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The Ground State of Gaseous CaO; a Study of 

the Matrix Spectra of Ca and.CaO 

Leo Brewer and J. Ling-Fai Wang* 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 

and Department of Chemistry; University of California 

Berkeley, California 94720 

Abstract 

The 1 :1? t-
1 S transition of Ca was studied in Kr and iCe at 20°.K. 

The tra.Irsition was shifted to the blue relative to the gas. The short 

wavelength component of the triplet·shift4:d to the.blue while the other 

two shifted to the red upon .warniing from 18 to 4o°K. 

Co-deposited Ca and Mg showed the same triplet structures with no 

shifts as when deposited individually in Xe thus confirming that the 

triplet structure is not due to long range interactions between metal 

atoms. 

CaO was synthesized in Kr and Xe ~y the reaction Ca + 202 = CaO + 03 

using 160 and 180 CaO showed a band system with the 0-0 band in Xe 
2 2" 

at 20., 130 em - 1 and rue ' = 890 em - 1
• rue'' = 794 cm- 1 from the infrared 

. "; \. . : ·.·:·· . .• .. 

spectrum. The matrix spectra do riot correspond to any of the analyzed 

singlet systems of CaO • 
. . 1 

It is concluded that the X L state is not the 

ground state of cao, which is probably a triplet. 

/ 

* Department of Chemistry, Rice University, Houston, Texas 77001 
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I. Introduction 

. . ••, 

The ground electronic state of gaseous diatomic CaO is generally 

' l 2 
assigned to the X 1E state. However, it has been suggested that an 

expected ~ state, the analogue of the X' 3 II of c2, ·may lie below the 

X 1z+ of ca.o. In view of the degeneracy of 6 for the ·~ compared to a 

degeneracy of l for the 1E state, the unresolved question makes the 

thermodynamic data for CaO gas very uncertain. The various data that 

bear on this question have been reviewed by Schofield3 and Brewer and 

Rosenblatt. 4 

. 1 5 
Rosen and Sullivan have reviewed the spectral data for CaO. Only 

singlet transitions have been analyzed although a number of unanalyzed 

bands are known. Brewer and Hanee6 made a diligent attempt to analyze 

some of these bands of CaO, but only additional singlet bands were 

analyzed. The remaining bands were judged too difficult to analyze b~ 

conventional techniques. 

The present study is another attmpt to answer the question of the 

ground state of CaO through use of the matrix isolation techniqU:e. 7 

Since the vaporization of CaO under reducing or neutral conditions pro-

duces·a vapor containing much more of the elemental species than of CaO 

and vaporization under oxidizing conditions is not feasible with furnaces 

using metallic components, it was decided to synthesize CaO molecules in 

a rare-gas matrix by co-depositing Ca atoms with 0 atoms followed by a 

warm-up of the matrix to allow bulk diffusion of the 0 atoms. Work with 

8 . 9 . 
Mg and Pb has demonstrated that most metallic atoms do not diffuse 

after they have 'been trapped even when the rar.e-gas matrix has been 
' 

,,, 
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warmed to quite high temperatures.· C~ was found to behave similarly. 

The oxygen atoms were produced by passing 02 and the rare gas through 

an·electrical discha;rge. A :matrix prepared from. the discharged oxygen ' 
together with calcium vapor showed the atomic transition of Ca. Upon 

warming the atomic lines of Ca disappeared and molecular bands appeared 

that were shown to be due to CaO. However, when a bl~ run was carried 

out in which the oxygen was not discharged as a test of whether Ca02 

might show a spectrum, the CaO bands were also produced due to the un-

anticipated reaction, Ca+ 202 = CaO + 03 • 

In the following discussion of the experimental results, the study 

of the matrix spectra of the various separate components will be dis-

cussed first followed by the experiments in which reactions to produc~ 

CaO were carried out. 

II. Experimental 

A. Equipment and Materials 

The liquid hydrogen cryostat10 and hydrogen gas cryo-tip8'9 used 

in this study were described previously. The carbon resistance furnace 
• 

used to generate high temperature atomic beams has been described. 10 

For the lower temperatures, a stainless steel Knudsen. cell with an 

orifice diameter of 1 nnn was placed in a quartz heater tube which was 

wrapped with resistance heating wire. Tungsten foil was placed between 

the cell and the quartz to prevent attack of the quartz by metallic 

vapor. The temperature of the cell was measured with a Chormel Alumel 
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thermocouple (Type K) which was spark-welded on the stainless steel 

cell. The output was coupled to a Simplyrometer (API Instrument Co.). 

The Jarrell-Ash spectrograph 75-000 and Perkin-Ellner Spectra-

photometer 421 were used with sapphire and Csi3r targets for optical 

and infrared spectral ranges, respectively. For the visible region, 

the light source was a high intensity tungsten lamp and a grating blazed 

at 7500 A; giving a dispersion of 20 A/mm, was used. Spectra were re-

corded on Kodak 103-a-F plates. For the ultraviolet region, a grating 

blazed forJOOO A, giving a dispersion of 5 A/mm, was used. A 150-W 
I 

xenon~Hg arc lamp operating at 8 amp provided the ultraviolet continuum 

light source and Kodak 103-a-0 plates were used. 

A target temperature of 20°K was used for deposition, but spectra 

were taken between 18 and 65°K. The rate of rare gas impinging upon 

the target ·was around 2 x 10-6 mole/sec in most experiments. The metal 
-

deposition rate, which ranged up to 5 x· 10-10 mole/sec, was calibrated 

by measuring the weight increase of the target for a blank experiment 

with metal deposition only. The M/R and concentration values given in 

this paper were calculated on the assumption that all of the rare gas 

impinging on the target condensed. Possibly concentrations are higher .. 
by a factor of two than given. A gas mixing system, similar to the one 

used by Brewer and King, 11 was used to prepared oxygen-rare gas mixtures 1 

-. 
ranging from 5-2o% oxygen. 

The source of power for production of oxygen atoms in a discharge 

was a 100-H, 2450-Mc/ sec microwave generator. 1'he discharge was initiated 

in a quartz tube, which has an orifice of 1 mm dia., with the axis of 



. ·-4-

. ' 

the tube at an angle of 11.2 degrees from the normal of the center of 

the target to insure that the oxygen-rare-gas beam will hit the area 
' 

covered by the metal atombea.ni which has an angle of 8.6 degrees on the 

other side,of the normal. 

The calcium in granules was provided by Gallard Schlesinger Chemical 
r ' I 

Mfg. Corp., Carle Place, N. ·Y. and was listed as 99.9%. Spectroscopic 

ana1ysis12 indicated 0.3% Mg and O.i% Sr by weight. High purity research-

grade rare gases and oxygen (Air Products and Chemical Co.) were used 

without further purification. For isotopic studies, 1802 - of 99.85% 

purity with 0.13% 1702 (Isomet Corp., Palisades Park, N. J:.) was used. 

B. Results for elements 

Calci urn: The matrix spectrtun of Ca had not been reported before. 

The 1 P +-- 1 S transition was shifted to the blue of the gas line and split 

into a triplet. The features were-the same for M/R == 200 - 1000. 

Table I tabulates the values at 20°K for Kr and Xe and Table II shows 

the shifts upon warming the Xe matrix from 18 to 4o°K. The short wave'

length component of the triplet shifts to the blue at 2 cm- 1/°K, the 

centr~l component has a shift to the red of 1.4 cm- 1/°K, and the red 

component has a shift to the red of 2 cm-i rK. The shifts are similar 

8 
to those reported for Mg. 

When the Kr was passed through a microwave discharge cavity, a 

second triplet appeared centered at 1~42 l (20,650 cm- 1
) with almost 

equal spacings of 17] cm- 1
• The origin of this additional feature is 

not known. 

' 
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Co-deposited Ca and Mg in Xe (M/R of 500) at 20°K showed both the 

Ca and Mg triplets at the same frequencies as for Ca and Mg deposited 

alone. This observation together with the similar observation13 for 

11 
Mg/Cd confirms the conclus~ons of Brewer and King for Ag/Au and Cu/Au 

that the triplet structure cannot be due to interactions between metal 

atoms and must be due to interactions with the rare-gas matrix • 

. 
Oxygen: The spectrum of 02 in pure solid oxygen and in solutions 

I 

with N2 and the rare gases has been studied by many investigators. A 
I 

review 7 of the literature indicates that the Schumann-Run.ge bands of 

02 (B 3 E- ~x 3 E-) are seen below 2000 X and the Herzberg bands 
' u g 

(A 3 E+ ..__X 3 E-) are seen below 2950 X. In addition, Landau et al. 14 
u g 

studied the spectrum of solid oxygen from 3300 - 12,000 X and observed 

the weak transitions from X 3~- to 16 1E+ and double excitations of g g' g 

these levels. 

The spectra of Kr and Xe matrices with 5-2o% 02'were examined 

between2500-6ooo A and 650-4oOO cm- 1
• With the typical film thickness 

used, no spectra were observed normally although occasionally the v3 

vibrational bands of H20 and C02 and the v2 band of H20 were seen when 

the fDrnace was used, presumably due to outgassing of the furnace. 

' 15 ' . 7 16-18 
Ozone: Calorimetric and spectral observat1ons ' have 

indicated that the condensation of dissociated oxygen (oxygen that has 

been passed through an electric discharge) can produce trapped oxygen 

atoms in low-temperature deposits. The existence of oxygen atoms in 

rare-gas matrices has .also been demonstrated by their reaction with 
.·· 13 

Mg atoms. 'l'he existence of oxygen atems in the matrices .at 20°K makes 
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possible the formation of ozone in the matrices; in addition, 03 may be 

produced directly in the discharge and co-condensed in the matrix with 

02 and 0. 'l'hus a detailed study was made of the spectra of the products 

condensed from oxygen-rare-gas mixtures passed through an electrical 

discharge. 

A strong absorptfon was observed below 28oo A which is undoubtedly 

due to the wel~-known ultraviolet system of 03 ~ Bass and Broida19 re-

ported an 03 band in the visible, but ,it was not seen with the thin 

films used in the.present work. The IR spectrum was studied with 1602 , 

1802 , and mixtures of these isotopic molecules and the spectra of the 

various isotopic 03 moleculeS were characterized.. This work has been 

reported in .detail elsewhere. 20 

C. Results for Mixed-Metal-Oxygen Matrices 

Previous13 work with Mg had shown essentially the same Mg atomic 
' . 

features in Kr of Xe matrices for Mg isolated alone, Mg co-deposited 

with 02, or Mg co-deposited with discharged 02. Upon warming, ~~ lines 

in Xe persist to 60°K. However, in matrices with Mg and discharged 02, 

the Mg triplet disappeared upon warming to around 35°K with simultaneous 
. ' . . . 0 

appearance of a molecular band system from 2400-4000 A which was assigned 

to MgO. 
' 21 

The details of this work will be reported elsewhere. 

The same procedure was use~ for Ca, but it was found that the Ca 

triplet disappeared upon warming with either dischar15ed oxygen or pure 

oxygen with formation of a molecular band system ftom 3750-5000 JL 'I'he 

concentrations used were Xe (or Kr). : 02 : Ca == 600. : 10 .: 1 to 

•' 



IIi 

-7-

6oo : 120 l. For mixed oxygen isotope experiments in Kr, the con-

centrations used were Kr : 1602 : 
1802 : Ca == 6oo : 8o : 46 : l. 

The spectra of Ca + '1602 and Ca + 1802 in Xe are shown in Fig. 1 

which is a densitometer tracing that was normalized by using an 

arbitrary base line. The wavelengths of the bands at l8°K are tabulated 

in Tables III and N. 

These bands were distinct from any features observed with any of 

the components isolated separately as discussed in Section B. There 

are several possible products of a reaction between Ca and 02. For 

example, there might be a charge transfer to produce 02-. 

. 22-24 
of 02 has been observed in alkali halide crystals. 

absorption is at 2500 A and Rolfe24 gives ro = 1170 cm- 1
• e 

The spectrum 

The maximum 

These values 

are too far off to possibly match the observed spectra for which 

roe" = 794 cm- 1 and me' = 890 cm- 1 with .the 0-0 band at 4968 JL The 

isotopic shift indicates that the bands are due to diatomic CaO. The 

calculated ratio of v(Ca180)/v(Ca160) for harmonic vibrational spacings 

of CaO bands is 0.9591+; the anharmonicity should yield a slightly higher 

value. Within experimental error; the values given in Table III agree 

with the expectation·for CaO. The 0-0 bands were identified by the small 

shift upon isotopic substitution. · The isotope shifts for the bands in 

Xe showed the systematic increase one would expect for bands belonging 

'to the same system. 

In Kr, the bands tend to split as v' increases making it difficult 

to interpret the spectra and to find corresponding bands in the t\o{o 

isotopic spectra. There is a possibility that at least two band systems 



-8-
/ 

are overlapping. The splitting may not have been seen in Xe because of 

greater broadening of the bands. 

No bands were seen between 2300-6000 X other than the one mentioned. 

From.variation of intensity of the bands upon variation of Ca and of 02 

as well as from the isotopic substitution results, the bands are assigned 

to diatomic cao. 

The infrared spectra were ex:a.Iirl.ned; the results are shown in Fig. 2 

for Kr and values are tabulated in Table V for Kr and Xe matrices. The 

observation of only two bands for the Ca + 1602 + 1802 mixture in the 

750-800 cm- 1 region indicates that the molecule contain only one oxygen 

atam and uniquely fixes the molecule as CaO. The v3 bands of 03 between 

980 and 104o ·cm- 1 show the multiple structure expected for a triatomic 

20. 
molecule. The results demonstrate that the reaction producing CaO is 

Ca + 202 = CaO + 03 • Neither MgO nor CaO is stable enough to abstract 

an oxygen atom from 02. However, the bonding energy.of 03 relative to 

02 + 0 is just enough to offset the difference in dissociation energies 

of CaO and 02 and an 02 molecule can be pulled apart by attack by Ca at 

one end and by another 02 at the other end. For MgO, which has a lower 

dissociation energy: even the bonding energy of ozone is not enough to 

make the reaction go. Since the bonding energies of 02 and 03 -are 

accurately known, one can set D~ = 94 kcal/mole as a lower limit for 

CaO and as an upper limit for MgO making the reasonable asswnption that 

the small matrix effects cancel out for the overall reaction. 

The mixed oxygen isotopic effect further confirms that the CaO band 

at 794 cm-1. really consisted of only one oxygen atom because if 

Ca02 then vle should at least have three bands, Ca 1 c;O~::>·, Ca 1 6 d {;0 

.i. 
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III. Discussion 

In contrast to higl1 temperature flames and arcs that have been 

used in the past to stUdy the spectrum. of cao; we know that absorption 

spectra in low temperature matrices must arise from the lowest energy 

state. The infrared work indicates that the ground state of CaO has a 

vibrational frequency of 794 cm- 1 in Kr and Xe matrices and the 0-0 

transitions of the vii.lible electronic transition has a frequency of 

201 370 cm- 1 in Kr and 20,130 cm- 1 in Xe. From flame and arc work, 

only three singlet systems have been analyzed. The X 1~ has a vibrational 

1 l frequency of 732 em- and the origins of the transitions to the A E, 

B 1 II, and C 1 .E are at 11,555, 25,989, and 28,855 cm- 1
, respectively.

1 

From matrix shifts observed for other molecules, we conclude that no 

reasonable matrix shift would allow the observed matrix spectra to match 

any of the observed singlet transitions. Also none of the excited 

singlet states match the vibrational frequency of the upper state of 

the matrix band ·system. On the other hand, very complex spectra believed 

to be due to triplets are observed in CaO arcs at frequencies close to 

those of the matrix spectra. Similar results were found13' 21 for MgO 

for which the matrix spectra did not correspond to any analyzed singlet 

systems but were close in frequency to a complex unanalyzed gaseous 

band.system. 

. 25 
The matrix results for CaO are in agreement with Johansen's analysis 

of the perturbations of the A 1 .E - X 1E system of Ca180 compared to the 

perturbations of Ca 160. She concluded that two triplet states, ~l and 

3E-, lie approximately 3000 cm- 1 below the X 1 L: state. 
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. Table I. Absorption spectra of the calcium 1 P ..--- 1 S transition in 

.!) solid ·matrices at 20°K 

Matrix 

Free atom 4226.73 

4212 

Kr 4187 

4i56 

4377 

Xe 4337 

4311 

• 

-1 em 

23652.3 

23740 

2388o. 

24o6o 

22840 

23050 

23190 

14o 

18o 

210 

14o 

-. 
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Table II. Absorption features of calcium in xenon as a function 

of temperature 

,; 

Temperature {oK~ Frequency ~ cm-1) 
t:.il 

18 23205 23050 22850 

20 23210 23070 22830 

30 23230 23o60 22810 

4o 23250 2304o 22795 

J 
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Table III• Absorption bands of CaO ina Xe matrix at 18°K 
i} 

• Ca16o ca180 i v 
V-Vi osc. 

v' h.! v,cm~ 1 M' 1 cm-1 h.! -1 M' 1 cm-1 cm-1 
p = v 

v+-z, v,cm · v+zz osc. 

0 4968 20130 4977 20090 40 
890 820 0.92 

1 4758 21020 4783 20910 ll.O 

870 850 
\ 

0.98 
2 4568 21890 4596 21760 130 

820 7&J 0.91 

3 44o3 22710 4437 22540 1'70 
830 810 0.98 

4 4248 2354o 4283 23350 190 
84o 790 0.94 

5 4102 21~38o 4142 2414o 24o 
760 730 0.96 

6 3978 2514o 4o20 24870 270 
74o 8oo 1.08 

7 3864 258&J 3896 25670 

, 

(i 
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Table IV. Molecular bands of Ca + 02 in Kr matrix at l8°K 

' -' 

' -1 t cm-1 0 oo• cm-1 

~ Mv+~, -1 
vz em A.z. A v, em v+.!.., ;; 

ct 
4910 20370 4918 20330 

810 74o 
4722 2118o 446 7 . 21070 

830 760 
4544 22010 458o 21830 

775 830 
4389 

/ 

22785 4413 22660 

915 790 
4219 23'(00 4265 23450 

790 810 

4o83 24490 4122 24260 

300 550 
4o34 24790 4031 24810 

420 875 

3966 25210 3893 25685 

) 
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Table V. Infrared absorption of Ca + 02 in rare gas matrices (in cm~ 1 ) 

v3 03 

160 1040· 

··Kr 180 984 
i v 
osc. 0.946 p = v 
osc. 

160 1038 

Xe 180 980 
vi 
osc. 0.944 p = v 
osc. 

CaO 

794 

758 

0.95.5 

794 

750 

0.944 

v2 03 

695 

665 

I 

0.956 

691 

66o 

0.95;5 
I 

I 

! .. , 

i I 
. I 

•I 

i 
.I 
·I 
I 
! 
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Figure Captions 

.) 

Fig. l. Molecular absorption bands of CaO in xenon matrix. 

Fig. 2. Infrared absorption of Ca + 62 in krypton matrix. 

•. 

) 
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