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Dye laser excitation studies of the _ A 2[[(100)/(020)—;( 23,%(020)/(000)
bands of CaOD: Analysis of the A 2II(100)~(020) Fermi resonance

Mingguang Li and John A. Coxon
Department of Chemistry, Dalhousie University, Halifax, Nova Scotia, B3H 4J3 Canada

(Received 17 October 1995; accepted 18 December)1995

The CaODA 2[1(100)/(020) X 23.*(020)/(000) bands have been rotationally analyzed via high
resolution laser excitation. All measured line positions have been included in a global matrix
deperturbation that takes account of the Renner—Teller, spin—orbit, and Fermi resonance interactions
occurring in theA(100)(020) ?I1 vibronic manifold. The corresponding bands of CaOH were
studied previously; in the present work, two new CaOH subbaA@820)x IT—X(020), were
recorded, and the complete data set for CaOH has been refitted using the improved model reported
in this paper. The Fermi resonance parameter for CaOD has been determiéd-a5.2707(22)

cm % for CaOH, the newly determined valufyV,|=10.3256(5) cm' is very close to that
determined originally. Thg100~(020 Fermi interaction in theX 23" state has also been
investigated for both isotopomers. The vibrational dependence of the Renner—Teller paeameter

has been characterized, yielding values of the anharmonic quartic paraggeter0.1002(3) and
—0.06665) cm™* for CaOH and CaOD, respectively. The “harmonic” Renner—Teller parameters
are thus deduced asw,=-—35.662219) and —26.560%31) cm ! for CaOH and CaOD,
respectively. The equilibrium bond lengths, molecular force constants and Coriolis coupling
constants for both thA andX states have been evaluated. 1®96 American Institute of Physics.
[S0021-96086)00512-9

I. INTRODUCTION bronic splittings lead to a near degeneracy, in this case be-
. . ~ tween the (100 M1, and (020)x ?II;;, components. The
The electronic spectra of alkaline earth monohydroxideg;rongest interaction occurs between these two components,
are complex owing to overlapping of bands and interactions,,q since it originates from the operatord (Fermi
between the electronic anq nuclear dt_egret_as of freedom.. F?ésonanchH(S—uncoupling, as will be shown later in Sec.
CaOH and CaO'D, analysis of .the V|brat|onaI. levels W'thIV, the interaction isJ dependent. This situation has made
_0121 a_ndv2>2 IS fu_rther complicated by Fermi resonance ,q analysis and modeling even more difficult than that in
interactions  that arise from near degenerac_|es due_ t&aOH, for which the strongest interaction involves only the
w1~20,. On the other hand, however, valuable informationz 1 o< onance matrix element, and henckiiependent.
on the cubic anharmonic force field can be obtained if such The spectroscopic study of t\;vo isotopic species provides
interactions can be analyzed. CaOH has been an excellerrjgOre benefit than a simple doubling of the data. In the
candidate for studying such interactions since it is readilyA(lOO)/(OZO) vibronic manifolds of CaOH and CaéD the
produced in the laboratory and its low-lying electronic state enner—Teller, spin—orbit, and Fermi resonance intera;ctions
are Ipcated ina c;ona\:*/tzenient region for d_ye Iaséer excitation. Aoccur simultan’eo%sly anoi pose a great challenge to spectral
previously described, the use of a Broida ovefas the mo nq1_nalysis and model fitting. The similarity and difference be-

lecular source has greatly reduced the spectral density, co h f the i X : id luabl
pared with the flames. It has also been demonsttafatiat ~ \Ween the spectra of the isotopic species provide valuable

selective detection of laser induced fluorescence is very efdiagnostic information. The isotope relation of the molecular
fective for simplifying excitation spectra and enhancingCO”Sta”ts determined from experimental data is an excellent

signal/noise ratio. criterion for assessment of the quality of the data set and
The (100~(020 Fermi resonance in thé 21T elec- deperturbation models. Although such relation holds strictly

tronic state of CaOH was investigated previously by theonly for the constants obtained at equilibrium configuration,
present authorThe A(020) level is approximately 73 ¢ the molecular constants for th@00 and (020 levels of
above theA(100) level. At first sight, it would appear that CaOH/CaOD obtained in this work still obey the isotope
these levels are sufficiently far apart that no significant interrelation very well. This situation not only confirms the qual-
action would occur. However, the spin—orbit and vibronicity of the data sets and the deperturbation model but also
splittings bring theA(020)u 21‘[3,2 component to near coin- Provides a rare experimental example that the isotope rela-
cidence with theA(100) 2I1,, component, as depicted in tions still hold very well at low excited vibrational levels in
Fig. 1(a). Very strong Fermi resonance was observed and radical with a linear structure.

analyzed. The present publication reports the investigation of ~ Previously, we have performed detailed analyses of the
the corresponding system of CaOD. In the Ca®BII state, (010 levels in the A and X states for both CaOH and
the (020) level is approximately 85 cit below the(1000  CaOD® The analysis of th¢100) and (020) levels for both
level, as shown in Fig. (b). Again, the spin—orbit and vi- isotopomers have now been completed. The well determined
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FIG. 1. TheA(lOO)/(OZO)—5((020)/(000) vibronic subbands observed via
laser excitation(a) for CaOH, (b) for CaOD. Each number attached to a

and force field with good accuracy for tiestate as well as
for the X state. Unfortunately, the excited O—H stretching
levels have still not been observed despite much effort in this
and other laboratories. However, since a good approximation
can be made for the O—H stretch mode, the lack of experi-
mental information has little effect on the calculated quanti-
ties; this will be discussed later in this paper.

The A(100)—X(000) band of CaOD was observed pre-
viously in this laboratory. However, owing to the strong
Fermi resonance encountered in the upper state, this band
was not characterized satisfactorily. In the present work, this
band was reinvestigated along with ti#g020)—X(020)/
(000) bands. In order to maintain high precision of the data
set, all the rotational lines that were recorded previously with
significant broadening due to the unresolved spin—rotation
splittings in the lower state have been omitted from the
present data set. Two new branches in A4{@&00)—-X(000)
band,R,; and °P,,, which are not affected by the spin—
rotation splittings, have been recorded to highin the
present work. The stron@®;+°R;, branches in the range
J’' =30%—-405 have been resolved and measured in this work
using a computer program for measuring overlapped lines
consisting of two or more Gaussian profiles.

During the investigation of CaOD in the present work,
two more subbands for CaOH were also recorded. The pre-
vious study of the CaOHA(020) level only involved tran-
sitions excited from theX(000) level. TheA(020)« %11,
vibronic component of CaOH was not well characterized
owing to the extremely small transition strength between the
X(000) %% " level and theA(OZO)K 114, level. The hot
band excitation from th&(020) levels to theA(OZO)K 11
levels conducted in the present work provides much new
information for both the‘\(OZO) and>((020) levels of CaOH.

In addition, it was found that ahtype doubling matrix ele-
ment was missing in the original matri%constructed for the
A(100)/(020) vibronic states. Significant modifications of
the effective Hamiltonian matrix for this vibronic manifold
have been made in the present work, as described later in
Sec. IV. It was necessary, therefore, to refit the entire data set
for CaOH. The new results for CaOH, as well as the results
for CaOD, will be presented in this publication.

Il. FERMI RESONANCE

Like the vibration—rotation interaction, the Fermi reso-
nance interaction is a manifestation of the cubic anharmonic
force field. One of the force constanis;,, Or ¢s,, in the
dimensionless normal coordinates can be directly calculated
from the Fermi resonance parameters. Following Fermi’s
recognitiol! of this phenomenon in CQ most subsequent

vertical line indicates the number of rotational transitions observed for the¥Ork has been performed for nondegenerate electronic states
corresponding subband.

vibration—rotation interaction parametergand Fermi reso-
nance parametel/; now provide sufficient information for
determining some of the cubic anharmonic force constants.

(3 statey. Hougen® however, carried out a quantum
mechanical treatment of Fermi resonance of the
(v1+1psy,v3)~(vq1,v2+203) type in linear triatomicll
electronic states, which are also subject to the Renner—Teller
effect. He introduced two Fermi resonance parametats,
BndW,, for thell electronic state, replacing the single pa-

becomes possible to evaluate the equilibrium bond lengtheameteW for a3 state. These two parameters are defined as
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W1 = 3(Kit K1) (hlAmrcw)) (hldmcw,) 2, (1) bands and Sulforhodamin B dye for t#020)-X(020)
) P band. The laser induced fluoresceficl-) was imaged onto
W, = 3(K1p5— Kip)) (filAmrcw,) (fil4mCwy) 2, (2)  the entrance slit of a 1.26 m Spex monochromator which

where w; and w, are harmonic vibrational frequencies, and functions as a tunable band-pass filter for selective detection
’ of the LIF. The slit width of the monochromator was set

k15, is a cubic anharmonic force constant in the normal co-"" ] -
ordinate expansion of the potential. The single and doubl&/Pically at 1 mm, corresponding to a spectral widtie3.5
. When Av,;=+1 or Av,=+2 transitions were excited,

primes refer to the two component electronic wave function v Y1 ] .
which are symmetric and antisymmetric, respectively, with>vi=0 emissions were the domina390%) component of
respect to reflection in the plane of the bent molecule. Adhe LIF. By maintaining the monochromator at a frequency

implied by Eq.(2), W, depends on the magnitude of the that was lower tha}n the scapning Iasgr frequency by an
vibronic interaction that leads to splitting of the potential. @mount corresponding to the vibrational interval, the =0
Hougen's derivatiol of the Fermi resonance matrix ele- Component of the LIF was selectively detected.

ments for 211 electronic state used vibronic wave functions  RRotational liné positions of the excitation spectra were
obtained from a first-order perturbation treatment of theMeasured using the 699-29 internal wave meter. Aexci-
Renner—Teller and spin—orbit effects, which are both astation spectrum was recorded simultaneously and compared

3 .
sumed to be small compared to the bending frequency. Thie the standard,latlasto calibrate the wave meter measure-

corresponding matrix elements employed in this work are th&ents. The average measurement accuracy was estimated to
same as those in Ref. 8 derived according to Ref. 10. b€ 0.0035 cm.

In the A °II electronic state, the vibrational level00)
is Sp“t into two Component§l'[1,2 and2H3/2, and(OZO) into IV. LIF EXCITATION AND DISPERSION
six componentsy %y, w Ml & Ay k gy, 2Ds)p, . . . .
and 2®,, by spin—orbit and vibronic interactions. The Both A(100)-X(000) andA(020)-X(000) transitions
(100 21 manifold and the(020) [T manifold are the same are allowed by dipole selection rules. However, owing to the
symmetry species and lie close in energy, leading to strongnfavorable Franck—Condon factors, t#90—(000) band
Fermi resonance. It is advantageous and, actually, necessdfy approximately ten times weaker than t{@00—(000)
to study the two manifolds simultaneously. Theé compo-  band, while th€020-(000) band is again-10 times weaker
nents do not interact significantly with aRyl components, than the(100—(000) band. Although strong Fermi resonance
and were not considered in this work. Figuréa)lshows between(100) and(020) tends to mix these two vibrational
schematically the subbands for CaOH observed mostly ifevels and even the transition strengths between the two
our previous work; Fig. (b) shows the subbands for CaOD bands, excitations to théd20)« “I1, vibronic level from
observed in the present work. Each number attached to 4(000) are still extremely weak, and the present work relied

vertical line indicates the number of rotational transitionsmainly on the use of hot band excitations fro¢(020). This
observed for the corresponding subband. is probably associated with the small Fermi interaction ma-

trix element betwee020)« 2I1,,, and (100) %I1,,,, as shown
later in Table | W,~0). .

Although Av;=0 hot band excitations to th&(100)/

The experimental set up in this work is the same ag020) levels would have the largest Franck—Condon factors,
described in our previous publication8.Briefly, the gas a majority of the CaOD excitation spectra were taken from
phase CaOD radicals were produced in a Broida oven by ththe X(000) level, which was also the case for CaOH. This
reaction of Ca vapor with a flow of J that had been passed approach has several advantages. FirstX@00) level has
through a microwave discharg@8450 MH2. The Ca+D,O  much larger population than the excit€d0) or (020) levels
reaction is endothermic and microwave discharge was essem the Broida oven. Second, these bands are located in a
tial for CaOD production, which was associated with strongregion that is much less congested than the=0 bands.
orange color chemiluminescence. Similar chemiluminesThird, it is more convenient for the use of the selective LIF
cence is observed in the production of CaOH using the exodetection, which not only simplifies the spectra and improves
thermic Ca-H,0, reaction. The mechanism by which a dis- the signal/noise ratio, but also provides considerable diag-
charge promotes the @#,0 reaction is not understood; nostic information. .
one possibility is the formation of vibrationally exciteg®; For CaOD, theA(100)/(020)-X(000) bands span a
vibrational excitation in a reactant is known to promote en-range of 16 470—16 715 cm The excitation spectra were
dothermic reactiortd*? very effectively. When the micro- recorded twice in the entire region, first using selective LIF
wave discharge was initiated using a Tesla coil, problemsletection with a frequency differender=605 cm * (~w,),
from damage to the electronics of the dye laser system werand then with Av=519 cm! (=2w,). In the lower-
encountered. Fortunately, it was found that the microwavdrequency region, 16 470—16 530 ci only the Av=519
discharge could be induced without the use of the Tesla coitm™* spectrum exhibits clear structure, which was identified
by carefully adjusting the total pressure in the reaction chamas theA(020)u 2H1/2y3/2—x(000) 23" subbands. Although
ber to about 2 Torr. these subbands are quite weak, B Q,, andP, branches

A Coherent 699-29 ring dye laser was operated in singldave fair intensities. The rotational lines of these branches
mode with Rhodamin 6G dye for th&(100)/(020)-X(000)  did not become noticeably broader even at high=403),

IIl. EXPERIMENTAL DETAILS

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996
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indicating that the satellite lines are very weak and the upper

state conforms to Hund’s cask). In the high-frequency re- P Head P -Head

gion, 16 615—16 715 citt, the A =605 cm ! spectrum has AO0)TL,, - X(000)s* A100)1, , - X(000)*z*
the highest intensity among all subbands observed for CaOD
in this work, while no spectrum was detectable with
Av=519 cmi'. The Av=605 cm * spectrum in this region
was readily assigned as ti&100) I15,—X(000) subband,
which showed a typical structure for a cag® °I1-23*
transition. In these two regions the selective detection has
given information that leads to direct identification of the
vibronic species involved, and only several resolved fluores-
cence spectra were required fbrande/f assignment. In a
narrow region, 16 560—16 600 crh the spectra recorded
with Av=605 andAvr=519 cm ! showed basically the
same structure and intensity, and were very congested andm'sn'1 16578.8'
complex. It appeared that two subbands are excited in this

region. One of then must correspond to tA¢100) °I1,, Wavenumber (cm™)

component; the other was likely to be associated with the

A(020)« 214, component because tig020)« ’I1,,,com-  FIG. 2. A portion of the excitation spectrum of CaOD, recorded using se-
ponent should not be so close A§100) 21‘[1/2 owing to the lective LIF detection with a 519 cnt frequency difference.

expected strong repulsion between the two_components by

Fermi resonance. However, tAg020)x 2I1,,,—X(000) sub-

band could not be observed elsewhere with either=519  py selective LIF detection and by the knowledge acquired in
cm™* or Ay=605 cm * scan. Numerous resolved fluores- our earlier work on the CaOHW(020)—X(000) band, a large
cence spectra were recorded for vibronic and rotational asyumber of resolved LIF spectra were required in this work to
signment. The final assignment of the vibronic species wagstablish definitive assignment of the vibronic species as
not made until the hot bané(020)« “I1,,-X(020) was well as the rotational quantum numbers, especially for the
observed and analyzed. This hot band was heavily blendegyo nearly degenerate vibronic components, as mentioned
by otherAv;=0 bands. Another type of selective detectionpefore. The computer-controlled spectrometer in this labora-
method was then employed, namely, scanningRheranch  tory provided good resolution<0.13 A) and high accuracy
and detecting the correspondirgy branch, orvice versa  (<0.035 cmY). This was crucial for revealing the true fluo-
Such a method requires some preliminary knowledge of theescence structures and intensity patterns which were other-
rotational structure for both upper and lower states. Since th@jise severely blended or distorted. As an example, Figure 3
rotational constants of th¥(02°0) and (02°0) levels were  shows a resolved LIF spectrum obtained upon excitation of
determined previously through resolved fluorescéfice, the CaODA(lOO) 2I1,,,~X(000) 23" P,(193) transition. If
though with relatively large uncertainty, this band was finallyintensities were determined by Franck—Condon factors

recorded with good signal/noise ratio after several trial scansajone, the LIF features corresponding to &{€.00) —X(020)
In the case of CaOH, thA(020)« 2I1,,—X(000) sub-

band was observed in our previous woiyt was very weak
and not well characterized. The hot band

A(OZO)K 21'[—>~((020) for CaOH was recorded in the present A(100) - X(020) A(100) - X(100)
work in order to better characterize tkeIl state. Such hot a2t

band excitations also served for more accurate characteriza- v

tion of the X(020) level for both CaOD and CaOH. ', - %A

Figure 2 shows two nearby band heads in the excitation
spectrum of CaOD, recorded using selective detection with
Avr=519 cm'l. The band head at the lower frequency side
was identified as formed by the
A(020)« 2T15,—X(000) 2" P, branch, and the Il vi-
bronic state was assigned as thecomponent owing to the

P,(19.5)
P,(195)

R,(17.5)

negative effective_spin—orbit coupling. The other head was g

assigned to theA(100) 2I1,,—X(000)?%* P, branch. i L5

When the frequency difference was set at 605 tnthe i I 1 Uﬂ
excitation spectrum in the same region appeared essentiallys?45 622.60 62378 624.90 626.05

the same as the one in Fig. 2. This observation is in accord Wavelength (nm)

with the heavy mixing of the two upper states; they actually

exchange leading characterslat413. FIG. 3. Resolved LIF spectrum from excitation of the CaOD

Although the spectrum analysis was greatly facilitatedA(100) 2I1,,~X(000) 25 * P,(193) transition.

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996
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transitions would be weaker than those corresponding to thg020) « 2111,2,Ji>

A(100)—X(100) transitions by at least 2 orders of magni-

tude. However, the difference in their relative intensities is :2*1/2{|—1 2—-11 =1 -2 %,—%J>}, (8)
actually less than 50%. This is an obvious indication of the

(100~(020) mixing in the upper states, which increasesWhere the upper and lower signs refer @oand f levels,
with increasing) values. It is also obvious in Fig. 3 that the respectively. The matrix thus consists of two independent
A(lOO) _X(OZO) 22+ transitions are much stronger than the 6X6 blocks. It is given in Table I. The SUbSCfiptS 1and 2
A(lOO) _5((020) 2A transitions. This is due, at least in part, refer to the(100) and (020 vibrational levels, respectively.
to (100~(020 mixing in the lower state, although this is T1andT, are electronic-vibrational term values, aig, A,,
much weaker than in the upper state; only ¥@20) 23, * B,, B,--- are conventional molecular constants.
component, and not tH&(020) 2A component, is connected An |-type doubling matrix elementr 243+ 3)q”, be-

to the X(100) level by a Fermi resonance matrix element. tween the(020)« °I1;;, and u Iy, vibronic components has
been derived according to E(L3) in Ref. 6 and added into

the matrix of the present work. This element was missing in
the matrix of Refs. 5 and 8, as mentioned in Sec. I.
As in our earlier work, the g,,12 terms have been cho-

As found in our preliminary treatment of the data sets forSen 1O replace the, terms used in Ref. 8 to take into account
the anharmonic effect on the vibrational energies. This ap-

both isotopic molecules, it is impossible to fit the bands as- _ o _
sociated with theA(100) and theA(020) levels separately proach is based on a description of the anharmonic correc-

since they are linked by such a strong Fermi resonance ifions by Hougen and JessShwhich is considered to be

teraction. Instead, it is necessary to conduct a global depefitable for the present situation. The advantage of using the

turbation employing a matrix that includes all six vibronic 922 t€rms for theA(020) state is that the fitted value g,

components and that simultaneously takes account of thg2n be compared with the corresponding value for Xhe

Renner—Teller, spin—orbit and Fermi resonance interaction§920) Stf"‘te’ anq can be used directly for estimation of the

Woodwardet al® performed a detailed matrix deperturbation armonic bending frequency. )

of the interacting(100) and (020) 21T vibronic states of the _There is a small change in the operaBR” from Ref. 6,

NCO molecule. Our earlier wotk on the CaOH Whichis given here as

A_ 2[1(1_00)(020) Fgrmi diad used essentially the same ma- BR2=(JZ—J§+82—S§—G§)—(J+S,+J,S+). (9)

trix as in Ref. 8 but included a much larger and more precise

data set. In the present work, however, we have modified th&he operatoiG?2 is now given explicitly inBR? because it

matrix in order that the results are consistént terms of has different eigenvalues, 0 and 4, for differéd20) basis

using exactly the same Hamiltonian operatavith our ear-  states expressed in EqS)—(8). The main effect of including

lier results for the CaOH/CaOR °I1 (000) and(010) vibra- this operator will be on the value @f,, which will be now

tional levels®®In Refs. 8 and 5, the matrix was constructedmore suitable for comparison with thg,, value in theX

in a casga) basis set, but a rotational operabdf=J-S) was  state. The centrifugal distortion term®, Ap, vp, and

used for evaluation of the relevant matrix elements. In thespw,) for the (020) vibronic manifold have been corre-

present work, the rotational operat@r(=J-L-S-G), instead  spondingly changed, however, these changes are very minor.

of N, has been used. In fact, all the matrix elements, excepthe G2 operator was not considered in Refs. 5 and 8.

those for the Fermi resonance amyg terms, have been red- The matrix elements for the Fermi resonance remain the

erived using the effective Hamiltonian described in our earsame as those used in Refs. 5 and 8. They have somewhat

lier publicatior? for the A ?I1(010) vibronic manifold. The different forms from those given by Houg€rbecause an

case(a) basis setAlY,PJ=) has been chosen with the sym- uncoupled basis of zero order wave functions expressed in

metrized form Eqgs.(3)—(8) are used here. The terms containing the Renner

) Clap s L s parameter € were derived from the Hamiltonian

(100 “Ilg,J%)=2""4[1 03,3 J)*[-10-3-3 )}, HrermXHremen Where Heemi CcONNects vibrational states
3 with Av,==*1, Av,=Av3=0, andHgennercONNects vibra-

V. EFFECTIVE HAMILTONIAN MATRIX

2 _n—12 11 11 tional states withAv;=Av;=0, Av,=*2.
(200 My, 32)=2""4[10 2,2 9)+[=102,~2 J>}(’4) In addition to thé resul3ts for CaZOD, we also report in this
paper the new results for the corresponding levels of CaOH
[(020)k I14,,d+ )= 2-Y21104,3 H*+|-10-3-30)}, obtained using the present Hamiltonian matrix and a substan-
(5) tially expanded data set that includes some hlgh<583)
) rotational lines  and two new  subbands,
(0200 “ 32,3 %) A(020)k 2Ty, 57~ X(020) 2A 25"

The rotational energies in excited bending vibrational

_n—1/2 11 1 1
=27110-z3 x| =102 -z )}, ©®  levels of electroniS, and 33, states have been studied in
[(020) u 21 4,3 ) detail by Merer and Allegretfi’ The matrix forv,=2 in a
23, electronic state in the cage) representation, given in
=27VA|-123 30)+[1 -2 —3,—-3J)}, (7)  Table 3 of Ref. 17, was used for the CaOH/Ca®[D20)
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TABLE Il. Matrix representation fov,=2 in a?3" electronic statex=J+ %; the upper/lower signs refer to

e/f levels.
[2A(F»)) I?A(Fy)) Pz
T,+49,, 3 5 110 1 , 1)( 3)( 5) 1/2a
1 ( 3) 7[(‘]_ 2)(‘]+2)] ; —Qq°| X J_E J+§ J+§
+ BA—1/2’}/; X J+E -4
3 2
-D, X(J+E)—4}
T, 49, ; 1)( 312,
1 1 x| 2)(‘]_5 ”2)
+ BA+1/27; X J*E -4
1 2
—Dy|x|I-5|-4

T,+Bsx(J+1/27 1)+ 1/2y(J+ 1/27 1)
—Dsx3(J+1/2%1)?

2Only for f levels.
POnly for e levels.

state. A typographic error in the matrix for tHe2°0) %3, each isotopomer. The molecular constants and perturbation
level of Ref. 17 has been corrected. For clarification, theparameters for thé\(100)/(020) andX(020) levels were
matrix used in this work is given in Table II. The expressionsallowed to vary simultaneously. The constants for the
for the X(000) %3 * level are the same as the diagonal matrixX(000) level had been determined accurately by Ziurys
element for the> " state in Table II. et al?® for CaOH and by our earlier wotk for CaOD, and
The dependence of the rotational consBnbn bending were held fixed in the fits. The numbers of fitted rotational
vibrational quantum numbets, and| can be expressed, ac- lines in respective subbands are given in Figs) and 1b).
cording to Lide and Matsumurd,by The total numbers of rotational lines included in the fits are
5 2 2 676 for CaOH and 635 for CaOD. The variances of the fits
Bo=Bem ap(vat 1)+ yolvat D)%l (10 e 52=(1.199% and 52— (1.228} for CaOH and CaOD,
whereB,=B,— a;(v;+3) — a3(v3+3). It was indeed found  respectively. The measurement uncertainty for most rota-
in the least squares fits for both isotopomers that differentional lines was estimated to be 0.0035 ¢mwhich was
B,’'s must be used for the two components with0 and 2 ysed for assigning the weightv&0.00352) to rotational
of theX(020) level, and they are labeled thenBasandB,,  Jines in the fit. It appears that the model used here has repro-
respectively, in the matrix of Table II. In a similar way, the quced the observed quantities quite satisfactorily; however,
basis states with=0 and 2 for theA ?[1(020) level also  the estimated variances are larger than unity because of small
have differenB,’s, and these are labeled B§ andB3 inthe  systematic discrepancies for a few of the branches. The mea-
matrix of Table I. For the’Il electronic state, a further sured line positions along with their quantum numbkend
vibration—rotation correction t8 values has been described residuals(vyps—veqe) Obtained from the fits are listed 5h
by Brown?® this correction occurs for vibronic components PAPS AppendixA as Tables A1—A12. It is to be noticed that
of different AK and the same, values, and its origin arises ihe two upper(020) vibronic components form an inverted
principally in third qrder perturbation theqry, involving 217 state and, therefore, tifg /F, assignment is the opposite
Renner—Teller, Fermi resonance and rotational operatorg, that for the lower components. The molecular constants
Brown has given the form for the correction as and perturbation parameters determined in the fits for both

AB=Bg 1) v1+3)(v,+1)(AK+1) CaOH and CaOD are summarized in Table Il1.
L Investigation of theA(020)« I1,,, vibronic component
+Beadvstz) (vt 1)(AK+1), (1) relied mainly on hot band excitation from tH(020) 2A

whereg 1, and Bg 5, are perturbation parameters. Referring level; the « ?I13,,~(020) >S™ subband was extremely weak
to the basis functions defined in Eq®)—(8), AK=1 for  for both isotopomers. The branch structure of this subband is

|=0 andAK=—1 for|=*2. The values oB3 andB3 will referred to the schematic diagram in Fig. 2 of Ref. 14. The
thus depend on the combined effects expressed in Q5. « 2I1,,, component was assigned as Fyecomponent and its
and (11). rotational structure conforms closely to Hund’s cése This

subband was difficult to measure and analyze owing to its
weaknesglow population in the lower stateand the unre-
solved spin—rotation splittings in the lower state combined
A weighted, nonlinear least squares fitting procedure emwith the K-type splittings in the upper state. Since the lower
ploying the Hamiltonian matrices of Tables | and Il was usedstate hagA symmetry, each rotational line is split into two
to fit the complete data set for all the observed subbands fdines by thel-type resonance in the lower state, which is

VI. LEAST SQUARES FIT AND RESULTS
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TABLE lll. Molecular constant$of the (100) and (020) levels in theA 2I1 andX 25+ states of CaOH and

CaOD.
CaOH CaOD
A(100) A(020) A(100) A(020)

Te 16 626.92P1) 16 700.1782) 16 614.00%2) 16 528.9113)

A, 67.16%3) [67.095 ] 67.0444) [66.947 4

W, 10.32565) 5.270722)

€w, —36.564 17) —27.159 §14)

P [0.593 7 [0.446 4

U020 7.531 410) 4.370 36)

B, 0.338 906 141) 0.339581 9(48)BY  0.307 059 (27) 0.309 396 0(78)BY
0.339 269 2(68)B3 0.308 897 9(113)B3

D, 0.377 @17)x10°® 0.419 7117)x10°6 0.253 §34)x10°° 0.316 423)x10°°

p® —0.044 0%7) —0.045 459) —0.039 2910 —0.041 549)

q° —0.417 358)x10°%  —0.541 339)x10°3 —0.322326)x10°%  —0.608 174)x1073

q’ —0.73559)x10°° —0.758 124)x10°2

Yo [0.030 4 [0.026 17 [0.027 § [0.024 73

Ap, 0.37q7)x10°3 —1.362)x10°° 0.1958)x10°3 0.50955)x10°°

o —0.53740)x10°° 1.10315)%x10°° 1.17891)x10°° —0.21939x10°°

€pw; —0.17q4)x1073 0.27617)x10°3

X(100)° X(020) X(100)° X(020)

Te 609.01%10) 688.6701) 604.9037) 519.1921)

920 6.086 712) 4.302 79)

B, 0.332 193) 0.3330474) (%) 0.301 022) 0.303 3964) (°3)
0.33256611) (?A) 0.303 11815) (?A)

D, [0.386 9x107 ] 0.4152)x107%(%5) 0.28310)x10°° 0.3323)x10°8(%)
0.4686)x1075(%A) 0.26312)x1075(%A)

Ve [0.001 11 [0.001 184 [0.001 1] [0.001 124

q [-0.718 1x1079] [—0.762 1x107 9]

3All values are in cm?; values in parentheses are $tandard deviations in units of the last significant digit of
the corresponding consta/,=0 was fixed.
From Ref. 14.

negligible, and by the&k-type doubling in the upper state, the principal parameters for ﬂfé(OZO) state,T.,, B,, D,,
which is large. The splitting is resolved at lo¥; but de- and g,, have been well determined for both isotopomers.
creases ag’ increases and becomes zeroJat=163 for  The assumed values gfandq’ should be quite reasonable,
CaOD, and then opens again &’ further increases. This with any errors having negligible effect on the fits.
may be seen later in Fig.(# which shows the change in
sign of theK splittings (ve— v¢) in « 21, at J' =16%. A
similar situation occurs for CaOH. Although this is a case
(b)—case(b) transition, relative intensities between the main
and satellite branches change in a complicated fashion due to As seen from the matrix in Table I, the paramaggris
guantum interference. For these reasons, the data for thigghly correlated withg,,. Sincegy had been determined
subband were assigned lower weights=(0.01"?). For accurately for both CaOH and CaOD from investigations of
CaOD, there was an additional difficulty in the fit caused bythe A(010) state, its value was held fixed whilg,, was
the near degeneracy (ﬁﬁ(lOO) 211,,, and A(OZO)K 11,,  allowed to vary. The fitted values o, for both CaOH and
The strongJ-dependent interaction between the two compo-CaOD in theA state are consistent with those in tKestate,
nents has not been satisfactorily modeled by the present e&s shown in Table Ill. However, small differences have been
fective Hamiltonian. As_a consequence, the data for theioticed. Theg,, value for the CaOHA state is larger by
nominal A(OZO)K 2H3,2—X(000) 25 % subband included in ~20% than that in theX state, while for CaODg,, has
the fit have been restricted #6<343 to avoid large residu- nearly the same value for tthNandX states. This situation
als and contamination of molecular constants. merits further discussion. In the state, the Fermi interaction
The parameters and g’ in the X(020) state could not between thg100 and (020 levels was not taken into ac-
be reliably determined and were, hence, constrained at theount in the matrix deperturbation of the observed bands. For
values for theX(OlO) _level. This is because the spin— CaOH the(100) level is lower than th¢02°0) level by ~80
rotation splittings in thex(020) 2A and?3 " levels are very cm™* while the (02%0) level is higher thar(02°0) by 24.3
small and thd-type doubling in th@((OZO) 2A state is neg- cm L. The Fermi resonance operator only connects(106)
ligible; unfortunately, the corresponding subbands are to@nd (02°0) levels (selection ruleAl =0). The effect of this
weak to permit a sub-Doppler investigation. Neverthelessinteraction on vibrational energies is certainly not negligible.

VII. DISCUSSION AND FURTHER RESULTS

A. Values of g,, and Fermi resonance in the X state

J. Chem. Phys., Vol. 104, No. 13, 1 April 1996
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FIG. 4. K-type doublingsAv=,— v;, in the A 21 (020) and (100 vi-
bronic states:(a) for CaOH, (b) for CaOD. @ For 21, levels; O for

Mgy, levels.

However, since the unperturbed energies offﬂqeaOO) and
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TABLE IV. (a) Molecular parametefdor CaOH/CaOD in theA 21T state.
(b) Molecular parametefgor CaOH/CaOD in theX 23" state.

(@ CaOH CaOD

n 628.487 115) 618.774 123
) 358.65 23) 272.58 23)
X9, —3.8943) —-2.8713)

ew, —35.662 219 —26.560 %31)
€ —0.097 3 —0.095 4

04 —0.100 23) —0.066 §5)
|k12d 2.027x10% 0.780<107
| 124 29.205 714) 14.907 862
a 0.001 1649) —0.000 00113
Yoz 0.000 0865) 0.000 04%6)
" —0.000 0784) —0.000 125%5)
(b) CaOH CaOD

n 614.79 603.59

G350 682.90 520.51

) 349.34 265.49

X3, —-3.95 —2.61

020 7.53 3.97

@ 0.001 0986) —0.000 01112
Va2 0.000 1123) 0.000 0485)
" —0.000 1203) —0.000 0714)

3All parameters are in unit of cit except thak is dimensionless ankh,, is

in unit of (kg~¥2m™*). ew, and € are the harmonic Renner—Teller param-
eters.
G%100 -G 2W
0 =0 (12
2W G%(02°0)-G

Here, G°(100) andG°(02°0) are the unperturbed energies
andG is the perturbed energy, which has two known values;
2W is the perturbation matrix element originating from the
Fermi resonance. Employing the deperturbed energies ob-
tained from the above calculation, the deperturgegvalue

is determined ag,,=7.53 cm }; this is anincreasefrom the
perturbed value of 6.09 cm to a value that is essentially
identical to theA stateg,, value. In the CaOLX state, the
(100 level is higher than th€02°0) level by ~86 cmil.
Using the same approach, the deperturhgdvalue is deter-
mined asg,,=3.97 cm %; there is now alecreasdrom the
perturbed value of 4.30 ci to a value that is smaller by
~10% than theA stateg,, value. From these results, it is
apparent that a somewhat smaller correction would lead to
deperturbedy,, values that are slightly less than those of
A °II for both isotopomers. Hence, it may be deduced that
the values of the Fermi resonance parameter inxXfetate
should be slightly smaller than those in thAestate for both
CaOH and CaOD. Nevertheless, the deperturpgdvalues
obtained above foK 23 * usingW~W, (A 2II) are consid-
ered more reliable than the perturbed values, and these are

(020 levels could not be predicted accurately owing to IaCkgiven in Table I\b).

of zero-order vibrational information, it was impossible to
treat this interaction rigorously in a matrix approach. Never-
theless, since the two electronic states have quite similar p(?
tentials, a reasonable approximation is to assume that the
Fermi resonance paramet&ffor X 23 * has the same value

3. Vibrational parameters for the A and X states and

vibrational dependence of e,

More important results obtained from the above treat-

asW; for the A state. The interaction can then be treated byment of the Fermi interactions in th¢ state are, of course,

solving a simple secular equation

the unperturbed vibrational term valugg®(100)=614.79,
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G°(02°0)=682.90 crﬁ for CaOH, andG°(100)=603.59, (000 and (100) term values:»;=628.487115) cm for
G°(02°0)=520.51 cm* for CaOD. These deperturbed vi- CaOH and »,=618.774723) cm * for CaOD. Here, the
brational term values and,, values of theX state are be- A(OOO) term value has been corrected bye’w,+ gy .
lieved to be more reliable than the perturbed values listed in  Using the term values of the,=0, 1 and 2 levels, and
Table 11, and will be used for further calculations in this the expression for the vibrational term values referred to the
work. Of course, the above corrections do not imply any(000) leveF®
change in the quality of the matrix deperturbation of the
observed bands described earlier in Secs. V and VI because GO(Ulvzvs):z wiovi+z Z xS vivk
the X(100)~ (020) Fermi resonance and parity indepen- ! Pok=i
dent and, hence, will not affect the values®f, D,, and
Yo - . +E Z Oiklilk+ -+ (14

As for the treatment of thé(010) staté, the Renner— ok
Teller parametere was held fixed,e(CaOH=-0.100 and &3 andx3, for the A and X states of the two isotopomers
€(CaOD=—0.098, anckw, was allowed to vary, here for the were calculated; all quantities obtained in this section are
A(020) state. The spin—orbit constaft} is closely corre-  summarized in Table 1V. With the approximation
lated with ew,, and was constrained at the value for the
A(OlO) stat€. The values ofew, were determined for both B
isotopomers by the least squares fits. There is a small irthe harmonic frequency of the state bending vibration may
crease in magnitude fofw, asv, increases from,=1 to  be estimated as,=366.435 and 278.325 cm for CaOH
v,=2; the changes are-0.30079) and —0.199715) cm ' and CaOD, respectively. Using thesg values and the har-
for CaOH and CaOD, respectively. These small increasemonic ew, values, the harmonic Renner parametensay be
may be understood as a vibrational dependence of thealculated, yieldinge=—0.0973 for CaOH and=—0.0954
Renner—Teller effect. Brown and Jorgen@eriintroduced a  for CaOD.
g, term to account for such dependence. This term originates ~ Following the same approach, the harmonic bending fre-
from the anharmonic quartic potential and has the form ofjuency in theX state was estimated as,=357.23 and
04050, . 0, is a dimensionless normal coordinate associate@®70.71 cm ! for CaOH and CaOD, respectively. Here, the
with the bending vibration, and, is a Pauli matrix. Accord-  correctedX state(020) term values and,, values were used,
ing to Ref. 23, its matrix eIements can be evaluated using as calculated above. The harmonic frequency of the Ca—O

stretch vibration in theX state is difficult to estimate al-
(q‘2‘02>v2,02=§(v2+ D[ (v,+1)2—K2]¥2 (13)  though the excited levels up o, =4 for CaOH andv;=3
for CaOD have been observed via dispersed LIF by our ear-

Considering this vibrational dependence, the Renner—Telldier work.** This is due to the existence of the Fermi reso-
parameterew, determined in the least squares fits may benance. The deperturbed term values of the0) level have
written asew,+ 69, for A(010) andew,+ 99, for A(020). been estimated in the preceding section. However, when the
Thus the parametey, can be directly calculated from the quantum numbep, increases further, more levels are in-
difference between the fittedw, values for A(010) and Volved into the Fermi polyads:(200)~(120~(040),
A(020), and its calculated values ajg= —0.1002(3) and (300~(220~(140~(060), etc. These interactions will sig-
—0.06685) cm ! for CaOH and CaOD, respectively. These nificantly affect the level positions and can not be estimated
g, values appear quite reasonable in that the anharmonicitgasily. Therefore, the term valu&’(100) calculated in the
of the bending vibration in CaOH is markedly larger thanpreceding section are considered the best approximation for
that in CaOD. Jarman and Bern%ﬁh obtained the harmonic frequency, for CaOH and CaOD.
g,=—0.038 62(9) cm' for the CaOD C 2A electronic
state, which is comparable with the present result. \§jith
now known from the preceding discussion, it is possible to
obtain the “harmonic” Renner—Teller parametew,, ex-
cluding the anharmonicg, contributions; estimates of The magnitude of the Fermi resonance paramatehas
ew,=—35.662219) cm? for CaOH and been well determined for both CaOH and CaOD; however,
ew,=—26.560%31) cm ! for CaOD are obtained. Although the sign ofW; could not be obtained. The second parameter,
the fitted ew, value is affected by the assumed value of theW,, could not be determined by the fit for either isotopomer,
spin—orbit constan,, test fits have shown that whenthg  and was fixed at a value of zero. This can be understood in
value was changed by an amount extrapolated fromAthe terms of the moderate size of the Renner—Teller parameter in
values of theA(000) and(010 levels, the change of the the CaOH/CaODA 1 state; W, becomes significant only
fitted ew, value forA(020) was smaller than 0.015 chfor ~ when the Renner—Teller effect is very strong. Even in the
CaOH. For CaOD, such change was even smaller. Hence, X 2I1 states of NC® and BG,?® where the vibronic cou-
can be concluded that the calculated valuesgfprand the plings are relatively strongsw,=—75.91 and—85.7 cm'*
harmonicew, are quite reliable. respectively,W, was still not determined. The essentially

The fundamental frequency of the Ca—O stretching vi-zero value oV, indicates thatK;,, — k) is close to zero,
bration in theA 2I1 state can now be calculated from the according to Eq(2). ThusW,; may be expressed by

W=~ w3~ 2X3,, (15

C. Fermi resonance parameters and cubic force
constants in the A state
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W, =Kol hldmrcw,) (hldmcw) Y2 (16)  (f11,f22f33 19 and anharmonic constant;,, and f3y));
the harmonic force field in the curvilinear coordinates gives

contributions to the anharmonic force constants in the nor-
mal coordinate® as will be described later in Sec. VIII.

Employing theA state w, value obtained in the previous
section, and assuming,~v;, the magnitude of the anhar-

monic_ force - _constant K122 _may b‘f4 obtained:  This would give a better verification of the results obtained
|k12d=2.027<10" and 0.779%10™ kg™"*m™" for CaOH 5 the Fermi resonance and, particularly, give an explana-

and CaOD, respectively; these constants are the coefficients, tor the large difference between tié, values in CaOH
in the normal coordinate expansion of the potential energy, .4 in caoD.

function. More usually, the Fermi resonance parameter is
employed as a direct measure of the anharmonic force con-
stant¢,,, in the dimensionless normal coordinate space,

Wy =8"12¢,5,. (17)

52%%"70%(217) ylleldfs mCag(g::udez (gblézDas 29'20‘:’@1) a|:d The parameters that govern the dependence of the rota-
.h & d)f(':md tr?r ? ?n bi at ' restﬁec |vte yi. l(:re, tional constanB,, on the bending vibrational quantum num-
we have de |ne2. € refevant cubic term in e poten |a2uncbers v, and | can now be calculated using the fitt&]

tion ask,,,Q,Q5 in the normal coordinates and &s,.,0,05

: . ) : : G values for thev,=0, 1, and 2 levels and E¢10). For the
in the Q|men5|onless coorc_jmatgs WQh:(.ZW.Cwi/ﬁ) .ZQ‘ ) X 23" electronic state the calculations are straightforward,
As is well known, the vibration—rotation interaction con-

resulting in «,=0.0010986), 7,,=0.0001123), and

D. Vibrational dependence of rotational constants

stanta, also contains information on the cubic anharmonicy — —0.000 120(3) crt for CaOH and
force co7nstants¢nzz. The relation has been formulated by a!=—0.600 01112), 7,,=0.000 04€5), ' and
Nielserf" as v =—0.000 071(4) cri® for CaOD. It is seen immediately
B2 {3 05 that the parametet, in CaOD is essentially zero whilg,,
2= s [ 1+4n§413 wz_wz] and v, for CaOD are relatively large, being about half of
2 on T2 those for CaOH. It is obvious that the parametgiis much

—(2B)¥2 37 (18  parametersy,, andy, . This behavior is strikingly similar to
w3 . . . . .

that occurring in the alkali metal hydroxid&More detailed
where/,, are the Coriolis coupling constants. A calculation discussion on these parameters will be given in Sec. VIII.
of ¢4,, from the experimentad, values may be carried out For theA state, the situation becomes more complicated ow-
as follows. The first term on the right-hand side of Ei8) is  ing to the effect of the new vibration—rotation correction to
exactly equal to half of the absolute value of thiype dou-  the B(020) values described by E@L1). However, an ex-
bling constantg’. The values ofg’ in the CaOH/CaODA  amination of Eq(11) and the basis functions defined in Egs.
state have been determined from investigations of(€i€) (5)—(8) revealed that the new vibration—rotation correction
and (020 levels. Theq’ values obtained from th€010) only affects the value oBg and has no effect oB% because
leveP will be used here since th®10) vibronic manifold is of AK+1=0 for |==*2. Therefore,B3 can still be ex-
simpler than th¢100/(020) manifold and was slightly better pressed solely by Eq10). The magnitude oB) relative to
fitted. In the second term on the right-hand side of @), B2 in the A state still follows the same trend seen in te
gzl/wgfz is smaller tharlg“zelcof’2 by a factor of 89 for CaOH state so that the new correction may only have a minor effect
and 44 for CaOOthe values ofv,,, £,,, andB, are givenin  on BY; this effect might have significant impact op, but
Table VII). Hence, thegs,, term is expected to be much should have minimal impact oa, and vy,,. Since onlya,
smaller than thep,,, term and may be neglected at present.and v,,, and noty,, , will be involved in the calculations of
Employing thea, values obtained in the next section, the B,, it was decided to ignore the new correction terms of Eq.
following estimates are obtainedp;,,=—22.9 cm® for  (11) in the expression foBS. For the A(010) staté, the
CaOH ande,,,—=12.0 cmi ' for CaOD. The magnitudes of mean of theB values for?A and 3, vibronic components
¢, evaluated froma, are in reasonably good agreementwas used. The results for thA state are as follows:
with those evaluated fronwW,. The former are somewhat «,=0.001 1649), v,5=0.000 0865), and
smaller than the latter. This is most likely caused by neglecty, = —0.000 078(4) cm?® for CaOH; a,=—0.000 00113),
of the ¢s,, term; the constanips,, may be considerably 7,,=0.000 04%6), and 7y, =—0.000125(5) cm® for
larger thang,,, and have an opposite sign. The calculationsCaOD. The uncertainties of, may actually be larger than
usinga, values have also given the signs 6r,,, which are  given in the parentheses. As in testate,«, is essentially
not available fromW; . In Sec. VIII, the corresponding force zero for CaOD in theA state. These results are summarized
constantsf;,, and f 3,, in the curvilinear internal coordinate in Table IV. In a recent publicatiof?, Fletcheret al. reported
expansion of the potential function are calculated fromdhe an investigation of pure rotational spectra in the vibrationally
values. Sincef 5, and f3,, are isotopically invariant, both excited ground state of alkaline earth monohydroxides. The
constants can be evaluated employimgvalues of the two B, values of the CaOHK(02°0), (02°0), (010), and (100
isotopic molecules. A nonlinear transformation would pro-levels obtained from the millimeter wave spectroscdmye
duce values fokp,,, and ¢35, from both harmonic constants in excellent agreement with the results obtained in this work

{ Lo3t12 §21¢322] more sensitive to isotopic substitution than the other two
+
32 '
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and our earlier workRThe values ofx,, v,,, andy, inthe  F. Isotope relation of molecular constants for CaOH
CaOHX state thus agree very well between the results of th@nd CaOD

two laboratories. It is of interest to examine the isotopic behavior of the
parameters determined for tfE00) and(020) levels. Results
are collected in Table VI, which also includes isotopic ratios
of the parameters for th@00) and (010 levels which were
. ~ determined earlier in Refs. 6 and 15, respectively; the latter
E. K-type doublings in the A state are useful in order to gauge the self-consistency of the results
The K-type doublings in thg\(loo)/(ozo)ZH manifold  obtained in our work. In Table VI, only the ratios of the

are complicated due to the existence of the Fermi resonancBlolecular constants that were determined by the least
In general, the present model reproduces the doublings vesguares fits are given. The isotope ratiag6fin the A(020)
satisfactorily for both isotopomers. The fitted valuespSf ~ State is not included in Table VI because the fitggdsalues
andq’ are very close to those for the(000)'® and (010°  in A(020) are not considered to have been well deperturbed.
levels; howeverg® for the A(020) level is noticeably larger For diatomic molecules, it has been shdfuthat the
in magnitude than might be expected for both CaOH andatios of some molecular constants at equilibrium/B.,
CaOD. There is no obvious explanation for this result. Asde/Be: Ape/Be, and y/Be) are isotopically invariant. The
pointed out in Ref. 6, the definition of tHetype doubling @Pove results clearly demonstrate that the isotope relations of
operator used in the present work removes thedepen-  the parameters3, , p% q° andy, , are still well satisfied in
dence from the constanf. Indeed, theq® value obtained the range ofv,<1 andv,<2 for a linear triatomic mol-
from the A(020) level is in very good agreement with that €cule. although the situation becomes much more compli-
from theA(OlO) level for both CaOH and CaOD. cated owing to the eX|§tence of more vibrational modes. It is
also obvious that the isotope ratios of the parameters are in
excellent agreement between tkendA states. The overall
consistency shown in the above ratios lends strong confi-
dence to the data sets and the global matrix deperturbation
approach used in the present work. The valu@BfB!! in-
greases slowly as, increases in both th& and A states,
which is in accord with the different, dependence of the
rotational constants in the two isotopomers.

The correlation betweef, andy in a diatomic?Il state
well known3432such correlation also exists in tiég100)
nd (020) levels of a triatomic?Il state. Therefore, in the
practical fits,y; and v, were held fixed at the values for the
A(000)'° and (010° levels, respectively, anf; andAp,
were allowed to vary. As seen in Table 111, the fitted values of
some of the high-order parametérs, , vp, andepw,) are
not reasonable in magnitude or sign. This situation is very
difficult to avoid since the interactions, especially at high
are too strong to give a perfect treatment.

Figures 4a) and 4b) illustrate theK-type doublings,
defined asA v=v,— v¢, in the six vibronic components for
CaOH and CaOD, respectively. Figur@ywas presented in
our previous publication,but for ease of comparison, it is
reproduced here. For CaOD, tlketype doublings are not
severely affected by the Fermi resonance although th
(100 2I1,,, and the (020« °I1;, components perturb each
other strongly. This is because the two components have
similar K doublings, as shown in Fig.(@ for CaOH in
which the corresponding components encounter m|n|mals
Fermi perturbations. The effect of the Fermi interaction on2
the K doublings is manifested most dramatically in the
(100) 215/, and (020)x 21,,, components of CaOH. These
two components have very differeiitsplittings and interact
with each other very strongly. The100) °I1;, component
normally has negligibleK doublings, but now has fairly
large negativeA v. The (020 u 2I1;;, component has steadily
increasing positiveA v with increasingJ while the corre-
sponding component of CaOD exhibits a sign changa of
atJ=18%. VIIl. EQUILIBRIUM STRUCTURE AND FORCE FIELD

It should be emphasized that the labeling of some vi-  |n our earlier publicatio,an attempt was made to de-
bronic states is rather difficult because of heavy mixing. Thaermine the molecular equilibrium structure and force field
labels that represent leading characters-atl; have been for the X 23+ state of CaOH/CaOD. After analyzing the
chosen. Table V lists mixing percentages for each elgenstat@(loo)/(OZO)—X(OZO) bands in the present work, more ac-
of CaOD atJ=13, 203, and 4G. As shown in the table, the curate constants for th¥(020) level were determined and
mixing between(100) °I1;;, and (020)x Il increases ad  the effect of th@((lOO) (020) Fermi interactions was better
increases and the two vibronic states switch leading charaemnderstood. In consequence, the parametgrsw,, andB,
ters after J=403. For CaOH, the (020u 2H3,2 and for tpex state have now been more reliably determlned For
(100) 21, states are completely mixed at dlvalues. As]  theA state, these parameters have also been determined with
increases, the interactions of020u °Il;;, with both  the same quality as for thé state. New calculations of equi-
(020 2113,2 and (100) 215, become rapidly stronger and librium bond lengths and force constants are now performed
cause complete mixing at=305. The mixing percentages for both theX andA states.
for the corresponding eigenstates of CaOH were listed in  Despite much effort in this and some other laboratories,
Table IV of Ref. 5, and are not given here since only verysearches for the excited levels of the(O—H stretch mode
small changes occurred in the mixing percentages after thieave not been successful. In fact, the excited O—H stretch
new fit by the present work. vibration has not been observed for any metal monohydrox-
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TABLE V. Mixing percentages of théll vibronic states of CaOD.

e levels
J=13 16 649.218 16 594.978 16 581.825 16 581.004 16 490.795 16 479.450
2195 98.14 0.00 0.02 1.71 0.13 0.00
K 2y 0.00 80.23 6.51 0.44 0.01 12.81
A1, 0.01 5.92 90.97 2.14 0.00 0.97
K 2113,2 1.75 0.04 1.90 73.00 23.26 0.04
u n3,2 0.10 0.02 0.60 22.70 76.48 0.08
m Hl,f 0.00 13.78 0.00 0.00 0.11 86.10
J=20; 16 783.981 16 731.233 16 716.794 16 713.969 16 627.660 16 612.828
219 97.24 0.43 0.00 2.20 0.10 0.03
K 2y, 0.01 75.45 0.04 11.79 0.90 11.81
A1, 0.84 3.39 67.57 27.21 0.16 0.83
K 2113,2 1.79 4.84 24.61 45.96 18.52 4.28
u n3,2 0.11 2.67 7.46 12.68 67.96 9.13
“ Hl,f 0.02 13.22 0.31 0.17 12.36 73.92
J=40; 17 165.737 17 116.296 17 097.053 17 093.172 17 014.069 16 991.164
219 94.96 0.97 0.12 3.82 0.06 0.07
K 2y 0.03 67.65 4.38 15.65 1.33 10.95
11, 2.91 0.96 49.85 45.20 0.40 0.69
K g, 1.90 11.39 36.00 29.30 12.25 9.16
w2y, 0.12 6.61 8.73 6.00 59.97 18.57
w iy, 0.08 12.41 0.92 0.02 26.01 60.56
f levels
J=13 16 649.218 16 594.965 16 581.752 16 581.002 16 490.794 16 479.373
219 98.14 0.00 0.03 1.70 0.13 0.00
K 2y 0.00 80.31 6.39 0.49 0.01 12.80
A1, 0.01 5.85 90.57 2.60 0.00 0.97
K 2113,2 1.75 0.05 2.28 72.62 23.26 0.04
u n3,2 0.10 0.02 0.73 22.58 76.48 0.08
“ Hl,f 0.00 13.77 0.00 0.00 0.11 86.12
J=20; 16 783.949 16 731.323 16 716.253 16 713.516 16 627.185 16 612.504
219 97.29 0.45 0.02 211 0.11 0.03
K 2y, 0.01 75.05 0.11 12.27 0.60 11.96
11, 0.78 2.92 59.57 35.73 0.13 0.87
K 2113,2 1.80 5.67 30.69 39.04 19.40 3.40
u H3,2 0.11 3.00 9.13 10.70 70.16 6.90
“ Hl/f 0.02 12.92 0.47 0.15 9.60 76.84
J=40; 17 165.522 17 117.256 17 095.778 17 091.794 17 011.802 16 991.951
L1795 95.27 1.06 0.08 3.46 0.07 0.06
K 2y, 0.04 65.33 6.07 16.48 0.74 11.34
A1, 2.55 0.68 49.10 46.60 0.28 0.79
Kk 2y, 1.93 13.73 35.19 27.72 14.32 7.12
wly, 0.12 7.49 8.28 5.71 65.00 13.40
w iy, 0.07 11.71 1.29 0.05 19.59 67.28

ide. It is assumed here that the free anion OBl a reason- v, were used as approximations of the harmonic frequencies
able approximation for the OHligand in the M (OH)~ w; for both theA and X states of the two isotopomers. The
molecule. From velocity modulation laser spectroscopyparametersy; in the X state were determined previously
Rosenbaunet al3® have obtained=3738 cm ! for the har-  from least squares fits of tH&(v,00) values withv;=1-4
monic vibration frequency of the ground state of the freefor CaOH andv,=1-3 for CaOD; this was appropriate
OH™ anion. This value will be used as; in the following  since the Fermi resonanceJsndependent and has no effect
calculations for both th& 23+ andA ’11 states of CaOH on theB values in theX state.«; for the A state was calcu-
In our previous calculatiofigor the X state ,w3=3600 cm lated from B,(000) andB,(100). The values olx; were
was used; this was the value assumed by Lide andbken from the estimates for RobOH and RbOD by Lide and
Matsumurél8 for alkali hydroxides. We now consider Matsumurd® for both theA andX states.

=3738 cm! is likely a better approximation. Although The molecular constantsy;, «;, and B, for CaOH/
thls assumed value could still contain appreciable error, iCaOD that are used in the following calculations are sum-
was shown in Ref. 6 that the calculations are not sensitive tnarized in Tables VIl and VIII for theA 2IT and X 23 *
such error. states, respectively. The two tables also include all the re-

For the Ca—0 stretch mode, the fundamental frequenciespective results calculated in this section.
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Evaluation of equilibrium bond lengths of a%~Y—-Z  thors. The equations employed in this work are referred to
type molecule requires values of the equilibrium moments ofqgs.(22)—(24) in Ref. 6. However, Eq(24) of Ref. 6, which
inertia for two isotopic molecules, which are expressed by was obtained from the work of Penny and Sutherl3#id,in

_ 2 2 2 error by a factor of 4, as pointed out previously by
= (MyMar g5+ My Mgl 35 MMl 25)/M. (19 Herzberg?® the correct equation is

Here,M =m;+m,+m;s, andr;; denote the equilibrium in-

ternuclear separations with the labels 1, 2, and 3 correspond- P2, p2 (23-1
ing to Ca, O, and H/D atoms, respectively. The moments of f22:477202w§r§2r§3[ B8y _12} _ (22)
inertia, | ,.=h/(8m2cB,), can be calculated directly from the My My Mg

equilibrium rotational constan®,, defined by
= 1 1 _ Oncef 44, f13 andf;; were found, the unknown frequeney

Be=B,(000+ 201+ a5+ a3~ 2. 20 for CaOD was calculated from Eq&2) and(293) in Ref. 6,
There is ay,, term in Eq.(20); this is different from the and used in further calculations.
normal expressios which only includea; terms. Likeas,, For each electronic staté or X), two f,, values have
the parametety,, describes the, dependence of the rota- been obtained from the two isotopomers and are in excellent
tional constanB, , as shown by Eq:10). The contribution of  agreement, as expected. These values are as follows:
the y,, term to B, is important in CaOH and is dominant, f,,(CaOH=0.0633 and ,,(CaOD=0.0647 mdyn A for the
compared with they, term, in CaOD. The values of,, are A state; f,,(CaOH=0.0605 and f,,(CaOD=0.0617

listed in Table IV. mdyn A for theX state. Thef,, value averaged over the two
Hilborn et al? obtained the first estimates of the equilib- isotopomers for each state will be used.

rium bond lengths based on rotational analysis of the CaOH  The harmonic force constant$;;, fq3 fss and f2o

A(000)-X(000) band and partial analysis of the CaOD evaluated above are listed in Tables VII and VIII for the
A(000)-X(000) band. Now, the values &,(000),a; and  and X states, respectively. As shown in the two tables, the
a; have been determined from a more precise and mucBonstants,,, f3 andf,, in the A state have values that are
larger data base, including several excited vibrational levelsyery close to those in th¥ state. This is expected since the
The results of the present calculations for th@andX states  two states have similar potentials. Howevéy; has quite
are listed in Tables VIl and VIII, respectively. different values between the two states. Owing to the large
The results show that while the O—H bond length isdifference in frequency, the coupling between theand v,
essentially the same in the two states, the Ca-0O pOﬂd lengthodes is expected to be very weak, dpgl then, has a very
in the A ?II state is slightly shorter than that in the®S*  small magnitude. It was noticed théy, is sensitive to the
state, which indicates that the “nonbonding” valence elec-yncertainties of thes; values. The uncertainties 6f5 in the
tron is actually slightly antibonding in thx state. A andX states are probably comparable with the magnitudes
The potential energy function of the CaOH molecule canof the constants. Thus thi; values are to be considered
be expressed in curvilinear internal coordinates in the formyith caution, whilefy;, f,, andfs; have been determined
V=311(AT 12+ 1 Ar 1) (Aro9) + 35 Arpg)? with confidence. | |
The Coriolis coupling constants contain valuable infor-
+ 3o Aa) 2+ F 1o AT 1) (Aa)?+ 3o Al ) (Aa)? mation on the harmonic force field. Alternatively, as in the
21) present work, the Coriolis coupling constants can be calcu-
' lated from the harmonic force field. The valuesigfand{,;
whereAr;; represent the displacements from the equilibriumin the A andX states for both isotopomers, calculated using
nuclear separations amkkr is the angular displacement as- Egs.(25) and(26) in Ref. 6, are listed in Tables VII and VIII,
sociated with the bending vibration. Since the molecularespectively.
force field expressed in the curvilinear internal expansion is  Thel-type doubling constants are dependent on the Co-
isotopically invariant, it is possible to determine the forceriolis coupling constants and some other constaiis,w,,
field using spectroscopic information from more than onews;, andB,, as expressed by E@L5) in Ref. 6. These con-
isotopic species. The second property of the force field irstants are now available and summarized in Tables VII and
these true bond-stretching and angle-bendiogrvilineay  VIII. An interesting comparison is possible, therefore, be-
coordinates is that the quadratic force field alone gives @aween calculated-type doubling constants and those deter-
good representation of the anharmonicity and, in consemined experimentally. As shown in Table (&, it turns out
guence, the cubic and quartic interaction terms are minithat the calculated’ values for theA andX states of CaOH
mized and the simplest expression for the force field isand CaOD are all in excellent agreement with the values
obtained?® determined from experimental data. This gives perhaps the
The three harmonic force constanfs,, fi3, and fs;,  most eloquent proof of the quality of the data sets and the
may be determined from the harmonic frequencigandw;  deperturbation models in the present work.
for CaOH, combined witlw, for CaOD. The harmonic force Of further interest is a comparison between the experi-
constantf,, can be calculated from the equilibrium bond mental centrifugal distortion constans and those calcu-
lengths andw, of either isotopomer. The methods and equa-lated from the derived Coriolis coupling constants and other
tions for such evaluations have been discussed by many amolecular constants. The expressivfor D, is

4.
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IAZBL+E VI. Isotope relations of the molecular constants in &l and force constants change values upon isotopic substitution and,
X2 states. in consequence, cannot be determined from isotopic infor-

& 2q mation. Lide and Matsumutéhave performed a coordinate
B/B! Yo/ ABAR i [q%ge transformation and expressed the parametem terms of
the cubic force constant$,,, and f3,, which are the coef-
(020 0.910 8G5) 0.9143) ficients in the potential in curvilinear internal coordinates.
(010 0.9083204) 0.9462) 0.94610) 0.8962)  0.934) Thi on f Iso involves the h o f
(100 0.906 041) 0.89%3  0.881) is expression for, also involves the harmonic force con-
(000  0.905 672) 0.9202) 0.932) stants 44,52 f33,f13) since the harmonic force field in cur-

vilinear coordinates makes large contributions, upon coordi-

nate transformation, to the anharmonic force constants in the

normal coordinatest,,, and f5,, are isotopically invariant.

(020 0.911226) They were then derived using tlee values for the two iso-

(010  0.908 8786) 0.94932) topic molecules and many other parameters listed in Tables

Eégg; g'ggg ;E? 0.891) VIl and VIII. Detailed procedures and equations for the deri-
vations are referred to Sec. VI in Ref. 6. The valued g

The superscripts H and D denote CaOH and CaOD, respectively. andf,, obtained for theA and X states are listed in Tables

VIl and VIII, respectively. As seen from the two tabldg,,

has essentially the same values in the two states. In the pro-

X 25t
By/B; yol

D.— 483 §_§3+ {_31 23 cess of the calculations, it appeared that this constag,is
e~ e w% w% : (23 not very sensitive to the inaccuracy of any individual param-

, , eter that was employed in the calculation and, consequently,

As shown in Table IXb), the calculated and experimental it ha5 heen well determined. On the other hand, the constant
values are in remarkably good agreement. This provides furf322 is very sensitive to inaccuracies bf,. This is probably
ther evidence for the quality and self-consistency of the rethe major reason for the large difference between the values
sults obtained in the present work. _ found for theA and X states. The coupling between thg

The vibration—rotation interaction constants provide 414, modes is believed to be very weak. The uncertainty of
the main source of information on the cubic anharmonicihe calculated ,,is probably quite large and this constant is
force field. In the present work only, for the bending vi- 4 pe considered with caution. The coefficients gf, in the
bration will be used for evaluation of the cubic force con- expression for, are very small compared with those faf,
stantsf;; andfsp, As emphasized earlier, the value®fis  for poth isotopomers. Therefordgy, only makes a very
very sensitive to isotopic substitution in bothandX states.  gmaj| contribution to, and its inaccuracy does not signifi-
As expressed in Eq10), there are three termgs,, y»,, and cantly affect the value of ;.
v1) that contribute t(0 v, 0). The parametes, is more
than 10 times larger in magnitude thag), or y, for CaOH.
However, in CaOD, the parametes is much smaller than IX. CONCLUSION

v,,andy, ; it is essentially zero in botA andX states. This The A 2I1(100)/(020)-X 23 *(020)/(000) bands of
striking isotope effect on the parametes has also been CaOD have been rotationally analyzed; the measured line
found in the ground states of CsOH/CsOD andpositions form a large and highly precise data base. The cor-
RbOH/RbOD;® which also have a linear structure with low responding bands of CaOH have been reconsidered with two
frequency bending vibrations. The expression dgr given  more subbands and some high&rrotational transitions
by Eq. (18), contains two cubic force constani$;,, and  added to the data set. The global matrix deperturbation re-

#3022, Which are the coefficients in the potential function ex- produces the observed quantities almost to within the experi-
pressed in dimensionless normal coordinates. These two

. TABLE VIII. Molecular parametersfor CaOH and CaOD in th& 25*
TABLE VII. Molecular parametefsfor CaOH and CaOD in tha 211 state. state.

CaOH CaOD CaOH/CaOD CaOH CaOD CaOH/CaOD
w, 628.482 618.776 r(Ca—0  1.9532 A w,  614.79 603.59 r(Ca—0  1.9746 A
w, 366.435 278.325 ro(O-H  0.9572 A w, 357.23 270.71 ro(O-H  0.9562 A
wy 3738 2709 wy 3738 2717
B,  0.3436542 03102643 fy, 2.849 mdyn/A B,  0.3366136 0.3041602 fy, 2.669 mdyn/A
@ 000231580  0.001970998) f,, 0.908 mdyn/A @  0.00220010)  0.001877122) fys 0.463 mdyn/A
@  0.0011649) ~0.000 00113  fqy 7.894 mdyn/A @,  0.0010936)  —0.00001112) fg, 7.850 mdyn/A
a;  0.000397 0.000 587 f20 0.0640 mdyn A« 0.000 397 0.000587  f,, 0.0611 mdyn A
& 01603 0.2037 f10 —0.167 mdyn &y 01428 0.1801 f10 —0.165 mdyn
Ls 09871 0.979 0 fa20 0.227 mdyn Ls 09898 0.983 6 fa2 0.136 mdyn
4, , a;, andB, are in unit of cm*, 2, , a;, andB, are in unit of cmL.
bEstimated based on Ref. 33. PEstimated based on Ref. 33.
‘Estimated values in Ref. 18. ‘Estimated values in Ref. 18.
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TABLE IX. (a) Calculated and experimental valugsm 1) of g°. (b) Calculated and experimental values

(cm™Y) of D.
(@
CaOH CaOD
Exp2 Calc. Exp? Calc.
A —-0.697817) 10  —0.7031x10°® —0.757614x10°°  —0.7492<10°®
X —0.71812) %1072 —0.6837x1073 —0.76214) %1073 —0.7324x1073
(b)
CaOH CaOD
Exp’ Calc. Exp? Calc.
A 0.389111) x10°© 0.4008<10°° 0.298115)x10°° 0.2997x10°
X 0.386 003)x10°® 0.3957x10°® 0.294316)x10°® 0.2994<10°®

a/alues for the(010) levels.
bValues for the(000) levels.

mental uncertainties, in spite of the close degeneracy dfransformation requires a computer program that was not

some vibronic levels and consequent strong Fermi interacavailable to us at the time of this work.

tions in the upper state. The fitted molecular constants are The equilibrium bond lengths, force field and Coriolis

consistent with those for th10 and (000 levels and, in  coupling constants for the CaOH molecule have been evalu-

particular, still obey isotope relations quite well. ated. The quality of these results has been assessed by cal-
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