfine splitting

As discussed, a series of rotational levels in fhe3
ladder displays highly irregular hyperfine patterns from prob-
able mixing with a vibrational state. Evidence for second-
order spin-orbit perturbations is also found in what appears
to be the more regular hyperfine interactions. The hyperfine —_— v=1
splitting per( is described by the equation 200 |

ho=aA+(b+c)3, (6)

wherehg, is the hyperfine parameter for each sublevel. Be-
cause, varies from 1, 0 to-1 for Q=4, 3, and 2, the overall
hyperfine splittings should uniformly increase or decreaseIG. 4. A qualitative energy level diagram showing the relative positions of
with Q value; this pattern does not occur for CoCl. Further-the three spin components arising from the ground skfb; , indicated
more h9=3 should be the average b5=4 andh9=2. How- by Q. Also deplcte_d are the first three exc_lted V|brat|0nal levels of(iked

! . substate, shown in gray scale. A low-lying excited electrdiig state,
ever, the average for th@=4 and 2 ladders is 2513 MHz, |ocated atE~400-500 cmi, may be responsible for perturbing tfie=3

which is significantly different from that =3, which has sublevel of thex *®; state and shifting it to higher energy.

400

Energy (cm'1)

ol —_—Q=4v=0
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dipolar hyperfine interactions have cross terms with the spinef atomic cobalt. However, if chlorine does contribute to the
orbit matrix elements that involve both tAé and'® states. 5= orbital, then the participation of cobalt is a factor less
The hyperfine parameters can also be used to establighan one. If cobalt’'s contribution is expressed as the coeffi-
bonding characteristics of CoCl. For example, thparam-  cient cgg, then the above equations can be recadt as
eter, which has a value of 512 MHz, results from the
interaction. Because the two unpaired electrons in CoCl are cS
predicted to be inr and 6 orbitals, they both contribute to a(Co)=~ 3 ul
this term, and can account for its relatively large value. For
comparisona(Co)=604 MHz in CoF(Ref. 20 anda(Co) ®
=621 MHz in CoH?? Because is inversely proportional to 3(2—cg°
the average distance, cubed, of the unpaired electrons from c( 14
the nucleus with the spin, dr/r3), a smaller value of this

{:)haer?rfr:gtrir t'ﬂqeplfjcfgﬁtsthli ”fg‘zzg/erﬂ>e:'ez‘“7r§”1303"’}r§r'°3°?;fd fu\r/\'/herea’g"g is the hyperfine parameter for atomic cobalt. For

01 12 20 ~Co ; :
. . - : =617.9 MHz andazg=857.1 MHz;™ c¢ . is estimated to
CoCl, while this quantity is 3.8 10°*m~2 in CoH (Ref. 2 a3q ad 1o Thm
and 3. 1031m_§ in CoyF?l The same quantity 1Eor theaco- be 0.486 and 0.339, from the and c parameters, respec-

balt atom is 4.410°:m~2.22 Thus, the unpaired electrons tively. In contrastc$? for CoF was found to be 0.934. Ob-

are located in more diffuse orbitals in CoCl than the othervIOUSIy these calculations are only estimates, bgt they qlo
o . . . suggest that CoCl has more covalent character to its bonding
species; the larger size of the electronegative chorine ator

. : : han CoF. Based on electronegativity arguments, such a re-
relative to hydrogen and fluorine may be pushing the cobal ; . . .
. sult might be expected, although previous studies have indi-
electron density further from the Co nucleus.

The Fermi contact ternbe primarily arises from elec- cated that CoCl is as onic as its fluorine analbd’

trons ino orbitals which, assuming a single electron configu-

ration, do not exist for CoCl. A nonzero value fbg can

arise from spin polarization, but then it is usually negaffve. C. Bonding trends in 3 d transition metal chlorides
Becauself+c) is not well defined in CoCl, in turn neither is
br. The value determined here fdw- is 3348 MHz—
which within the errors could be negative.

The dipolar constant is calculated to be-305+140
MHz—roughly comparable to the parameters for CoF
(—196 MH2) and CoH(—456 MH2).2%?? This constant de-
pends on the expectation value of the operap¢3 co$ 6
—1)/ri3, wherei is the summation over the unpaired electrons
Fromc, the angular factof3 cog #—1) can be calculated for
CoCl, using(1/r3) derived froma; its value is—0.3901. For

Co

01
3d»

12
3d»

Co)~

Trends within the 8 transition metal oxides and sulfides
have been discussed in depth by various autfiors.The
so-called “double-hump” structure in bond length is appar-
ent in both these species, namely, there is an increase in the
bond distance occurring from vanadium to manganese, a de-
crease at iron, and then a second increase towards copper.
The increase from vanadium to manganese is due to the ad-
'dition of electrons to antibonding orbitals. The highest
orbital does not receive an electron until manganese. After

d 44 orbitals. th lar T w7 and this, bond lengths decrease due to core contraction of the
pured, andd, orbitals, these angular factors an metal as no new antibonding orbitals are being filled; the

_ i 7 i — .
417, respectivelg!” which add to .0'286' Hence, the sign trend repeats in the second half of the third row.
of c appears to be correct. The slightly larger angular value somewhat different trend is found in thel halides.

may result from polarization of the and 6 orbitals by the 1 jiscussed by Sheridan, McLamarrah, and Zidfyte
nearby chlorine atom. fluorides exhibit a noticeable increase in bond length at MnF,
The hyperflne_constants can be used as_well to CaICUIatl‘iﬁut only a minor one from cobalt to copper. In addition,
the percent cgntnbunon of the.tvvo atoms in CoCl to theanother large increase in bond distance appears at titanium.
molecular orbitals of the unpaired electrons. The valencel-hiS trend is shown in Fig. 5. The difference in bond length
] i i 2 3 310 -9

glectt)ror: conflgure?tlo_n cif EOCI IS (?f (19) (SZI:G b,TTe trends between the oxides/sulfides versus the fluorides arises

orbital must exclusively be created from co roitals,  tom the presence of an extra electron in the latter species, as

but thebarhc:rbltglaccl)uld also arlsgbln part :;)m de’shBe— well as the difference in the energies of the F and O atomic
cause bothr and o electrons contribute to theandc, these s Ag a result, the orbital energies vary, and the elec-

parameters can be expressetfas tron configurations differ significantly from the oxides to the

_ 1 3y o 3 fluorides(see Ref. 1Y.
a(CO)=2ppQuunal 21 )15 (1) 5], The bond lengths of the chlorides are also plotted in Fig.
_ @) 5. At first glance, the chlorides and fluorides exhibit a similar
3 1| /3cog -1 . T
c(Co)= —QSMBQNMN§ 5 trend, as might be expected from their identical electron con-
2 r 15 figurations. The bond distances of the chlorides are naturally

longer than the fluorides by about 0.4 A due to the difference
+<3 cos 9—1> in atomic or ionic radii(0.35 or 0.45 A.3?> However, the
r3 ' bond distances shorten slightly at CrCl and CuCl, while they
> increase in the fluoride species. The decrease in bond dis-
If only cobalt contributed tca and c, then the expectation tance from MnClI to CoCl is more dramatic than in the fluo-
values of(1/r3) and(3 co¢ 6—1) could be replaced by those rides, as well. These variations may result from the fact that
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