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I. INTRODUCTION

Determination of the corrett ground electronic staté and sometimes
low-lying electronic staﬁes makes a substantial difference in calculating
the thermodyﬁamié propéerties of a system. As an example one might ca-
sider diatomic molecule MgO where a question exists as to whether the

1-3

ground state is a singlet sigma state or‘BH state. Beéau;e bf a de-
generacy factor of 6 of the 3H state and of greater contribution to entropy
- by vibration and rotation, the partition function calculateéd on the basis
of a possible 3H state might be a factor of ten greater than that of a
%Z state. This in turn would yield an.equilibrium concentration of MgO
bten fimes higher than that calculated on the bdsis of a 12 state with a
heat of formation obtained by a second law method. |

The characterization of grbund and low lying electronic states
of most high temperature molecules is very incomplete. Even‘for the
diatomic molecules the ground states have been characterized only for a
relatively émall fraction of molecules of interest. This is mostiy due
to the complexity of molecular spectra. For each electronic transition
there is a large number of lines corresponding to rotational and vibrational
excitations. The overlapping of this multitude of lines fram different
electronic configurati ons often makes Qpalysis extremely difficult.

When one deals with a moleculeswhich can be produced.in ga. seous
state at low temperatu;é, itils relatively easy to detérmine the ground
 electronic state: in an absorpfion experiment because at low temperature
any absorption could come only fram thé ground electrmic state. Whereas
&t high temperature, occurrence,of an ébsorption_band does not mean.tkat

the absorbing level is the ground electronic state since low-lying states
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may be sufficiently populated to give strong absorption.
An alternative to the_investigation of gaseous molecules by high-

temperature spectroscopy 1s the use of the matrix isolation method.L\L—5

In this method,Agaseous mélecules of interest afe condensed on a cold
sﬁrface along with those of rare gas. If the molecules are sufficiently
isolated, interactions between molecules are negligible. Because ofvthis
it might be expected that the energy levels of the trapped molecules Wouldb
be but slightly différent fraom their gas phase values and that the spec-
trum observed in the matrix would be easily correlated to the gas phase
spectrum. This would make the analysis of a gas pha se spectrum much
 easier in ﬁerms of sorting out the transition due to the ground electronic
state or low-lying electronic states. Molecules can also be accumulated
over a long period of time from a weak source. The spectra are going to
be greatly simplified because only the grdund electronic state isvsigni—
ficantly populated at temperature typically used, i.e. at liquid hydrogen
~ temperature. | |

The diatomic moleéules of alkaline earth oxides present an outstand-

ing problem in determihing their high.temperature properties. Characteri-
zation-of their grouﬁd electronic states is ambiguous. Mblecular orbital
correlations based on 02 and other diatomic isodlectronic molecules indi-

cate that six electronic states corresponding to the three electronic

L1+ . 1 -1 +
configurations ceoan (%Z ), 02020 NB(%T, ) and 020202 ﬂg(BZ, AylZ )

could possibly lie below 20,000 ém_l for all of the alkaline earth pxides.6

To date, only some of the singlet systems of the alkaline earth oxides
have been characterized and none of the predicted triplet states have
been observed. The need to establish the corréct ground electronic states

of the alkaline earth oxides led me to working on this problem. The

A
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approach is to synthesize the alkaline earth oxides. in the rare gas matrices

" and study théir electronic structures by means of optical spectroscopy.
: i

The understanding of the spectra of atoms deposited in the matrices
is egssential because the alkaline earth oxides are synthesized through

atomic reactions in the matrices. The first part of this work is devoted

 to understanding of the optical absorption of atomic species in rare gas

matrices. The second part is a study of optiéal spectra of molecules

synthesized in rare gas matrices.
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II.. EXPERIMENTAL
A. General

In recent years there has been an increasing amount of activity in

" i.e. unstable molecular or atomic species

studies of trapped "radicals,'
stabilized in small céncentrations in solid deposits of rare gas at low
temperature. It is in part the aim of this work to develop an eXperimental
technique for the trapping and/or synthesizing of high temperature species
i.e. atomicuor molecular products of vaporization of substances which

» haﬁe vanishingly small vapor pressure at room temperature in the rare

gas matrices at low temperature. The apparatus developedallbws the synthe-
sizing of high temperature.species thrdugh the diffusion processes of the
atomic SPeciés,trapped in the rare gas matrices.controlied by the tempera-
ture of the rare gas solid. The essential parts of the apparatus include

cryostat, furnace, target, gas handling system, spectrometers, light

sources and photographic plates.

B. Cryostat :

1. Liquid Hydrogen Dewar

Portions of this research project weré performed with the metallic
liquid hydrogen dewar. Abphotograph of fhe system is shown in Fig, 1.
A cut-away of the liquid hydrogen insert is shorn in Fig. 2. Detailed
description of the cryostat has been given in B.A. King's thesis.7

The liquid hydrogen cryostat has Tew set backs. The most important
one is the safety precautioﬁuneeded to handle such a big quanfity of
liquid hydrogen. Secondly the control of the target temperature is not
very flexible and it is almost impossible to do a temperature-dependent

study with this system.

&
§
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2. Cryo-tip

A commercially built cryo-tip system is used for most of the tempera-
ture dependent study. Photographs of the cryo-tip system are shown in
Fig. 3 and 4. The cryo-tip model number AC-21-110, bulilt by Air Products
and Chemical Inc., is a miniature open-cycle, Joule-Thomson refrigerator.
This model uses liquid nitrogen for pre-cooling and provides teameratures
down to the liquid hydrogen range, using liquid nitrogen and high purity
gaseous hydrogen as refrigerants. The basic components of the system
are:

a. Heat exchanger (AC-2L-110)

b. Vacuum shroud WMX-1C (tailor made to fit the other equipment

in the Liquid Hydrogen Room, IMRD, LRL).

c. Control panel

d. Flexible gas lines

e. Hydrogen high pressure regulators.

Detailed description of all the components are provided by Air
Products and Chemicals, Inc¢orporated.

Before Joule-Thomson cooling occurs, a gas must be cooled below
its inversion temperature. A liquid nitrogen reservoir is used to
cool the hydrogen below its inversion point ;160°K.

Since the exact temperature achieved at the pool of liquid gas
built up in the bottom of the heat exchanger is a function of the gas
pressure above the pool, the temperature at the cold tip can be controlled
by adjusting the back pressure, the pressure abové the pool.

The cryo-tip has a 10-W nozzling, with 1000 psi inlet and 177 gm
cold tip mass and it takes about 20 minutes for the tip to cool down to
liquid hydrogen temperature. After liquid gas is formed in the circuit

the flow rate is reduced to conserve the gas supply as the steady state



..

XBB 693-1632

Figure 3



XBB 693-1633

Figure k4



-10-

refrigeration load is less than that required to cool down.
The temperature range used for experiments is from 18 K up to 70 K.

Temperatures could be reproduced within 2%,

C. Furnaces

1..Carbon Resistance Furnace

The carbon resistance furnace used for generating atomic beams was of
8
the same design as that used by Brewer, et al. and is shown in Fig. 5.
This type of furnace is used to generate silvey magnesium, calcium, and

lead atanic beams for atomic absorption study.

2. Stainless Steel Knudsen Cell

Due to the low temperature needed for generating the alkaline earth
atomic beams, the disappearing filament optical pyrometer cannot be used
to measure the furnace temperature of the carbon resistance furnace.

A thermocouple is not practical either. A stainless steel Knudsen cell,
illustrated in Fig. 6, was constructed for these experiments. It has an
orifice with a diameter of 1 mm. The cell is placed in a quartz heater

tube which is wrapped with resistance heating wire, and is lined inside

with tungsten foil to prevent stray atoms from reaching the quartz.

A magnetically operated shutter is used to interrupt the atomic

beam from reaching the target while outgasing the furnace.

D. Targets
1. ©Sapphire Target

Sapphire targets are used for all atomic absorption experiments and
ultraviolet molecular absorption. A sapphire plate 3 mm thick is clamped
in a copper target holder between indium gaskets to ensure proper thermal
contact. The sapphire plate used in the Cryo-tip system is about half

the length of the one used in the liguid hydrogen dewar system. Quartz
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valves are used to control the rate of flow and Fisher-Porter flow meters
to assure reproducible flow rates. A gas mixing system, similar to the
one used by B. A. King,7 is used to prepare different proportions of
oxygén and rare gas mixtures.

High purity ( >.99.99%) rare gases and oxygen (Air Product and Chemical | s
are used without further purification. Blank tesﬁs'are carried out by
Just depositing the rare gas along and/or.oxygen mixtures. Results show
that they are spectroscopically pﬁre in infrared,‘visiblé and ultraviolet
regions.

G. Spectrometers, Light Sources and Plates

The visible and ultraviolet spectra are photographed with a 0.75
meter Jarrell-Ash plane grating spectrogfaph, model 75-000. It has a
noﬁinal exit aperture of f/6.3. For visible region a grating blazed
for 7500 A, giving a dispersion of 20 A/mm, is used. A high intensity
tungsten lamp is used as a light source for this region. The spéctra
are recorded on Kodak lOB—a-f spectroscopic plates. For an ultraviolet
region a gratingblazed for 3000A giving a dispension of 5 A/mm is used.
The ultraviolet continuum soufce is provided by a 150 watt xenon-mercury
arc lamp operating at 8 amp. Spectral images are photographed on Kodak
ioj -a-0 spectroscopic plates.

Infrared spectra are mde with a Perkin-Elmer Model 421 Spectro-

<,

photometer using Dual Grating Interchange with a spectral region covered

from 4000 o 550 cm T,

H. ?Typical ExperiMental.Parameters ~

-6
Pressure in the vacuum system is intially X 2X10 = torr and rises

during deposition. Target temperature for dJdeposition is around 20 K
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or lower; for observation it is ranged from 18 K to 65 K. Rate of metal
deposited is abproximately éxlo-lo mole/sec. or less. This is obbained
by measuring the weight increase of the target for a blank experiment with
metal deposition only. Rate of rare gas deposited'is approximately 2,0 X lO_6
mole/sec. This rate is calculated with the assumption thaf the condensation
coefficient of rare gas is 1.0. This should be the upper limit; In
reality it should be less than this rate, because the actual condensation

' !

coefficient of rare gas may be around 0.5. These rates of deposition are

being used through out this work except as otherwise specified.
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ITI. OPTICAL ABSORPTION SPECTRA OF SOME'
MATRIX-IS(CLATED ATOMS

A, Int roductlon

As necesse,ry background information for thé reactions of metallic
atoms with oxygen in rare gas matrices, a careful study of the behavior
of atoms in rare gases is undei'taken. The ob,ject of the study is to
characterlze the electronlc spectra of atoms in solid rare gases amd to
determine the effects of metallic dtom concentration, type of ma.tr:_x,
rate of depositio:n, and the temperature of impurity-rare gasvso'lids upon
the isolation of atoms in the matrix. A mmber of authors have observed
__car@lice,ted spectra for trapped metallic atans which they discussed in

o 10,12 , 10 . 13,1k
(14 8: Na’lo,ll K,lo,ll 201 SJ’L ,5,1
22,23 . 22’.23 In?u)-, Jahn-Teller dis-

27 27¢027
oo

terms of matrix perturbations.

Mn}3,15 Hg,l6-20 7 Ag:{,8,21

Cu, 7

Au, C4d,
tortions (Na,25.. Hg25), and interacting atomic pairs (Li,?6
Hg27). There are some other experimental results (Pb,29, Bi29, TL
Sc?o, I?Q, F 2:L) without an intex'pretation. Up to now it is hard to find
-an adequate theory to interpret all the existing experimental data. There
are also contradictihg data. Apparently the_ conditions for layiﬁg dovn

a doped matrix on a cold target determine to a la.rge extent the fam of the
' spectra obtained. Different investigators have obtained different results

19

for the same element in the same mtrix, e.g.Duley's ~ Hg in Xe had a

9

doublet for lP <—-lS resonance transition while Brabson's” Hg in Xe had

e triplet for the same tranéit ion. As far eas c..a.n be determined from the s
published data,v.the obvious reason for different results is that .Duley
used 'a very fast rate of deposition and high concentrations of Hg. The
fast rate of deposition does not g‘ive atoms much time to order themselves

and this effect alone is almost gbod enough to broaden the spectral lines

and cause them to overlap each other. Also, as will be shown later the
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splittings of speétral'lines are very muéh'dependeht on fhe target tempera-
ture. |

In King's work, he showéd‘that the comentration Qf metal atoms does
not affecﬁ the apparent position of the abscrption features.

The present work tries to study fhe sample temperature dependence and
mixed impurities effeéts on multiplet splittings and apparent positions
of spectral lines. An interpretation will 5e provided for the existing
experimental data.

Because of the needed information.for synthesizing.alkaline earth
oxides in fhe latter part of this research préject, sane of the alkaline
earth atoms, i.e. Mg, Ba, Cagare chosen for this study. Cd and Pb are
studied separately for partiéular reasons which will be Stated in appro-
priaté secti s,

Figure 7 shows sane of the atomic transifions in ‘gas phase which
were studied in matrices. |

B., General Discussion

1. Magnesium

The magnesium atom has a ground state electron configufation BS?which

0
-1 31 lP . o . .
cm to a state with an electron configuration 3s 3p. It will

yields a lS étate, The lowest allowed atomic transition lies at 35051

be seen that the separations between the observed triplet components in
" the free atom spectra are of a magnitude smaller thén the observed line
widths in the matrix spectré. It is therefore not to be expected that
three comporents. will be resolved in the matrix. |
The sublimed magnesium metal wass provided by Dow Chemical with a purity
of 99.9948% . A spectroscopic analysis of the‘éamplé'was done by Dr.
John Comway. Both types of furnace have been used. The spectral region

investigated covers from QQOOA to 6000A. Most of the preliminary experi-
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mental results were obtained from a liquid hydrogen dewar : system . The
detailéd investigation of effects upon spectra were obtaired with the cryo-

tip system. Argon, krypton, xenon and SF6 have been used as matrices.

- 2. Calcium
The calcium atom has the same ground state lS as a magnesium atom
ian_d'its electron configuration is 452. The lowest energy of an allowed
atomic transition lies at 25652.5 cm_l to lP state.  Since it is a lP e-lS
transition it should have the same absorption feature as magnesium atom. _
The calcium in granules was provided by Gallard Schlesingcr, Chemical
Mfg. Corp., Carle: Place, N. Y. The purity was '99.9%° The sample is
heated ét 550°C for‘many hours and at.650°C for half an hour before de-
position. The céll is around 600°C when deposition takes place. The
spectral analySis, performed by Dr. John Corway, shows that. the sample
is very ciean with the exception of Mg and Sr. There is about OfB% by
weight of Mg,and 0.1% Sr. Experiments took place in both a liguid hydrogen
dewar and Cryo-tip systém both types of furnaces were uéed. ‘Only krypton
and xenon were uéed as matrices. The spectral region investigated was
between 2200A to GO00A, .
" 3. Cadmium
The cadmium is a IIB eiemeht in the périodic table. It has an electron

. . ' 2 N .
oonfiguration of (Kr) hdlo55 . TIts lowest allowed electron transition is

5 e;S,'with a transition energy of 43692.5 cm_l. The isolation of Cd
in rare gases has been reported by many other investigators. It was done
again under én accidental cénditioﬁ;. The Gd wés present becausé hard
soldering material wﬁich hasAa high Cd cantent has been uised in soldering

the themmocouple to thé Knudsen cell in the early period of this research.

The success of idemtification of Cd in matrices shows that the matrix
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isolation method mi.ght be 1@sed as a means for identifying small amounts
-of impurities in a sample.
b, Lead
Tead has a ground electronic state of 5P with an electronic configura-

. 2.2
tion of (Xe) Ltfl&5dlo6s 6p . The strongest transition from the ground.

3

’F, state is 6pTs 3Pl <—-6p2 3P which occurs at 2833A (35287 cm_l) in the

0
gas phase, The total angular momentum of a 3JE’ state is 2. So the ground

3 > 3
PO, | Pl and Pg.
. 1 _
. i - 7819. - = 10650.4
krow that AE(E3Pl E3PO) 7819.35 cm ~ and AE(E5P2 E5PO) 1065047
em . Because of these large difference between the 3P0 and the other

state has substates. From the gas phase spectrum we

two states we could expect that most Pb atoms trgpped in ra.ré gas matrices
at 20K to be in the 3PO state. The 62p 5p <—5p2 3Po transition involves
the excitation of an outer electi'on fram a 6p to a s orbital and imvolves
a large change in overlap with the matrix atomic wave functions. The
transition is expected to be shifted té higher energies and should show
s telatively large shift. |

The metallic lead was provided by the American Smelting and Refining
Co. with purity of 99.999+% with chemical spectral analysis showing maxi-
mum impurity for Mg < 1 ppm, Fe < 1 ppm, Cu < 1 ppm. The lead atomic beam
was generated from carbon resistance furnacé. Kr and Xe were used as
matrices; The liguid hydrogen dewar system was used. Only very dilute
"mix,tures of Pb in rare gas were useci. |
5. Barium

Barium has the same type of the 16West energy transition as magnesium
and calcium. Barger and Brgj.__da.'ae étudie’d barium doped argon solid. The
_spectrum s_hd»r’ed fiftéeri absi)i:ption lines which were de_pende_nt on mtrix

and observation conditions. . The strong overall features of the spectrum
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were assigned to transitions involving the lPo and 5pl state, the fine
structures were due to removal of crbital degeneracy, site effects and
impurities. The lP e-lS transition appears to 5535.5A in gas phase.

. Barium metal was provided by Research Organic/Inorganic Chemical

Corp. with a purity of 99.5 %. A stainless steel Knudsen cell was used.

A tungsten foll is inserted between the Knudsen cell and the quartz tube

to prevent the attack of the quartz by barium.
6. Silver

See Appendix A,

C. Results

1. Magnesium

The absorﬁtion spectra of magnesium in argon, krypton and xenon were

f

‘photographed in the region between 6000A and 2200A. For a very dilute

hetal atqm in krypton and slow deposition a very distinct triplet is
observed at-2856A.'.The same triplet appearsbat 2900A when xenon is
used. No absorption band is observed in argon. It seems that there are
problems for isolating'metailic-étoms in érgon at QO”Kf Other investi-
gators dlso.hadvprdblems in isolating metallic atoms ‘in argo matrix un-
less they used a lower taréet température, i.e. liquid helium. The
reason for this difficulty in isoléting sone of the Atoms at liquid hydro-
gen temperature is not yet understood. It may partially be due to high
mobility of the argon atoms on the target surface which in- turn causes
the nucleation of the metallic atoms. The rate of the deposition of rare
gas on the target plays a very important role in thé_appéarance-of the
spéctral feature,

The experimental'resulfs of magnesium atoms isolated. in rare gas

matrices are tabulated in Table I. The lowest temperature



Table I. Absorption spectra of matrix-isolated Mg at 20 X

-Métrix A em™t splitting (cm-l) transition
Free atom 2852.12 35061.6 ' ' p 1
2852 35060
)

CKr 2830 35353 . &

' 2816 35512 L7
2952 33874

Xe 2934 34088 214

o 212

2915 34300
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used in isolation was 18 K. échnepp15 isolated magnesium in argon, krypton
and xenon at %.2 K., His reSuits are tabulated in Table iI for comparison.
The spectra of magnésium obtained in this work.are Shownlin Fig. 8. A
photograph showing temperature'dependgnée of the spectra appears in Fig.

9. A graph showing temperature shift is shown in Fig. 10. In this

| particular experiment the temperature ranged from 20°K to 55 K and then
breéooled back tq 20" K. - In many dther.experiments the triplet absorption
disappeared when the target was warmed up to 65"K, and a? the same time

the pressure of the vacuum system>increased. This may indicate the loss of
the matrix because no absorption spectrum sppeared upon recooling. Table
IIIvshows the dependence of wavelength upon temperature. Also the trans- -
.parency of matrix at short was tength region dropped as the matrix warmed
fo;5d”K or higher. Recooling did not show any reversibility of transparency
in short Wavelength region,

‘With high metallic concentrations (greater than 1 at%) there are bands
in the ultraviolet region that might be due to dimérs while the triplet
absorption becomes a.broad band. It does: not resolve into a triplet
upon annealing or warm up. This is quite different in comparison with..
the broad band obtained from fast deposition because the lafter resolves
into triplet upon annealing. This‘may mean that the former is the

- absorption. of magnesium dimer because Mg2 molecple in gas phase haé_a
spectrum around the Mg resonance absorption fegion.33 The spectrum of
Mgngill be discussed 1n greater detaill ih the next section. Experiments
were carried out with the concentration of magnesium ranging from M/R = 100
to 1500. Here M sﬁaﬁds for matrix gas and R stands for grapped species.

For warmmp experiments in Xe the shortwave length component of the
triplet shifts to the bluevwith a gradient of 2 cm—l/K. The center

one shifts to a longer wavelength with a gradient of 1 cm_l/K‘and the
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Table II. Absorption spectrum of Mg lP e—lS transition
in solid matrices.

At 4.2°K" ' At 20°KT
A cm_:L , A cm-l
2955 33840 : _2952 . 33874
Xe 2937 34050 _ 293L 34088

2920  3k2ko _ - 2915 34300

T

O. Schnepp, J. Phys. Chem. Solids, 17, 188 (1961).

This work.
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Table IIT, Absorption features of Mg in xenon as a

function of temperature

Temperature (°K)

20
25
55
L5
50

Frequency (cmil)

34300
34309

34330

34350
34362

3L088
34080
34060
340ko

34037

3587k
33864

33819

33737

33725
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longer wavelength camponents Shifté to thé'réd‘with a gradient of 1.6
cm-l/K. _ |
For Mg in Kr it is very difficult to isolate Mg in Kr at 20 K or
_higher but it could easlly be isolated af 18°K and a triplet is observed
ih the region of 2830 A. This triﬁlet sﬂoWs apprpximately the same
' temperature dependence shift as in Xe. In Xe the‘triplet stays until
the target tempenaturé exceeds 65 K but in Kr the triplet disappears as
soon as the target température'goes above 15 K.
- The friplet observed in_Xe at 20°K is éhifted to the red compared
with the gas phase 1P e-lS transition, while in Kr it is shifted to
the blue. | |
" The splittings between the triplet in Xe at 20 K are approximately
>215 to 300 cm-l,-ﬁhile in Kr at ﬁhe same temperaturé the spacing between
the shorter wavelength component and the center ore is approximately 280
c:m_1 and thé spacing betwéenfthe center one and the longer wavelength
one is only 180 cm_l.
| No spectrum is observed for magnesium trapped in‘SF6 matrix with
M/R =~ 500,
2. Calcium
The calcium_atoms‘Werevisolaféd:in Kr and Xe matrices. Up to now
no éxperimental results have been.reported in any literature. This should
be the first time that calclum atoms are trapped in rare gas matrices.
In the gas phase the transition from the lS gfcund state to the lowest
allowed state lP is at 23652.3 cm-l. " In Kr at 18 K a triplet absorption
é.ppears at 2588k em ™ (or 4187 A). This is.shif‘téd to the blue for about
230 cm-l fran the gas pha§e tranéition. In Xe at 18 K the triplet appeared
25051 em™t (or 4338 A), This shifted 600 cn™ to the red compared to the

gas phase value, which is laige compared to the shift in Kr,
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By passing the Kr through a microwave‘discharge cavity, a second
triplet appears to the red of the oné observed without discharge. This
new triplet has a central compénent at 20650 et (or 4842A). The spé-
cings of the triplet splitting are 176 and 174 cm_l. This might be
due to multiple site because it is not easy to relate this transition
to any other gas phase transition.

The warmup of calcium in Xe matrix shows that the short wavelength

component has a shift of 2 cm-l/K to the blue, the central one has a

shift of 1.4 cm-l/K to the red and the long wavelength one shifts to the red

~about 2 cm—l/K.' This phenomenon is very similar to the one displayed
by a magnesium atom in a xenon matrix,

The M/R used for isolating calcium range from 200 to 1000.

The experimental results of calcium atoms isolated in rare gas
matrices are tabulated in Table IV. A typical temperature dependénce
of the calcium spectrum in Xe is shown in Fig. 11 and the wavelength
vs temperature 1s tabuléted in Table V.

3. Cadmium |
The isélation of cadmium atom in rare gas matrices has been

22,23,27,34 Duley's results are based on a much higher metallic

reported.
concentration and he observed diffuse bands. The triplet he observed
'is approximately 200 A wide at 4.2 K. Roncin's results were probablyv
for high ailution and the total band was‘approximately'ho A vide at
4.2 K. Merrithew's result showed aApartiaily resolved triplet at
EO.K and has a width comparable to Duley's;v |

Since cadmium is present as a small percentage of impurity

the concentration of admium in rare gas solid is very dilute. A distinct
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Table IV. Absorption specﬁra of the calcium lP - lS
transition in solid matrices at 20°K
. : -1 ' . -1 _ Yy
Matrix A cm _ splitting (em =) = transition
Free atom 4226.75  23652.3 ol g
ha12 237h3
Kr 4187 23884 1
' 4156 - 2L060 176
L3777 22840
i 2
Xe 4337 23052 12
140

L3311 23192
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Figure 11
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Table V.  Absorption features of calcium in xenon
" as a function of temperature.

Temperature (°K)

18
20
30
140

Frequency (cm'l)

23205
23213
23233
23246

23051
23072

23060

2304l

22852
22833
2281k

22795
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triplet appéars in the region of 2200 A, Experimental results are
shown in Table VI. The results of other investigators are giﬁen for
comparison. The observed spectrum is shown in Fig. 12,

The half width of the Cd triplet abéorption in Xe at 20°K is approxi-
mately 60 A. The warmup éxperiment shows that the short wavelength compo-
nent shift to the blue while the other two long wavelength oompodents to
the red. Roncin's results at 4.2°K and 20 K indicate all three components
of the Cd triplet shift to the blue. This may suggest that the site where
the Cd atom is isolated at 4.2 K is not a stsble one or the neighboring
atoms of the Cd atom are not in the best ordered form.

The spacings among triplets are 200 and 400 Cm-l between the red
component . and the center and between the center and the blue camponent,

respectively.

4, TLead

‘ 2
Lead in rare gas matrices has been studied by Duley. 9 The allowed

5p _ 3

transitioﬁ with fhe lovest energy is a P transition. In this work
the experiments were carried out with high dilutioﬁ in krypton and xenon
at 207K, Np triplet was observed but there was a band at 2600 A and.another
band at shortgr wavelengths., The experimental.results are shown in Table
VII together with Duley's results. The spectra are shown'in Fig, 13.

In gas phase the strongest ailowed transition from the ground
B state of P is |

| (6079) %2, « Zr ()
which océurs at 2833 A, In the Xe matrix the strongest band is at 2649 A
and in the Kr matrix it is at 2613 A. These are the values closest to

) |
the gas phase values., - If we could identify them with 2833 A in gas

v -1
phase then the shift would be quite large. The shifts are 2979 cm

in Kr and 2U6T em™ iy Ye. By camparison with Mg, Ca or Cd the shift
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Table VI. Absorption spectra of the cadmium ‘P 1S
transition in xenon matrix

Splitting

.Temperature 1 _ '
(°K) A , cm_ (em-1)  Investigator
 2288.02  43692.5 o  Free atom
2369 42200
: » ~ 200 .
.20 2358 L2 Loo A , . This work
2335 42810 410
, 2367 L2250 §
. ' 190 .
4.2 2353 42Lho . Roncin
2340 L2700 260
, 2367 - k2250
- 250 .
20 2353 L2500 Roncin
o 220
2340 L2720
2369  Leelo |
o 290
10#5 2353 42500 Duley
' 233% L2860 360
: 2364 42300 , .
' 180 ‘ . '
15 2354 L2480 : Shirk and .
: 5 _ g
2339 42750 [ ‘Bass .
o357 Lol2o Merrithew,
S : 220 Marusak and
4.5 234 . L2640, - 250 ‘Blount

2332 42870
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. Table VII. Absorption spectra of the lead in
' 80lid matrices v ' b
Temp.  Matrix A em™t Transition | Investigator
Free atom 2833 35287 %{ @5%
' |
2615 38266 BPi e-5PO
Kr - 2397 L1726 ?
20 5 —3 : This work
2647 37754 P{ « 7F,
xe o5kl 2930k ?
| 2617 38210 ope « Jp
Kr 3 1 3 0]
_ 253 hot7o DE « P (2)
4,2 - 3 Duley
| - 2647 37780 °pe o 7p |
Xe . 3 1 3 o
| 2555 39170 - D, « 7B (%)
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from the gas phase is quite large. If we try to relate this transition

b

in matrices to BDE P, we would get very little shift from the gas phase

!

value. This seems very improbable because initially we have to populate

the 3Pl state which is about 7819 cmfl higher in energy than 3PO. With a
target temperature at 20 X a Boltzmann distribution would give almost
- no population for a 3Pl state.

- It is very difficult to connect any'othér absorption features to_
their'gas phase counterpart. It is also hard to relate them to dimer
- formation. Pb2 is a very ;table molecule. It has a gas phase molecular
band in the 5160 A region. With higher‘lead'preSSures a molecular band
i§ observed by Chang in both Xé and Kr matrices.55
Moré experimentél datsa afe needed in order to clarify the assign-
ment of transitions of Pb atom in matriées.
5. Barium |
- The exberimental'results of barium isoiated-in rare gases are ﬁofA
.conclusive.enough for identification and‘more experiments are needed to
be dqne in order to.cohfirm the assignment of transitions.. A broad baﬁd
 is observed in the region around 5700 A but not resolvab_lé° In gas_phaée
1 ' '

1 s ‘ s
the "P « 'S transiticn, the lowest allowed transition, takes place at

5535.5 A (18065.8 em™l). The results are shom in Table VIII.

6. Silver
| See Appeﬁdiva;
- DL Discus§§§gl
As méntiohéd in Section'IIIA theré are difficulties: in interpreting
the spectra of isolated atoms in mafrices. This is not oniy begause of
the problem of standardizing the conditions for.isolating atans but also

because of the limited knowledge about the interaction between isolated



Table VIII.

solid matrices

“Lo-

Absorption spéctra of the barium in

Matrix A em™t Splitting Transition
(cm=l)
Freecatom  5535.5 18067 1p 1g
4770 20964
Kr 4853 20603 561 ?

202549
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' atoms and their neigﬁﬁors or the field they are in.

- From the.resulté obtained in Section IIIB we will now try to explain
the phenomena by using some existing concepts such as, crystal field
theory, size effect, polarizability, or phonon-solute interaction. Many
chér concepts can be‘usedvto interpret the results. The relationship
bgtween F-center and metal dopéd matrices has been discussed by Brewer,
et al.8vand King's7 thesis. The relationship between high pressure atomic
abéofption and matrix isolated atoms has been presented by Roncin.36 fere
ﬁe will only discuss the matrix shift, splitting, temperature effect and
mixed metal effecté. The explanation will not only be based on the results
obtained by this work buf also on the data that have been published by
varioué authors aroundvtbe world, A literature survey of the atoms trapped

1352.

in matrices is given by B. Meyer.

1. Matrix shift

a. §i§g;g§§gg§'. - In most of the spectroécopic investigatidnsuof

the matrix isolated atoms to date £he center of gravity of the domirant
' group of absorption lines shifts from the center of gravity of the corre-
sponding free-atom transition. The magnitude of shift ranges from a few
cm"l to a féw hundred wave numbers, but for some transitions it may go |
up‘to a few thousand.wave numbers. The magnitudé of the shift seems to
depend on the electronic transition. Matrix shifts are probably deter-
mined by two oﬁposing types of interaction. On excitation, the electronic
chérge cloud surrounding the trapped atom tends to expand and therefore
may cause stronger bonding interaction with the matrix atoms, thﬁs
tending to lower the energy. On the other-hand,vit has recently been
HhOWM155 that the surrounding "solvent" tends to restrict the electron
“cloud of the "solute" and thus raise its energy by a restricting box

-1
type effect. For example, in lead the matrix shift in Kr is about 2979 cm
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6pTs 3Pl « 6p° “P This is quite a large blue shift but it is possible

o
because an electron is forced to Jump from one principal shell to another.

In a solid it will take more energy to overcome the repulsive electron

clouds ffom the neighboring atoms. While for Mg in Kr we have

3s83p lP « 3s2 lS.

This tranéition takes pléce in the same principal shell but to different
orbitals with a relatively small energy difference. We would expect a
small shift only. Testing the average energy of the triplets, the shift
of'Mg lP e-lS transition in Kr is only 240 cm-l to the blue. TFor calcium

- 21
in Kr the blue shift is about 243 cm L for the Ushp lP «L4s” 78 transition.

b. DPolarizability.. The effect of polarizability upon the spectral

shift will be discussed qualitatively only. More information about the
structure of doped matrix is needed for quantitative calculation.

It has been observed in the study of matrix-isolatéd atoms that blue
shifts decrease in the order of argon, krypton, xenon. This is also thé
ordef of increasing polarizability and 1attice parameter,

In order to relate the polarizability with the observed matrix
shift it is necessary to take a closer look at the crystal structure of
the rare gases. |

A rare gas atom is spherically symmetric in free space, but not so

57T7-39

in a crystal begause of the compression by surrounding atoﬁs; An
atqm in a closepacked lattice has twelve nearest neighbors and haé six
"windtws" facing the second neighbors. At these windows the electron
density should be differgnt and hence the atom has an electrical multi-
pole; It is easily seeﬁ that in a hexagonal cloéepacked‘lattice,

A b '
this multipole is an octapole. 1 The octapole interaction between the

nearest neighbors is repulsive.



-3 .

When this occurs, the molecule has an electric moment and will show
a polarization not only by distortibn, but also by orientation, We there-
fore may expect that the amount of orientafion created by the field increases
as thé distﬁrbance due to temperature motion decreasés.

Since the lattice parameter of the rare gas is temperature.dependent
we should observe a shift in matrix as we change the temperature of the
‘matrix. The experimental results show a red shift of the center of gravity
of ﬁhé abgsorption band. . This is what would be expected because as the
' femperature is increased the lattice parameter as shown by Losee and

3

Limmons increased as temperature increases.

c. Multiple sites . In a crystal different lattice sites have

different interactions toward the trapped atoms. Atans may be trapped
in a more neutral or repulsive site.ll A neutral site is characterized
by similar matrix shifts in Both electronic states involved in the transi—
tions, leading to an almost unshifted absorption; Such a site cald con-
sist of aleOSe cluster of rare-gas atoms formed byvrapid cooling of the
condensing gas at low temperature. The répulsive site could be due to a
denser, partially annealed crystal formed through reaggrangement of the
loose clusters. |

The atom may be trapped in a low symmetry site, i.e.‘the trapped
atoms are perturbed by an immediate‘environment for which only two-fold
rotational symmetry axes exist. Or the atom may be tfapped in high
symmeﬁry éite. The low symmetry site is probably an impurity site in
which the lattice 1is strongly distorted in the neighborhood of the
traﬁpéd atom. The higher syﬁmetry'site may be a site with .most of the

nearest neighbor being present. It seems reasonable to assume that the
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energy of excitation for a higher symmetry gsite is considerably higher
than that of a site of lower symmetry. It is thus possible to account
for the observed differences in shift and stabllity of the different sites
on this basis. Annealing processes have been repoQted to account for the
disaprearance of same of the unstable sites. In this case the crystallites
would grow in size as the low tempefature‘depqsit WarmS'up. Most of the
unstable sites would be converted into stable sites or would be evaporatéd.
vathé former process is of major importance, the intensity of the triplet
absorption feature should increase in intensity as the unstable band
disappears. (This has not been done with great detail so it is hard to
make any definite conclusions from the observed disappearance of bands,)
Becéuse'of the broadness of the bands observed, it is very difficult to
observe the.change in intenéity of absorption while some of the bands,.
which may have been caused by the unstable site, disappears.
There are iﬁdiéatibhsrof existence of multiple sites, e.g. ESR work
of noble metal by.ZhJ'.tr_likov}L‘L optical absorption and ESR work of Rb by
Kupferman and Pipkin}g and optical absorptionbof alkaline'metal by Meyer.ll
a. Crystal field splitting. Among ﬁhe many important problems

ﬁhich remain unsolved is the structure of the deposited solid which deter-
mineé the crystal field acting on-the atoms. The soiid affects the energy
levels of trapped atoms in a way Which_is formally equivélent to the Stark
effect produced by cr&stal fields encountered in the study of the optical

4548 The

and magnetic properties of campounds of the.transitionvelements.
major difference in the metallic atom rare gas system is the fact that

the forces actihg on the metallic atoms probably arise fram the polariz--

ability of the rare gases, and are therefore much weaker and have much
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shorter range than do:the forces occurriﬁg in crystals containing ions

‘and electric dipoles. We expect, therefore, any splittings of levels of
-metallic atoms by the solid rdre gas to bé much'Smaller than the splittings
.found in ionic systemé, and the levels and hence the spectral lines of .
metallic atoms to be much sharper in the rare gas than.in the ionic system.
' These splittings are, however, large compared to:thecStark splittings
produced»by 1aboratory. |

| The magnitude of splitting of a state and the number of resulting
1evelsAdepends on the detail§ of the crystal field and of the multiplet
_séperation of the free atom. Due to the short range éf forces, the field
acting on atoms depehds mainly on the arrangement of molecules nearest tq
the atoms. This arrangement is not yet'knowﬂ. In fact it is not certaiﬂ
whether the deposited material has the crystal structure of rare gas'
coerSponding to the depogitihg teﬁperature and cantains the atbns as
iattice defects, or whether the material i§ deposited in an amorphous :
Layef whosevstructure is similar to that éf_a super-cooled liguid.

In many cases, the orbital.degeneracy of.the excited state'of an
atomic impuiity is lifted in the crystal. A small decreaselin.symmetry
from the fuil three-dimensional rotation group is sufficient to split a
2P

“3/2
2

state into two components yielding a triplet for the transition
2 . .
Pl/2,3/2 «— 81/2 of noble atoms, i.e. gold, silver, copper, but much

lower symmetry is required to split a lPO state into three components -

1
as oObserved for the transition ng 5«-130 of Ca in rare gas matrices.

Atomic energy levels with a higher degeneracy, as for example the

6Po '
S7/2,5/2,%/2

lifting of this. degeneracy. One mustiassume that the trapping sites

. 1 ‘
levels of Mn in Ar, 2 exhibit in most cases a complete

are all of a uniformly low symmetry.
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A relatively detailed description of the splitting of an atamic
energy level by a crystal fieid was given in Duley's thesis.29 A detailed
description, therefore, is not necessary in this context.

When an atom is placed in.a crystal, the symmetry of its environment
which previouély in the free state was that of a three-dimensiomal rotation
group with_inversion, is reduped. This reduction in symmetry means that
all directions are no longer equivalent as they were for the free atom.
Crystal field theory allows a prediction to be made of hov mich degeneracy
is removéd by a field of give  symmetry and provides expressions for the
magnitude of the splitting energies.
| For a 1P state under a weak field of D2 symmetry it will split as
shown in Fig. 1k.

Fof a 3P state under a weak field of D2 symmetry it will split as -
1P state. - Experimental results shows that in order to relate the observed
multiplet to crystal field splitting the weak field with symmetry né

higher than D,, has to be assumed. ‘But it does not tell us whether it

2h
is any ldwer.
In this model, the neighboring rare gas atoms of the metal atom
are freated as structureless, orbital-less poinfs which set up an electro-
static field due to their polérizability. Since the force holding the
rare gas atoms together in forming crystal is primary a van der Waals
force, it is hard to imagine that the interaction field in this kind of
crystal would provide'suéh a’large splitting, i.e. 150 cm_l tol5OO cm_lo
The crystal structure of pure rare gases is face centered cubic @cc), and
therefore no removal of orbital degeneracy of the atanic P state is to be

I .
expected for a perfect substitutional site. ? Therefore distorted impurity

sibes have to be considered in an effort to interpret the experimental
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Free Atom

Figure. 1k
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observations. M. Brifh and.O..'Schneﬁpl}Jr investigéted the covaleht and the
dispersion interactiohs befWeen.the impurity atom and the host lattice
and the contributions of these interactiong to the splitting energy of
the atomic excited P States of magnesium in a distofted lattice site in
solid argon. They conclude that the experimentally observed multiplet
structure can be expi@ined on the basis of physically reasomble models

of asymmetric impurity sites. In particular, an impurity éite with more
than one,adjécent vacancy is the mostvphysicaily reasonable configuration.

There is also a problem of intérpreting the ingreasing‘splitting

+ a8 a function of témperature becausevas the temperature of the rare gas
solid increases'the lattice parameter.increases and the polarizability
~decreases. This means that the fieid strength should decrease and also the
magnitude of Splitting, but as we observed in magnesium, calcium and cad-
mium wérmup experiments aﬁd ofher obsefvations by many investigators, there
are always two camponents which shift to the red and one to the blﬁe even
though the center of gravity of the triplet abscrption shovs a red shiftb
in all cases. The reversibility of the magnitude of splitting with tempera-
ture clearly shows that there is an unknown factor that governs the splitting
and:which is a temperature dependent variable. This also tends to reject
Brith and ~Bchnepps vacancy assumption because‘formation of vacancy should
be sble to take place during Warmup;énd the number of &acancy should

chang_e which would. change the symmetry of the impurity site.
| Although the crystal field theory provides a qualitative under-“
standihg of the splitting in energy levels, 1t does not fully explain the
Blue and red shifts. »More wofk has to be dome in order to.understand
‘ the interaction between metal atoms embedded in rare gés matrices for

interpreting splitting.
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b. Atomié'gai§§n The existence of multiplet structure has been
interpfeted as evidence of the remo&al of orbital degeneracy by the
‘enviromment of a host Iattice (Brith and Schnepp) or in terms of the Jéhn-
Teller effect (McCarthy and Robinson)g'bﬁt as mentioned in the pfevious
3 Section_it is not. very conclusive. |

Recently, Andrews26 has suggested# and his suggestion was reinforced
byMerrithew,_27 that possibly some of the components of the miltiplet
structure could be explained by interaptions between pairs of foreilgn
atoms tfapped_at non-nearest-neighbor sites in the host lattice. Assuming
that the interacting pair of trapped atoms can be tfeated as a weakly
| boundv diatomic molécule, the interaction energy between atoms trapped
at various sites can be obtained-from knowﬁ diatomic potential curves.
Since the region of the observed multiplet is within the region of non-
nearest-neighbor interacting pair's transition for many of the studied
abams, e Hg, Li, Mg, étc., this proposed interpretation is highly
bossible. |

Buf ﬁore recently, King studied the codeposiﬁion of silver and gold,
vaporized simultaneocusly in electron bombardment heated Knudsen ceils,
with krypton at 20"K. He showed that within experimentél-error the "pure"
metal bands ex@eriencé no shift in the presence éf other metal and that no
new features appear. Thié is evidence thaf nonéfof the three strong.bands
are due to solute-solute interactibn. If.they'are, we shéuld have observed
ah isotopié-éubstitution type effect, but much larger, due to AgAu. This
| is again confirmed in this work. See Fig.‘ 15, Mg-Cd (with M/R =~ 1000)
mixed metal melted system and.camﬁared.with the pure spectra. There are
no shifts or extra featﬁres. Also the study of copper-gold alloy in

krypton by King shows that no shifts of the bands fran their position in
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the pure metals and no-appearancé'of new'bands; This again justifies
'vthe cénciusion‘that the three prominent bandsbin fhe spectrum of each
': metal are due to well isolated atoms. Differént.ratioé of metal mixture
had been used with no évidence of mixed metal interaction at the comncentra-
tion raises studled. | |

Recent work on Pb w1th hlgh Pb concentration in Xe by Chln-An Chang35

3

shows that a spectral-llne corresponding to “P 6-3P transition appears at
the same time as a molecular band 5000 A. This molecular band intensity
increases as the temperature of the Pb increases. This band corresponds

to the Pb2 gas phase transition and has a very similar vibratiomal spacing.

- 3. Temperature Dependente

As we mentioned before.the.appearancé ofvthe aﬁsorptién sﬁectra"of
' trapped atoms-in:rare gas matrices dépends on the temperature of the rare
gas mafrices; If we nave too cold a tempefature the metal afoms may bé-
tra@ped in all kinds of différent siteé and give rise to extra absorpﬁion
feature; If the target is too hot then we my not be able to prevent
the metal atans from formlng polymers or aggregates and this in fact may
give rise to some complicated abserption features. In the former case
it is possible to annedl the crystal and eliminate some of the unstable
sites. This, however, requires good experimental sefup for ﬁemperature
contfol. In the lattef caée it is of wvery little use fowards understand-
ing of the spectrum.

‘Eor well isolated metal atoms in rarevgas mafricés we normally see
a.disfinctvtriplet forba lP e-lS tfanéition; _As'tne temperature of the
: matrix increases, the triplet displays two types of éhift: a. the center
of gravity of the triplet shifted to the red; b. two‘éomponents of the

lorger wavelength shifted to the red while the shorter wavelength
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component shifted to the Blue;

Type (a) can be expiained in fefms of the increase of intermolecular
distance, The interaction potential drops off quite fést as the temperature
increaseé. Evidence of the temperature dependence of lattice parameter
has been given by Losee and Limmons.

A type (b) shift is not at all understandable, especially the blue
shift of the shorter wavelength component . This is partially due to the
- lack of a:élear understanding of the multiplet structure. The reversabi-
lity of the splittingvas a function of temperature shown in Fig. 9 tends
to discountbthe systematic occurrence of vacancies in the mgtal atoms
immediate neighborhééd. According to M. Brith and O. Schnepp more than
one vacancy is required in order to account for the observation of three
nearly equally spaced splitting components.

4, . Mixed Metal Effects

Andrews26 has suggested that some of the features ‘inatanit absorp-
tion could be due to long-range non-nearest neighbor solute-solute interac-
tion. If we assume thét one of the features in triplet is due to atcmic
tfansition and th¢ others are due to solute-solute interaction then, by ‘
depositing mixed metals we should be able to see the effect on the other

‘features. In order to test this hypothesis different metals have been
codéposited in xenon at 20 K with different atomic percentages. Results
show no visible effect at all. The spectra of the pure metals are the
same as the spectré of the mixed metals. .Mg-Cd (M/R:z 1000) and Mg-Ca
(M/R &~ "500) are the systems under study. Their spectra of pure metal
ana.their mixed metal spectra do not show any visible difference as shown
for Mg-Cd in Fig. 15. The results of King for Ag-Au and Cu-Au systems also

show no effect at all. These results tend to disprove Andrew's hypothesisw
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The warm up spectra in Fig. 15 show that the magnesium triplet
disappears while the cadmium triplet remains . This seems to indicate that
Mg may be trapped in éertain regions where it is easy to warmup and

loose matrix while Cd may be trapped in a bigger region and remains iso-

‘lated while warmup takes place.
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IV. ABSORPTION SPECTRA OF SOME SIMPLE MOLECULES
TRAPPED IN SOLID RARE GASES

A. 13@2

1. Introduction

Most of the chemically stable molecules possess characteristics of
 either or both of the‘two well-known types of bonding, homopolar and
heteropolar. A third type of bonding is celled polarization or van der Walls
bonding. The small attractive forces between rare gas atoms, responsible
for their deviations from idealvgas behavior and for their liquification
at sufficiently low temperatures, are called van der Walls forces. Mole-
cules whose bihding energy 1s mainly due to van der Walls forces are
celled van der Waals molecules. All diatomic molecules of rare gases and
meiements from group IIa and ITb are considered as van der Walls molecules.
The following are the electronic configurafions of the lowest states of
some typical diatomic molecules formed from elements of group IIa:

Mg, : aLs (350,)° (350,)°

Cay: KKLLMM »(hscg)g (us,cu)2

Othervmolecules like Zn2? CdE’ Hg2 have been observed spectroscopically
and their stabilities are known.

From Section III we sqw.the iméortance of the concentration of metal
atoms in the matrix for interpreting the spectroscopic data. The tempera-
vture dependent.diffusion and the formation of dimer are all peftinent
 factors in the appearance of the spectrum. Appendix B shows that the
dimer is of negligible concentration compared'to the monomer in the Knudsen
cell, but this does not have to be so when the beam collides on the target.

- With the rate gas atoms moving around it is always possible for the metal



A '-_55-

‘atom to form dimer and/or aggregétes. Because of this, the understahding
of the dimer.or polymer spectra is necessary prior to the investigétion
of spectra of high temperature molecules ih fare gas'matrices synthesized
by a diffusion mechanism. |

'Many of the van der-Waal molecules and metallic dimers have beenISpec-
troscopically observed both in gas phase and in rare gas matrices. Seeb
Table IX and Table X‘references. |

The most thoroughly studied van der Waal molecules are ng and Cd2

and their dissociation energy limits have been estimated.

For ng absorption, fluorescent and emission spectra in the gas phase

50

‘are observed with Do ~ 0.06+0.003 eV. London” " used the dispersion measure-

ment data Qf Wolfsohn51 to calculate the dissociation energy of Hg2
theoretically 6n'the basis of polarization binding and obtained the value
bf 0.086 eV for én equilibrium separation of 3.5A between the two Hg atoms.
Recently, Freedhoff52 suggested a systematic means for_identifying
the molecular features associated with a'given atomic tfansition in the”

spectra of impurity trapped in solids. Guided by the similarity of the

1 1

Hg and Cd spectra and by their appearance, the 48,530Acm— and 47,640 cm”

bands of Hg in Ar and Kr respeétively are identified with the transition

.(lSO + lPl) lZu e!(lso + lSO) lZg_of Hg,. Using the éxperimental data

of_Bréwef, et al.,16 Freedhoff obtained binding energies of 0.008 eV
from the observations of Hg in Kr and 0.009 eV.from Hg in Ar. This is
about a factor of ten smaller than the gas phase value.

For Cd the absorption and fluorescent spectra_are'observed upon

2
discharge in the gas phése. The dissociation energy of Cd2 has been

55 Sk

reported to be 0.087 eV by Kuhn and Arrheniusf Cram” analyzes the

bands of Cd, lying on either side of the atomic ling and can only account

2
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Table IX., Studies on gas phasé homonuclear diatomic molecules of
group IT elements
Molecules Methods Year Author Reference
Ba2 - - - -
Be2
Ca2 ~Emission 1931 Hamada 33
1968 Kovalyonok 56
cd, Absorption 1927 Jablonski 62
1927 Mohler, Moore 63
1928 ‘Winans 6L
1928 Jablonski 65
1929 Winans 55
1929 Winans 66
1932 Robertson 67
1933 Kuhn, Arrhenius 53
1935 Robertson 68
1935 Winans, 'Cram 69
Emission 1931 Hamada, ' 33
1934 Cram 54
1951 Garton T0
Fluorescence 1921 Van der Lingen 71
1925 Kapuscinski - 3
1927 Jablonski 62
1930 Mrozowski T2
1934 Cram Sk
Theoretical 1939 King, Van Vleck CTh
He, Absorption 1922 Franck, Grotrian 75
1925 Koernicke 76
- 1931 Winans 77
1932 Khun, Freundenberg 78
1937 Kuhn 9
1944 Winans, Heitz 80
1952 Winans, Heitz 81
- 1953 Winans, Heitz 82
Emission 1931 Hamada 33
Fluorescence 1929 Mrozowski 83
Theoretical 1930 London 50
' 1939 " King, Van Vleck yen
1952 Winans, Heitz 81
Sr - - ' - -
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Table IX. (Continued) .

Molecules Methods Year  Author : Reference
Mg, Absorption 1955 Sthapitanonda 58
- 1969 Balfour ' 5T
Emission 1931 Hamada 33
’ - 1955 Sthapitanonda 58
Zn, ‘Absorption 1927 Mohler, Moore 63
' 1928 Winans 64
1929 Winans 55
1929 Winans 66
Emission 1931 Hamada 33

* * * * * * *

Review 1950 '-Herzberg : 61

11953 Gaydon 8l




Table X. Studies on matrix isolated homonuclear dimer of metal

Wavelehgth

Molecule Matrix . Yéar Author Ref.
: region . ‘

ca, Ar,Kr,Xe 20004 1966 Duley 33
22008 Fréedhoff 52
He, Ar,Kr,Xe 22504 1965 Brabson 9
: 20704 1967 Freedhoff 52
Duley 25
Li, Ar,Kr,Xe S 1967 Andrew- - 26
50004 1967 Belyaeva. 28

Mg, Kr,Xe 3400-28004 1969 Wang
Pb,, Kr,Xe 51004 Chang 35
T1, Ar,Kr,Xe 1965 Brabson 9
Zn,, Ar,Kr,Xe 23004 1966 Duley 29

25008

2700A

_8g-
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for the spectra by assuming a (1SO + lPl) %ﬂu e-(lso + lSO) lZu transition.

Potential curves of Cd2 molecule have béen derived empirically from his

- spectroscopic analysis.

29 1

According to Freedhoff, Duley's ~ observed absorptions of 36,620 cm”

and 35,900 cm_l in Ar and Kr respectively may be identified with the
This identification

29

is Strengthened by the observed vibrational structure of the band in Ar

1 1 1 1 1 1 s .
( Sy + Pl) Z, - ( Sy * SO) Zg transition of Cd,.

with spacings of 80.% 20 em™ at higher temperature LO°K.
.55 5

Zn2 spectra have been reported by Winans”~ and Hamada’” in gas phase.

Recently Duley has assigned some of the absorption feature of Zn in rare

gas matrices to Zn, molecule.

spectra have been reported. Ca

in the U22TA resonance line region of lPl e-;SO transition have been re-

56

No Beé, Ba,, Sr gas phase spectra

2 2 2

ported by»Hamada.55 Kovalyonlk, et al. reports a rdtétional analysis

of the orange bands of Ca2 in the 5900 A region. Bﬁt both of these works

are not very definite. In Kovalyonok's work he reports that Ca2 has:
2vw1th

r, (=5.88A)57.of Mg,, we would think that it is very unlikely for Ca2 to

r_ = 1.35A while for cao, reb= 1.82A. If we compare r_ of Ca

have a r, = 1.35A. More work for Ca, is needed to clear up the ambiguity.

2
Mg2 gas phase spéctra haVe been studied by many investigators. Hameda

has studied the emission spectra of Mge.with a hollow cathode system.

The hollow cafhode used was a ¢losed iron tube 6 cm in length and 2 cm

in diameter. An iron cover which had a small aperture of 2 or 3> mm was

screwed on the open end of the tube._.Thé magnesium metal was inserted

into the hollow space of the cathode. The most favorable conditions for

the excitation of molecular spectra required a comparatively low voltage

and weak current. The metallic vapor glowed intensely'at the small
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aperture'of the cdthode and the pressuré.of the vapor was high enough to
produce molecules. o
Sthapitanonda58 has studied the N@Q absorption spectra by vaporizing
maghnesium nitride in a MeDanel porcelain tube with flat quartz optical
-window being held under pressure by two Teflon gaskets ihside the stainless
steel flanges. The furnace was capable of temperatures up'to 1700°C; but
the highest temperature used was only 1%00°C.

?T at Ottawa has done a high resolution study of Mg,

Recently Bélfour
vapor. He has used the mass 24 and 26 isotope; of magnesium in a stainless
steel tube (somewhat like a King furnace) at about 1000 K. The Mg, spec-
frum is a many-line spectrum with no obvious band heads. His spectro-
scopic data are tabulated in Table XI. This seems to be’the most reliable
analysis to date.

As we discussed in Section IIT the.appeardnce 6f ébsorpﬁion feature
depends upon-fhe concentraﬁion of the métal’atom in the mafrix. It would
be necessary to segregate and identify the effects of aggregation and site
perturbation. There is real promise that the spectra will revéal the.
energetics of growth of metallic aggregates and this could contribute

importantly by closing somewhat the gap between diatomic molecules and the

metallic state.

2. Experiments and Results

The experiments are the same as for the atémic absorption of magnesium
atom in rare gas matrices and are described in Section II. The only change
is that higher magnesium concentrationsvwére used. The M/R ratio was
well below 100. The Mg2 spectra have been observed in both Kr and Xe
matrices. They appear in Fig. 16.° The results are tabulated in Table

1

XIT. Most of the bands in the long wavelength side of the Mg(lP « 78)
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Table XI. Spectroscopic data for Mg2 molecule

Xt atst
oy u
2, 0 -
w_ 511 em™ 190.6 -
- @ X% wLs 65 em™t 14158 em™T
r 3.8894 3.081A
D ok em™t — '
e

Balfour, W. J., Can. J.

Phys., 1969, to be published
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Table XII. Absorption features of Mg2 in solid matrices

Xe Kr
A cm™t A em™t
355k 28295
3247 30798 3112 32130
5150 .31948 297k 35625
29% 34106 2779 35985

2730 36630 . 2646 37800
2619 38182 .
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resonance line can be accounted for as Mg2 molecular bands while those on
the short wavelength side are definitely due to the multiple site effect,
because they disappear upon warmup while all the others remained. This
is also confirmed by the experiments with high dilution but fast conden-
sation, since the short wavelength bands disappear upon annealing while
the triplet absorption remains and no molecular band on the long wavelength
side of the magnesium resonance transition are observed. This is shown in
Tig. 1T
3. Discussion

The results of gas phase spectra suggest that thevground electronic
state of the van der Waal molecules may be unstable or have a very shallow
potential minimum. For these molecules one finds very low value for

dissociation energies56’6o

and high value for Tos internuclear distance.
Potential curves representing the ground and excited electronic
states may often be drawn from the information obtained from both absorption
and emission spectra of the same system. Hériberg6l has shown such poten-
tial curves for van der Waals molecules and has given an excellent dis-
cussion on their interpretation. DPotential energy diagrams of ng and Cd2
-in matrices have already been suggested52 but are subject to change, of
course, if new observations can be obtained.
Balfour reported the Mg, xlzg state has D_ = ok em™t with r, =

3.889A while for A;Z; ¥, = 3,081A. From these spectroscopic data and

using the following equation

we obtain B, v 7847.8 em™ for AlZi state. Using the value 35300 em™t

+
for Mg 1p 15 in Kr as the dissociation limit for (lSO + 1Pl) AlZu
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state, Ty = 3.081A and the shape of potential curve described by Freedhoff
we get the potential curve of an AlZ: state in a Kr matrix (see Fig. 18).
This portion of work can only be regarded as a small effort towards
the understanding of dimerization of metal atoms in matrices. One conclu-
sion we can make is that the Mg2 molecule which is observed must be formed
in the process of producing matrices rather than in the Knudsen cell. The
detailed mechanism for the formation of dimer in matrices is still very
uncertain. It has to form before being completely trapped in the target
because no observable Mg2 molecular spectra appear in the warmup experiment
of matrices showing only the atomic features. Also the warmup and quench-
ing experiments of Mg atoms in rare gas matrices seem to indicate that
Mg atoms do not move around once they are in the rare gas solid and the
only particles that are moving around are rare gas atoms which possess
high mobility. The mobility of Mg atoms is very small while some other
ligher atoms may have high mobility in rare gas solid even at temperature
below liguid hydrogen temperature, e.g. Li has such a high mobility that
both Andrewé26and Belyéeva28 were able to observe the increase in intensity
of_the bands that they consider to be Li,.

2

There are many stably bonded dimers of metallic atoms being isolated

in rare gas matrices, i.e. Pbg, B, Tlg. Chang's result for Pb, is the
most interesting one because a distinct band system 1s observed and it

corresponds very closely to the sz gas phase transition while the atomic

5y 3
PO

transition which is assigned to “P « transition, appears as a singlet

rather than a triplet.
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1. Introduction

Oxygen atom, oxygen mblecule and ozone are some of the reactants to
be used in synthesizing metallic oxides in rare gasvmatfices. The ultra-
violet, visible-and.infrared spectra are very important information for
understanding and iﬁterpreting the spectra of the final products and the
possible reactién_mechanism.

In this section“we will deal primarily with the absorption spectra
of pure oxygen and oxygen in different matricés..

The ultraviolet absorption of oxygen in the region 2400 to 3000A in

85

condensed phases has been studied by Mclennan, Smith, and Wilhelm. They

observed a number of bands éorresponding to the "high pressure" bands in

87

gaseous oxygen reported by Finkelnberg and Steiner.86 Prikhotko studied

 the absorptidn spectrum of oé in the crystal lattice of O,-N, and'og-Ar

at liquid h&hiogén temperature. In the region 2400 to 2800A she found
that all spectra consisted of a series of absorption bands arising during
tfansition from the normal level 52- to some excited level. Every-band
of this series is avtriplet. @, diminishes quite raﬁidly; changing froﬁ
760 em™ to 360 et over a range of 10 members of a series. These bands
coincide with the aﬁéorptién spectra ofAsolid ox&gen, and have a structure
identical with the Jhigh pressure' bands. From her data she calculated

a potenﬁial energy éurVe for the upper state of the transition which was véry
similar to the ABZ;- state of the Herzberg bands. The thickness of.her
crystal was about ld to 20 mm, ﬁ5r188 prepared thin polycrystalline
layers of solid a-oxygen by deposition from the gas phase onto surfaces

liguid helium cooled to near 4.,2°K, with film thickness estimated to be

a few hundredths of ‘a millimeter. Between 2400 and 2700A a number of
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broad diffuse bands were'observed with half-Widths of the order of 200 to
300 cm-l. Horl suggested the bands in the sélid were the Herzberg bands
of oxygen (ABZ; e—X5Zé) shifting to shorter wavelengths by about 90 to

120 em™ . Dressler " and Schnepp89

studied thin layers of oxygen deposited
in mixtures with argon and nitrogen‘on a surface at 4.2°K. Between 1750
and 2000A, eleven bands, 50 to 150 cm":L broad, were observed and idénhified
as the Schumann-Runge bands of oxygen (BBZ; e-X5Zé). By measuring the

18 ’

isotope shift produced with O, they established that the bands in the

solid were shifted toward longer wavelengths by roughly 300 to 400 cm-l.
90

Bass and Broida studied the condensed phases of oxygen over the wave-
lehgth range 1750 to 2900A and observed both the Schumann-Runge bands of

O2 and the diffuse oxygen bands. Observations had been made in liquid and
crystalline argon andbnitrogen at temperatures between 60 and 90 K.

The observed spectra show little change between the solid and liquid matrix
and are quite similar to the spectra observed at L4.2"K. Schnepp91 studied
the absorption spectra of oxygen in solid solutions in nitrogen, argon,
kfypton, xenon and neon in the spectrai region of the Schumann-Runge bands
at liquid helium temp¢rature. Series of ten or more bands have been mea-
sured in each case but the widths of the bands for neon and xenon as. hot
lattices are considerably larger than_in the other solids, where the ab-
sorptions are relatively narrow and can be accurately measured. The
vv1bratlonal structure is 1dentlcal with that of the gas for low vibrational

guantum numbers of the exci 'd electronic state (BBZ ) but for higher

levels the differences afe_&quy'markedo

92

Landau”~ studied the absdfption spectrum of solid oxygen in the

wavelength reéion from lE,OOOli% 3300A and found the electronic band

- + 1
systems of O, with ground state 5Zg and uppgr‘states ¥Ag’ lZg, %ﬁg + Ag,
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%Ag + ;Z; and lZ; + lZ; .b A1l these systems ﬁere investigated in detail
in the a-form of the solid at ~21°K. Prikhot'ko93 studied the absorption
spectrum of the -modification of oxygen at L,2°K. Oxygen crystals were
prepared by sputtering the gas onto a éold quartz window cooled to the

oL

liquid helium temperature. Prikhdt'ko studied the absorption'spectrum
of solid oxygen 1in greater detail at 1.3 K. Prikhot'ko95 studied the
spectra of the high temperature B- and y-modifications. This study was
intended to gainvcomprehensive understanding'of the absorption featurés
of the various modifications of solid oxygen, which differ ih crystal

structure and- in magnetic properties.

2. Results and Discussion:

The experimental set up was the same as described in Séction IT.

The pure oxygen gas was mixed with various amounts bf rare gases ranging
from 5 to 20% oxygen.

No molecular absorption bands were observed in the region of
LOOOA-2500A or in the region of 4000 to 650 em™.  The lack of spectra
may be due to insufficient O2 concentration or too thin a layer. When
Mg atoms were deposited with the Oé-rare gas mixtures with the same quan4
tity aé in the experiment with Oe-rare gas alone, we observed molecular
spectra in the region of 4000-2500A in all three rare gas matrices. At.
first this molecular system.was.thought to be molecular oxygen absorption.
But from a cémparison of fhis molecular system in rare gas matrix and
the molecular system..of solid oxygen by various investigators and.in the
gas at standard pressure it 1is easy to see the different characteristics
of this molecular system_from the others, as will be shown in Table XVIII,

the vibrational frequency of the molecular system obtained from this work

has an average around 1000 cm-l for initial terms while the « phase solid
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oxygen has a value approximately equal to 750 cm_l for the first few
vibratiohal.lévelé as shown in Table XIV. Also.the absorption features
of this work is almost.structureless while the solid o%ygen work shows
triplet.structure; The only similarity is the intensity distribution -
the intensity increase? with the vibration number. For O2 this typé of
distribution should be expected from ﬁhe relative positions of the potential
energy curves of the ground and excited states.96’97 A stronger proof that
the molecular system observed in this work is not due tQ O2 or its polymer
is-that its vibrational frequencies are quite different from both the vi-
brational frequencies of soiid oxygen obtained by Prikhot'ko and the gas
phase value as reported by'Wallace.99

| A comparison of the vibrational frequencies in the crystal and gas
series reveals their similarity and provides additionai grounds for con-
cluding that absorptién in the crystal should be associated with the same

‘ 5

Z L]

electronic transition as in the gas, l.e. with the transition BZE.e- o

Table XITIshows the. similarity of some of the speétroscopic constants

of 52; state in the free molecule and in the crysfal of oxygen. The work
of'Og-Né and OE-Ar by Prikhot'k087,also”giVeS“a‘very similar spectroscopic
data compared to the observed oxygen absorption band system in crystal

and in gas.. This also proves that the.molecﬁlar system observed in this
work is not due to oxygen but some other molecular species. The band

does not appear without depositing magnesium together with the oxygen-rare
gas mixture., This tends to suggest that the molecular absorption observed
has to be some magnesium-oxygen molecules. Anpther experiment also gives
a strong indirect proof that this moleéular_absorption is the result of

the magnesium-oxygen compound. The proof is the observed spectra of

calcium with oxygen-rare gas mixtures which does give molecular spectra
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Table XITII. Constants of the A5ZZ state of O2

in the crystal and in the free molecule

Constants Crystal95 Gras98
(cm-1)
34120
Yoo : 34280 34193
34420
A_GV " /2 800 810
£2q L 3
= v+l /2 5 . 5
oX 17 16.5
@, , 834 843

® - ' 817 _ ‘826’
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spectra of solid oxygen and gas phase

Table XIV. Frequencies of the series of BZi «

Solig % | - Gas °
O-phase B-phase Y-phase
T=22 K T=26 K T=48 K 1
(v',v") em-1 em~L em~1 cm
0,0 54160 35008
1,0 34918 3955 - 3L905 357180
2,0 35679 35710 35685 36526
3,0 36408 36445 36400 37035
L,0 37110 37145 37100 - 37910
5,0 377077 37810 37765 38546
6,0  38L05 38435 38395 39138

750 38997 39030 38990 39681

& A T Prikhot'ko, . T. P, Ptukha, and L. I. Shanskii, Ukrainski

Fizicheskii Zhurnal, 12 (7), 1166 (1967).

LA Wallace, Astrophysiecs, J. Suppl. No. 68, 7, 165 (1962).
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in the 5000A region, but'néver in the region below 4000A. In magnesium

and calcium experiments the only difference is the metal and it causes

a change in the position of the appearance of spectra. From this evidence

ﬁé are very sure that the molecular spectra appeared in each case is the "
result of some oxygen-alkéliné earth molecules and not oxygen alone. The

reason we say that it contains oxygen is that it dées show proper lsotope

shift when we substitute oxygen 16 with:oxygen 18. A deéailed discussion

of these molecular band systems and their absorbers will be given in

Section IVD.

c g

1. Introduction

Interest in the products condensed at.20°K from dissociated oxygen
(i.e., oxygen which has been passed through an electric discharge) hés
.been stimulated by a number of recentbinvestigationsvin this field. - Ob-
servations of molecular bands which occur when the products condensed .
at 20°K from oxygen passed through a discharge and the metal atoms from
‘the furhace are warmed indicate that oxygen atoms may be trapped in the
deposit at low temperétu?es. Evidence in favof of this explahation ﬁas
also been inferred from calorimetric measurementslog and infrafed
absqrptiqn;lol The evidence of the existence of oxygen atoms in the
matrices at 20°K also makes possible the férmation of either ozone in
the_matrices or ozone produced possibly by the discharge and cocondensed
in the matrices with the oxygen molecules and oxygen atoms. This makes
i£ necessary for us to -understand more about the spectral behavior of -
ozone in the matrices prior to the synthesis of metallic oxides in the

matrices.
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Thé data presented here are the results of an investigation of the
ultraviolet, visible and infrared absorption spectra of the products
condensed from oxygeh-rare'gas miXturés bassed through én electrical dis-
charge.

2. Experimental

The low temperature systems used are the same as that described in
Section II except that in the present work béth the external windows are
of cesium iodide and the target is of cesium bromide. In the diésociated
oxyéen experiments, the discharge is initiatéd in a quartz tube, which has
a small orifice of 1 mm diameter, away from the collector surface and,the
axis of the tube has an angle of 11.2 degrees from the normal of the center .
of the collector to make sure that the oxygen-rare gas beam will cross
fhe metal atom beam which has an angle of 8.6 degrees_on the center of
the collector. vThe details of this arrangement are shown in Fig. 19.
Air Products reseafch grade gaseé are employed without further purifica-
tion. For isotope studies 0;8 of purity 99.85%, with 0.13% 0:2L7, from
Isomet Corporation, Palisaaes Park, New Jersey, were used. The source
of power for the discharge is a 100-w, 2450-Mc microwave generator.

The spectra are obtained with spectrometers mentioned in Section IT.

3. Results and Discussion

The infrared absorption bands of a film of discharged products are
listed in Table XV. The agreement with the vwvggxgmg reported for the
gas phase102 is good, indicating that there is relatively liﬁtle distortion
of the molecule in the solid.v As the film is warmed up no significant
changes occur in the spectrum eiéépt for a tendency of the bands to
broaden as the melting point of the matrix is approached.

From the discharged oxygen-xenon mixture condensation we observe
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XBL 699-5679

Figure 19
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Table XV. Infrared absorption bands of ozone in solid matrices

N Kr Assignment ( Xe Remarks
) (em-1) (em=1)
.~ 5687 - 5700 (0r?)
' ' vy 2350 | co,
1650
1595 Vo 1630 - (H,0)
1528 1535
1036 Vs 1032 o5
998 980

698
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a very strong absorption with a doublet at 1032 and 1025 cm_l. Also

1

a feature at 2150 cm_l has been assigned by Harvey 2 to be 2v, of ozone

1

but this assignment is very uncertain since the 2150 cm-l band is very

weak and may be due af least in part to the presence of a trace of CO.

Also this band was not observed in discharged
The oxygen-18 does not show this band either.

that 2150 em™t is not due to 2vl;

oxygen-krypton mixture.

So it is fairly certain

The 1043 cm_l band does show red shift in both Ki and Xe while Harvey

reported that in pure oxygen a blue shift showed.

The experimental result of discharged oxygen-18 in xenon gas is

101

shown in Table XVI and the results of Harvey and Bass; and Wilson

and Badgerlo2 are also shown in the same table for comparison. The

spectra are shown in Fig. 20. From the isotope shift we can easily see

that there is close agreement between the spectra reported for solid and that

for the gas phase.

The strong ultraviolet absorption is probably associated with the

ultraviolet system in ozone, observed as long

1035

and Dewar. Because of the thinness of the

by Bé,s.slo4 is observed in the visible region.

section105

of the ozone potential surface, we
a strong diffuse continuum in the ultraviolet
because the upper state 1s a repulsive state.

below 2800A which go all the way to the short

ago as 1889 by Liveing

film n§ band as reported
From the schematic cross

see that we would expect
région for ozone absorption
There are strong absorptions

wavelength sensitivity edge

of a 103-a~0 plate in both . discharged oxygen isotope experiments. These

should be ozone absorption.

The results of this study of ozone in rare gas matrices provide

important information for the work in the next section. One important

aspect is that no new molecular band has been observed during the warming
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Table XVI. Infrared absorption bands (cm_l) of ozone
in various phases and xenon mabtrix

a b b ¢

0%8/Xe 026/Xe 05 05 'Assignmentb Remark

T=20°K T=20°K T=4,8°K Gas phase

3700 3700 (om)

3680 ,

2980 3060 3050 5v5
. 2800 2800 vitUotys (co)
2350 2

2150 2vl(?) (co)

2100 2100 2105 vitvy

1900 2060 2v5 o

1625 1600 17540 -v2+v5(?) ‘ (Néoh)
1535

1090 | 1120 1110 vy

1038 '

1008

{978‘ . {1032 1050 10L43 Vs

9to . t1oes |
660 70k 705 vy
a This work

b k. Harvey and A. M. Bass, J. Mol. Spect. 2, 405 (1958).

¢ M. K, Wilson and R. M. Badger, J. Chem. Phys. 16, 741 (1948).
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process bf,the condensed disgharged proaucts;"This evidence simplifies
b_the interpretation of the moleculér bands observed in experiments in
.the next section, carried out under the same experimental conditions with
addition of-metaliic atoms only.

It is very difficult to estimate the concentration'of oxygen aﬁoms
being trapped in the métrices because no noticeable increase in ozone
cqncentration occurred during the warming process. But if is hardly
neéesséry to point out, however, that these=§xperimeﬁts do not preclude
thevpresence of high éoncentrations,of oxygen atoms since it is possible
-that the trapped atom; may combine difectly to form oxygen molecules,

- without changing the ozone concentration.

D. Mg0, CaO, Bal

As was pointed éut'befbre précise information on low-lying energy
levels of high-tempepature moleculés'is needed fo calculate:fhe §r0per-
values of their thermodynaﬁic ﬁroperties. A survey:of the spectroscopic
literature for the alkaline—eafth.o#ides shows that a great deal of
unceftainty; confusion, and speculation still exisﬁ despite intensiﬁe
réséarch in this area in:reéeﬁt years.,

In view of the importéhce of spectroscopic and thermodyna@ic data'in
'v.the problem ofvhigh'temperafure chemistry of the alkaline earth oxides,
it‘is eéséﬁtial”to inciude the following survey as an integral‘part of

this thesis.

1. Enéfgy:LéVEls of MgQ)ACaO

A very informativevanalysis for BeO,'SiO,‘and'BaOvhéé.been'published
by sullivan.lo6 There is no-neéd to»discuss theﬁ here, except to presént 
some supplementary réfefénces for.their spectrdséopic data. We wili also

discuss the energy levels of gaseous MgC and Cal molecules.,
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a. Magnesium oxide, " Several band systems have beeh observed for magnesium-

oxygen in discharge or flame but only a few of them had been analyzed.

m;O?—llO 1o+ 1 m;07-llh

These are the red syste assigned to B & -ATIl, the green syste

+ + : : - 1T
attributed to BlZ -XlZ and the two violet systems assigned to cls -AlIL and

115-116 BréWer and Greenl.l7

v D%A-Alﬂ. recently. assigned a number ofpreviously
unassigned bahdwsystemsjin;the:violetxregidthO“tHe“MgO molecule. ‘Based on the
.near equality of spectroscopic constants of Clz_ and D%A states, Green
discussed the possibility that these two states are not singlets but might

be components of a triplet. Also a closer look af the results ofvsullivan's
green system106 and Green's green systemll8 }eveals that Sullivan's green
system has at least a few more band heads than Green's work., Sullivan's
spectrum is taken from a diffusion flame source with a total pressﬁre of

200 Torr and oxidizer mixture of lO% 02-90% Ar while'Gréen's spectrogram

is taken from a closed reduced pressure.arc with about 1-10 Torr of oxygen.
Higher ehergy'heads have also been observed by V. A. Sokolov and N. A.

119

Nazimov, Brewef suggests that the inability to observe the higher
energy heads in reduced pressuré systems may imply that fhe upper state
of the green system‘may predissociate and the molecules could fly apart
befére they could emit radiatioh. But in a. flame, recombination processes
may offset fhe dissociation process and enough highly excited molécules
would emit radiation to make observation possible. A high resolution_
study of.the higher vibrational levels of the B12+ might be able to bin-
point the dissociation limit of this state and indirectly help in locating
the unknown state.

Many other bands héve not been analyzed or assigned. This is due

in part to the complexity of their appearances There are many practical

difficulties in trying to establish the order of energy of the low-lying
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electronic states. An enérgy ievel diagram for MgO is giVen in Fig. 21l.
The solid line ievels';re'the observed statés aﬁd the dotted levels

are the predicted states. The schemé.of prediction has been described

by Brewer.l Some gdjustmeﬁts have Been madé and the estimates given by

Brewer.and-Greenll7

had been inqorporated. This energy-level diagram is
in no way an accurate description but it could serve as a guide for
locaﬁing some of the possible transitions and their assigmments.

b. Cal. Only three band systems have been assigned.to the diatomic
oxide Ca0. These systems are the extreme red sysfem (A;EFX?lZ),leo

12l and ultraviolet system (Clz_xflz).lel ALl

blue system (Blﬂ—xle),
correspond to transition between singlet states. The bands in the near
infra-fed region have been shown by Hauge122 to be part éf the extreme
red system meﬁtioned before.
There are also band systems in the green and orange regions of the

spectrum. _Hauge's oxygen isotopé substitution experimentérshow that the
kemittef of the green bands vefy likely contain only one oxygen per mole-
cule but thefe is the possibility that CaOH 1s the emitter;_ In the éase 2
of the orange band'systém, Hauge has not observed any oxygen isotope

56

shift. Recently Kovalyonok” did a rotational analysis of the orange
system and concluded thaﬁ Ca2 was the emitter.
The known states of Ca0 and the predicted states, using the same

prediction scheme as in MgO, are'shownvin Fig. 22,

2. . Matrix Work of Magnesium-Oxygen, Calcium-Oxygen and Barium-Oxygen
Compounds

A few high temperature techniques, i.é. flames, arc discharge, etc.,
have been used to obtain the gas phase épectrum of alkaline oxides, but

many of the observed spectra are too complicated to make analysis possible.
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The complexity of these spectra may be due to the.high temperature environ-
ment (highly excited levels), hydroxidés, or polymers.

The matrix isolation method gives an alternative to study.the spectra
of these high temperature molecules. The adwvantages offered by this
method are: 1) molecuies éan be accumulated over a long period of time
from weak sources, and 2) the spectra are greatly simplified because
only the ground state is significantly populated at temperature typically
used. Because of weak interactions with the rare gas atoms, it might be
expected that the energy levels of the trapped molecules would not be
much different from their gas-phase vélues, and that the absorption spectrum
observed in the matrix would ‘be easily correlated to the gas phase spectrum.
This helps us to sort out the uninterpretable region of the spectrum if it
does include the low energy transitions.

8. Experimental. The alkaline earth-oxygen compounds are obtained by

first condensing.alkaline earth metal and oxygen in rare gas matrices at
the same time. Then the matrices are warmed to such a temperature that
oxygen'étoms or molecules could diffuse, while the matrix gas remains in
a solid form, and finally the matrix 1s recooled. The furnace used is
shown in Fig. 19. The details of this system have been described in
Section II. The typical experimehntal parameters are tabulated in

Table XVII.

Here the rate of metalvdeposit is obtained by weighing the térget
 before and after a trial ruh of depositing pure metal alone. The rates
of gas deposit were measured by a flow meter and it was assumed the
condensation coefficient to be 1. The method of estimaffon of M/R gives
" a higher value than the actual ratio on the target because of the uncer-
tainty of the condensation coefficient and scattering of the rare gas

plasma from the discharge;v This would imply that in the target we may
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Table XVII. Experimental parameters for synthesizing of MgO

Target temperature for deposition
Target ﬁemperature for obsefyation
'Rafe of metal depoéit

Rate of rare.gas deposit

Rate of oxygen deposit

Rare gas :oxygen:metal

18 or 20°K

’18 — 65K

10

6.1x10" mble/sec'

'1.6X10_6 mole/sec

bx107 1 mole/sec

2700 :700:1
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actually have higher conéentrations'than.have been, used.

b. Results.
i. MgO
(a) Electronic spectra of magnesium + oxygen.

Magnesium atoms iéoléted in rare gas matrices are reacted with oxygen
atoms, oxygen molecules, and_ozone which are codeposited. There are at
least three molecular band systems in qltfaviolet and visible regions.
These bands' appearance depends very‘muéh on.the condition of the matrix
and the method of deposition. By passing the oxygen-rare gas mixture
through a discharge cavity we observe a strong broad absorption in the
2537A region. This broad band is thoﬁght.to be ozone absorption as
discussed in Section III. The deposition of magnesium metal at the same
time as the-discharged products of oxygen-rare gas mixture give a strong
magnesium triplet absorption with very little shift from the triplet
‘ absorption‘obtained by deposition magnesium with ﬁure rére gas alone.,

But in warming up the target from 20K to approximately 35<K, a’ molecular
band appears in the region from 2400A to LOOOA while the magnesium triplet
disappears. From the’previous experience of warmup experiment of pure
magnesium metal isoléted in matrices, we know that thebmagnesium triplet
should stay in the matrix up to a temperature és high as 55°K with a slight
increase in triplet sblitting but should not disappear. The disappearénce
of the magnesium triplet at 35 K and the appearance of the molecular bands
should serve as a strong evidence that magnesium atoms were‘oxidized by
either oxygen atoms or ozone molecules ﬁhich cbuld diffuse in the matrix,
The molecular bands bbserved are shown in Fig. 23 and 24 and the measured

wavelengths are in Table XVIII.
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. Table XVIII. Ultraviolet absorption spectra qf'Mg + O2
(discharged) in rare gas matrices

- |

Ar Kr ‘ Xe

A en”t A em™t A em™t
| 2558 .59087 2566 38961 257k 38850
2632 37988 - 2628 38056 2639 37892
2701 37025 2692 37154 2707 | 36948
2767  361L4h 2964 36176 2786 35891
2854 35042 2841 35198 2865 - 34910
29k1 34000 2936 34062 Mg absorption band
5057 32925 . 5046 32829
51k 31827 : 3152 . 31725
3837 30896 S sy 30873
3355 2980k . 3346 29890
3481 28730 3472 28800
3657 277 3609 27710
3777 26#75 - 3758 26606

5956 2sko8 »‘ 3925 2577
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As discussed in Sections IVB and C, this molecular band system is
not due to oxygen molecules or ozone alone. . Without mégnesium in the
matrix we do not observe any ﬁolecular system in this region. Also the
result of calciﬁm + oxygen reaction products does not give any molecular
band in this region. If this band system is due to oxygen molecules it
should appear in the calcium + oxygen experiments or upon isolation of
pure oxygen molecules in matrices. More experiments are necessary in
order to make a conclusive determination and assignment of this band
system. Also a similar band in the region of 5000-3750A as in a Ca + 0O
system is observed with Mg + excess oxygen in rare gas (rare gas roxygen=
1:1). This system does not appear with small oxygen concentration.

(b) Infrared spectra of magnesium + oxygen molecules

The reaction of magnesium atoms or polymers with oxygen can form
many possible different molecules, i.e., MgO, MgO,, MggO, MgOB, etc.
Many of these molecules are not stable in high temperature environment
or they may disintegrate or disproportionate into other molecules. But
most of them are stable at low temperature, i.e., Mgzo,l25 Mg(02)2.lQLL

Many absorption bands are observed in the region from 4000 to 550 cm_l.
By trapping Mg aﬁd O2 in xenon matrix a band éppears in 3700 cm_l. Thisi
is considered to be the hydroxyl OH strétching band of Mg(OH)é. The

125,126 .

repoited value of OH stretching s 3698 cm—l. This band does

not appear very often. - Its appearance would imply that the system
is not quite dry. There are two strong sharp bands, one at 1528 cm_1
and the other at 995 cm-l. These two bands increase as the metal
concentration. By discharging the oxygen-rare gas mixture these

two bands become invisible and a strong band at 1026 <:rn—l appears and it

increases faster than any other absorption as deposition time increases.

1 1

This band may be due to MgOB.. Bands like 1583 cm —, 1015 em™t and 780 cm”

are observed with an undischarged gas mixture, but the area under these
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peaks increasés very slowly in éompariégn with the two strong sharp
absorptions; - | |

All the Qbserved band$ in xenon matrix are also observed in ﬁhe
k}ypton matrix except for a little shift due to the different matrix gas.
The observed bands are tabulated in Table XIX.: The results of the mag-
nesium gtom reacted with the discharged oxygen rare-gas mixture are
shown in Table XX. The results from the xenon matrix are almost the same
as in krypton except for a small matrix shift. No features in either
case, i.é. undiséharged or discharged gas mixtures, can be related to
the fundamental vibrational frequency of MgO XlZ# state. But with the
oxygen isotopé substitution experiment we should be able to distinguish
the features fhat are due to MgO or magneéium oxygen:compound with more
than one oxygen atom per molecule.

ii. Ca0

(a) Visible mpectra of calcium + oxygen

Calcium atoms and oxygen molecules have been dbdeposited with rare
gases at 18"K on CsBr target,‘ Molecular bands appéar in the region of
5000-375OA. The xenon-matrix absorption spectra of'Ca+Oé6 and Ca+Oé8
aré shown in Fig. 25. This figure comes from the densitometer tracing
~and was normalized by using an.arbitrary base line. The bands are, in
general, rather broad. The wavelengths of the bands are tabulated in
Tables XXI and XXIT. |

The (0,0) bands of most of the systems observed in kryptonfahdvxenpn
matrices are established by the replacement of l60 by l80 in Ca+02. This
isotopic substitution causes ohly a sﬁall shift in the (0,0) bands, but

increases shift to the red of the (1,0),(2,0), etc., levels in a particular

system. The isotope shift also seems to indicate that all the observed
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Table XIX. Infrared absorption of Mg + O, in solid

matrices (in em=1) 2
0, Kr Xe Remark
3730 v (H0)
5710 5700 (OH), Mg(?)
1566 1583 v, (H,0)
1528 1528 MgoX
1150 1016 ' 1015 Mgoy
gl2 996 995 MgO,
798 | 780
700

668
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Table XX. Infrared absorption of Mg + O, (discharged)
in solid matrices :

o Kr Xe Assignment
3780 v (H,0)
3710 (0H), Mg ?
2‘550 v3(002)
»1590 ‘ v, (H0)

| 1550

1528 11538 MgO_

1150 |

1050 1035 1026 vs (05) 7
1015 | MgO,
995 : . MgO,

8o 820 |

798 | |

700 = 698

- 668
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XBL 694-415
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Table XXI. Absorption bands of Ca0 in a Xe matrix at 18°K

CaO:L6 CaOl8 i
x,!i' v,cm AG\',-+1/2’Cm_l k,z. vv.,cm-l AG"H_l/e,cm—l vé-_,vi,cm- = :OSC
osc
L4968, I 20127 4976.9 20093 2k
889 816 0.918
4758, 4 21016 4782,6 20909 107
. 887 8lg 0.968
4567.7 21893 | 4506.0 21758 135
820 _ 780 0.951
1ho2. 8 22713 W36.9 22538 175 N
’ 826 811 0.981
42l8.3 23539 4282.9 - 233k ‘ 190
| | 839 o 793 0.945
4102.1 2Lk378 hiho,1 2h1ke 236
758 132 ©0.965
3978.3 25136 4020, 3 2487k 262
' ™5 796 1.07
3863.8 25881 | 3895.6 25670 211

-L6~
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Table XXII. Molecular bands of Ca + O, in krypton
- o 2
matrix at 18°K :

Ca0™° , Ca0l®

X, A v,em™t AG%+1/2,cm_l n, A vyemt AG%+1/2,cm-l
4910 20367 4918 20333

811 ’ 738
L722 21178 | h7h6 21071

829 763
Lshl 22007 4580 21834

778 | 826
4389 . 22785 hhy3 22660
| 916 B 1
4219 23701 ' Lo65 o3hh7

719 813
4083 2492 ' oo 2&266

397 - 548
Lo3kL 24789 ' 4031 24808

: 115 o m

3966 - 2521L4 3893 25685




-99-

bands belbng tokthe same syéfem because of a systemétic increase in an
isotope shift.

For Caﬁoé6'in krypton the bandg fend to split as the‘v’ value goes
.up and this makes it difficulﬁ to iﬁterpret ﬁhe spectra. The O%8 substi-
tution does not make the inﬁerpretatioﬁ easier and it is very difficult
to find the corresponding band in both oxygen isotopes.. There is a
possibility that at least two band systems are overlapping each other
in this region and they may'belong to different absorbers with different
'_ numbers of oxygeﬁ atoms in each molecule. The absence of this type of
spiitting in a xenon matrix may havé breen caused by the bands being too
broad or the xenon not being a good matrix for the study of electronic
transitions; _ ‘

There is no band in fhe region 2500A46OOOA other than the one.’
mentioned. | |

There is no analyzed CaQ gas phése band in this region nor is thére
any observed CaQ electronic state with the same spectroscopic charac-
teristic as the one observed in the matrix, but therevare many unanalyzéd
bands in this region in the gas phase. If the observed band does belong
to CaO then it would serve as strong evidence to support the theory that
the observed Xl lZ is nof the ground state. It is very likely that Ca0
has a triplet ground staﬁeléince'ndne of the singlet-singlet transitions
has been observed in the matrices. |

From the Ca atomic work in Section III, oxygen work in Section IV,
and many calcium-oxygen mixture experiments we can say for sure that.the
band observed in calcium-oxygen system is due to molecules ﬁHich contain
calcium.and'oxygen.

The theoretical ratio of v(Caol8)/vf(Caol6) is 0.9594, but because
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of anharmonicity one expects the observed ratio'to be slightly higher
than this.
(b) Infrared spectra of calcium + oxygen molecules
The infrared spectra of the products from the reaction of calcium
atoms with oxygen molecules are.ndét as easily iﬁterpreted as one might
-expect, since they are not always reproducible." Furthgrmore, relétively
little is known about the vibrational spectra o% calcium oxides. There

, Ca-gd, ca. 0., 0Ca0, etc.

272’

are many possible proddcts, e.g. Cal, Ca02

‘Whichever product one obtains depends very much:on what kind of environment
the Ca atoms and oxygen molecules are found. The oxygen isotope substitu-
tion is helpful in detemmining the number of oxygen atoms in a particular
molecule. .
. . 16 . 18 . .

The infrared absorption bands of Ca + O2 and Ca+O2 in both krypton
~ and xenon matrices are shown in Fig. 26 and their positions are tabulated
in Table XXTIII.

: s i 18 N (ST : '

The theoretical ratio of v(Ca0  )/v(Ca0™ ) is 0.959L. From Table
XXIII we obtain a value of 0.946 for thO,cm'lvand 79hgcm_l bands in
- krypton matrices and 0.956 for 695 em™! band in krypton matrices. A

closer look at Fig. 20 and Fig. 26 seems to indicate that the reaction

pfoducts of Catoxygen system are O, and CaO.

5
~iii. BaO
Barium oxide has the same number of outer‘electrohs - eight electrons-
as MgO and CaO. Theoretically it shoﬁldvhave the same molecular electronic
states as MgO and CaO. Our-knowledgé of the lowest energy state of BaO
is more confirmative. ihe work by Whérton et 51.127 indicates that the

- i
lowest observed electronic level X' lZ is the gfbund state and that there

i

Pl
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Table XXIIT. Infrared absorption of Ca +

in
rare gas matrices (in cm_l)
Assigrment O5 Ca0 05 '
16 '
0 1040 79k 695
Kr 0td 98l 758 665
i
v
VOSC  0.9L6 0.955 0.956
osc
16 '
0 1038 94 691
Xe o8 980 750 660
i
VOSC
: 0.9544 0.94k 0.955

osc. -
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are no states within L4000 cm-l.' But this does not mean that it is a
singlet state. It is still possible that this state is one of the com-
ponents of a triplet state. Possibiy, because the splitting of.this heavy
molecule is so large that it does not effect the fhermodynamic calculation
too much. Also the dissociation energy of the Ba0 molecule obtained from
the Birge-Sponer extrapolations agrees very well with the thermodynamic
study whereas there is a large discrepancy for MgO and CaO between their
spectroscopic study and thermodynamic study. An added advantage of studying
Ba0 1s that we can obtain fairly large amouﬁts of Bal molecules by'vaéorizing
the BaO solid at‘relatively low‘temperature. For MgO and CaO, however,
the mass spegtrometry studies show.that they vaporize mostly into atomic
species and theyvalsb needga relatively high temperature to have enough
~molecular concentration for absorpfion studies.v This would create problems
for isolétion of impuriﬁy due to radiation heating. If we can obtain the
same spectrum of BaQ by these two processes: (a) synthesizing BaO the
same way as Mgo and Ca0, and (v) vaporizing BaO directly from the BaO
solid, then we céﬁ make a more confirmative conclusion for the result
we obtain frém.éynthesizing MgO and Ca0. This method can be utilized
for snythesizing many dther high temperature moleéulés}

The experimenfs of synthesizing BaO has been done and molecular bands
have beén observed in‘the visible region. Infrared spectra of'barium+oxygen
has been recorded. The source of Earium available was not very pure.

This caused difficulty in the analysis of the spectra But nevertheless
. the primary.results seemed to indicate there ig a band system which
resembles observed singlet-singlet transition in the gas phase with‘a
slight matrix shift. There are many bands in the infrared spectra.

Oxygen isotope substitution is needed in order to make the assigrnment

of each band.
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More experiments'are needed in barium oxide studies in order to have.
a better understanding. The positions of observed absorption bands are
shown in Table XXIV. The infrared spectra are shown in Fig. 27. A summary

of assigmments of each infrared band is in Table XXV.

c. Discussion

The measurement of the optical spectra of MgO, Ca0 and BaO began
with the purpose of making quick confirmatory investigations of the gas
phase results. However, several interesting facts immediately became
apparent: 1) The perturbations of the molecules in matrices are great,
as evidenced by band widths. 2) The vibrational spacings appear irregular
bdt within the accuracy of measuring the peak positions, it is not clear
that the irregularity is real. 3) The molecular bands observed from reac-
tion products.of Mg -+ oxygen and Ca + oxygen cannot be related to any
of the aﬁalyzed gas-phase transitions. 4) Ihe oxygen isotope shift
Iincreases éystematically with v',

The reactions of alkaline eartha toms with oxygen produce many
different molecules, i.e. MO, sz’ M(Qg)e’ M0, M(O3)2’ etec. Infrared
spectra of these molecules are not known because most of them are lonic in
character or their ions are not infrared éctive. For example, we would

not expect to see any infrared spectra of peroxide ion, 02, or super=-

oxide ion, O

5 5 because their geometrical structures suggest that they

are infrared inactive. Also peroxide: ion provides no absorption in
the visible region whereas the Oé at room temperature has an absorption
spectrum in the visible. Thus all superoxides are colored, and their color

range 1is yellow to orange.
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Table XXIV. Molecular bahds of Ba + O. in Kr

matrix at 20'K :
Y\ | v,em™t | AG¢+1/2,cm-l
4518 | 22135 |
| 606
4397 227k
| | 935
hooo 23694

850
LTk  2hshh |
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Infrared absorption of Ba + in rare
gas matrices (in em~1)
T=20°K T=18°K T=20°K
0, Kr b Xe Assignment
3800 4 3850
3730 3730 3750 (om) (2
3520 v, (H0)
2370 2375
2350 2340 2350 VB(COE)
1640
1620 ’vz(HéO)
1109 1105 BaO_
1056 1055 BaO,
780 780 BaO,
662 v.,(C0,)

2 772
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Spectra of Oé'have been‘reported.128 Single crystals of NaCl, KCl1,
and KBr are'grOWn from the melt in an oxygen atmosphere, dnd their
optical absorptions spectra are measured at 300, 77, and 4.2K. The weak
absorption band caused by oxygen is the same in all three crystals, and
does not vary with temperature. The band has a maximum absorption at
5.0 €V (uo535‘ cm_;) and a half-width of 1.0 eV. At 300 K, 12 to 15 peaks
are resolved, and at 4.2 K each of these peaks split iﬁto 4 to 6 components.

129

From the optical results and from paramagnetic resonance experiments,
it is concluded that Oé ions are responsible for the absorption. RolfelBO
also has studied Oé fluorescence emission spectra at h.2‘K in NaF, NaCl,
NaBr, KC1, RBCl, KBr, RbBr, -and KI, and he estimates the w, value for
ground state to be 1170 cmfl, and an unharmonicity'wexe of 8.5.cm—l;

The absorption band in the visible region observed in this work
normally appears only when there is a high oxygen concentration.
(~ Xé:OZ:M = 1000:1000:1). - The band observed in the Ca+oxygen system
seems . to give a‘Systematic'isotépe ghift. And very likely 1t is due -
to an absorber that is made up of more than one Qxygeﬁ atom. fhe products
- are yelldﬁ in color. In many respects they resemble the q; absorption
in alkaline halide crystals yet the vibrational spacing of this- band
system is ~ 300 cm"l off from that of Oé.in alkali halide crystals. It
should be noted too that this band does not appear when alkaline earth
atomsAand oxygen are deposited without the rare gas. .Thié would also
ténd to reject the possibility of Oé as the absorber. A metallic atom
has.to be deposited in order to have the spectra. This would lead us
to conclude that the molecular band system in the visible region is due

to some alkaline earth oxide molecules with more than one oxygen atom per

molecule. Observation of this molecular band with a slow deposition rate
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and a very dilute metal cqncehtration wouid suggest that the molecular
absorber has only oné alkaline earth étom pe? molecule but this would
.need further evidence for confirma#ibn. bAlkaline earth isotope substitu-
tion would be helpful. |

The molecular band in the region from 2500 to 4OOOA in Mg + oxygen

systems appears only when the'oxygén-rare gas mixtures are discharged.
This means that we should haﬁe a mixturebof oxygen atoms and ozone other
than oxygen molecules. ‘The deposition of discharged products withbut-metal
failed to show any molecular structure in this region except a continuum

105

in the 2500A regién which'should be dué tq ozone .as discussed before.
Iﬁis seems to suggest that the molecular band is due to some alkaline

earth metal oxide absorberf ihe conCentration experiments would suggest
thatvthere is one alkaline earth atom per molecule. The number of oxygen
atoms per moleéule is hard to estidate without an oxygen isotope substi—_'
tution result. Thé appearance of a 1016 em™ band in the Mg + oxygen/xenon
(through discharge) would suggest the production of magnesium ozonide.
This band has a shifﬁ of apprdxiﬁately'l6 em™L from the ozone 1032 em™T
band. No ozone infrafed band has been observed when metal is deposited
together_withvdischarged oxygen mixtufe. The appearance of a molecular
band with the disappearance df a magnesium triplet absorption would tend

to suggest that the molecular band may be due to the reaction of magnesium
atom and oxygen atom and not the ozonide because'the diffusion of magnesium
and oione are not.considered to Be important compared to oxygen atoms.
Mbre.experiments are necessary to make a more confirmafory identification
of-the‘molecular species. |

The green system of the MgO gas phase transition which lies around

5000A has been thought to involve the transition from the ground
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. electronic state:. If this is really so, then we should observe it in

the matrix too. Even taking 'hat:ix shift" into consideration we find

it difficult to relate the obser&ed violet band to any of the analyzed

band syétems or states that are involved. Actually the large matrix effects
are not unusual among matrix isoiated atomic spectra, but this is not so

for molecules, i.e. Ti0, ZrO, HfO,151

etc.

The infrared spectra of a Ca‘+ oxygen system have three features
that we consider to be due to caicium oxide compounds. From the relative
intensity change and the“vi/v ratio we would suggest that 1038 cm"'l ana

691 cm_l bands are due to an O, molecule with more than one oxygen atom

3
per molecule, and the 794 em™! band is probably due to CaO.
The electronic transition in the visible region shows a regular oxygen
"~ isotope shift.
Based on the results of the infrared bands we would consider that
 Ca0 is the major species that is being trapped, and we would suggest that
the strong band systém is due to trénsition of Ca0. There is no other
band.system in the other spectral regions. This wouldlmean that the Cal
bands that o&erldpped withAother‘bands in the observed spectra should be
the transition of Ca0 involving the ground staté. A quick examination of
thé Ca0 gas phase spectrum in the corresponding region does show some band
system but they are still unanalyzed. A full understanding of these

gas phase band systems would be helpful in determining the ground or

low-lying electronic states of CaO.
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V. CONCLUDING REMARKS

The present work indicates thé importancé of the study of concentra-
tion,_temperature dependence. of matrix-isolated aﬁomic spectra of Mg, Ca,
Ba, Cd and Po. 'It.also indicates the importance of the study of the crystal
structure of the doped crystal prior to interpretation of multiplet
spliﬁting.

Resﬁlts of alkaline earth-xoygeh reaction products are very interest-
ing but these can only serve as a gmall effort towards understanding of
the spectroscopic characteristic of these high temperature moleculeé and
the feasibility of matrix isdlation techniques in synthesizing high
temperature molecules., It is evident that there is a need for mofé de-
taiied study of the alkaline earth OXidgs using infrared and mixed

' |

isotopes in order to have a better‘understaﬁding of the species trapped

in the matrices.
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Tasre L. Silver absorption lines.

Comparison with gas-phase spectra

Absorption Shift assuming small Shift assuming large
maxima at ' splitting splitting
. 20°K
Matrix (cm™Y) 2P 2Py Py 2Pys
Xenon 29 710 158 158
30 423 8n -50
30 595 122 1043
30 925 452 452
Krypton 30 881 1329 - 1329
R - 31857 2303 1384
32 334 1861 2782
-+ 33 286 2813 2813
Argon 30 930 1378 1378
31732 2180 : 1259
32 929 2456 3311
33 522 3049

3049

 target, had a radially cut effusion hole, 1.02-mm diam,

Comnn

anq was shielded by tantalum foil with a 6.4 mmX
9.55-mm aperture. In a typical experiment the silver
vapor pressure was computed to be 3X 104 torr from

.the furnace temperature of 840° to 880°C as measured

with an optical pyrometer. The experimental arrange-
ment is shown in Fig. 1. T

_ The matrix gas flow was controlled by an independent
inlet system and the quantity of condensed gas was
estimated from the geometry of the system and the
calibrated leakage rate.? During deposition the cryostat
pressure, measured at a point 7.6 cm above the target,
was-always less than 8X 10~ torr. The estimated value
of M/R (moles of matrix/moles of radical) was typi-
cally of the order of 1000. T

The silver (99.95%, Englehard Industries, Incorpo-.

rated) and Linde high-purity rare gases were used
without further purification. In a typical experiment
about 0.4 mM of matrix were deposited at a rate of
about 0.2 mM/h. With liquid hydrogen in the cryostat
the pressure before deposition was less than 5X10-¢
torr and during deposition rose to 8 X107 torr.

For warmup experiments the liquid hydrogen was
allowed to- evaporate and ‘successive spectra were
photographed continuously as the matrix warmed up.
pp to S0°K the target temperature increased at approx-
imately 10°K/min. In some experiments the matrix
warmup was quenched by the reintroduction of liquid
hydrogen.?

Spectra were photographed in the region 2400~
4000 A using a Jarell-Ash £/6.3 Czerny-Turner spectro-
graph with a 2160-lines/mm grating blazed for 3000 &
giving a first-order dispersion of 3 1/mm.

¥ _

-RESULTS

‘General

171“ the gus phase the resonance lines of silver occur at
3280.7 & (30 473 cnr™) for the 2Py .x—2S 1 transition.

and 3380.9 & (29 552 cm™), for the 2Py ;¢—25y,, transi-
tion. In each of the three matrices studied, at 20°K,
four absorption lines appeared at shorter wavelengths
than the gas wavelengths. The smallest shifts were
observed in xenon and the largest in argon with xenon
and krypton showing the most clearly resolved spectra.

" Changes of a factor of 5 in the M/R ratio did not

affect the spectra. Table I lists the wavenumbers of the
absorption maxima observed for the three matrices.
Typical microphotometer tracings of spectra obtained
from what we believe are well-isolated silver atoms are

shown in Fig. 2. During warmup experiments some -

bands exhibited further shifts with respect to the gas-
phase transitions which were, within the experimental
accuracy, linear functions of temperature.

Xenon

The absorption spectra of well-isolated silver atoms
at 20°K showed three distinct but partially overlapping
regions of comparable intensity. The central region, with
a total half-width of about 400 cm™, consisted of a
doublet, the longer-wavelength portion accounting for
approximately two-thirds of the total half-width. The
half-width of each of the outer maxima was about 180
cm™l

et A

8 / F16. 1. Arrangement for

r_L‘ carbon resistance furnace,

c 0 scale approximately 1:1.°
a2g pon vl-;(,/ 3 A, vacuum chamber wall;

g P M= ¥ B, flange; C, Kovar-'
n @ ®J T_] ceramic seal for water-

cooled electrodes; D, copper
electrodes; E, radiation
shield; F, carbon resistance
furnace; G, effusion hole;

“~H H, sapphire target main-
¢ DDA tained at 20°K; I, vacuum
/‘ o O ring.
8 /| l~a

EE——
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J\\M
ML Xenon

\ "
( TT3466 3360 3260 3160 3000 2960 -

: : A (R) ]

F16. 2. Absorption spectrum of well-isolated silver atoms in
rare-gas matrices at 20°K. The sharp emission lines are
mercury.

—_—

The effect of warming the matrix is shown in Figs. 3
and 4. The following points were observed: (1) The
position of the short-wavelength component of the

central doublet remained constant and its intensity.

relative to the other bands decreased considerably. (2)

— 1 .
3200 3100

e el o A
3300 3ado 3360
A 73]

Fig. 3. Effect of tempcerature on the absorption spectrum of silver
in xenon, The sharp emission lmc; are mercury,

F1c. 4. This photograph shows clearly the effect of increasing
temperature on the absorption spectrum of silver in xenon. The
bottom exposure was taken at 20°K. The band on the left occurs
at ~3400 4, the band on the right at ~3200 1.

‘The long-w_avelength component of the doublet shifted

towards longer wavelengths at ~14 cm™1/°K. (3) The
long-wavelength band also shifted to longer wave-
lengths at approximately 24 cm=!/°K. (4) The short-
wavelength component shifted to shorter wavelengths

33K

43°K

51°K

1 _ L L - -
3300 3200 3100 3000 3100
A (A

Fic. 5 Effect of temperature on the absorption spectrum of
silver in krypton.

-y
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1 - L - I 1

3300 3200, 3100~ . © 3000 2900 | .
: AR) i

Fic. 6. Effcct of temperature on the absorptlon spectrum of silver
in argon. The sharp emission lines are mercury.

at ~11 cm™1/°K. (5) At 35°K the half-width was about
twice that at 20°K. (6) When the matrix was warmed to
~45°K and then rapidly quenched to 20°K the original
structure and bandwidth were obtained. ‘

‘Krypton

- For krypton the absorption spectrum of well-isolated
silver atoms showed three distinct bands of similar
intensities with half-widths of about 170 c¢ni~. These
were similar to those observed wiih xenon but there was

no central doublet. However, another weak band was
" observed at shorter wav elcngths

Spectra obtained as the matrix warmed up are shown

in Fig. 5. Up'to 40°K none of the three strong
bands showed any significant shift. A new band ap-
_peared.at longer wavelengths and between 40° and 50°K

this energy band showed a blue shift of ~23 et (In’.
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some ‘krypton matrices another weak band dppeared at
25 541 cnr? and remained constant when the tempera-
ture changed.) At 50°K the half:width was nearly
twice that at 20°K. On rapidly quenching a matrix

warmed to 50°K the original structure and bandwidth

i
were again recovered. .

‘Argon

The absorption spectrum of silver atoms in argon
showed three distinct absorptions of comparable inten-

‘sity with another weaker band at longer wavelengths.

The half-widths were approximately 300 cm—*. During

- warmup experiments the high-energy band showed a

small blue shift of ~3 ¢cm™/°K and the other ‘bands
showed red shifts of similar magnitudes. In all cases the
half-widths had doubled at about 40°K and above 43°K
the bands disappeared. Once a warmup experiment was
started it was difficult to quench argon matrices before
the absorption bands disappeared and reversible tem-

_ perature effects were not observed with these matrices.

Spectra obtained as the matrix warmed up are shown in
Fig. 6.

DISCUSSION

In each of the three matrices four absorption features

were observed. Since these bands occurred only when

the .matrices were left below the estimated diffusion.
temperature,®! it might be assumed that the spectra
are due to isolated silver atoms and their interaction =~

with the host lattice. If it is assumed that the four
features are due to doublet splitting of each of the gas-

eous spectral lines, the assignment ‘of the features -
depends upon one of two possible assumptions: (a) The’

splitting is small, or (b) the splitting is comparable to or

- greater  than the ?Pm—’P,/g energy difference. The
renergy shifts with respect to the gaseous spectrum are

listed in Table I and the splittings are shown in Table
II. From studies of the parameters listed in Tables T and
II no clear pattern emerges. On the assumption of
either small or large splitting the splitting is always
greater for the "P,,z level than for the 2P3/o level. For
the large splitting case, there is a consistent increase of
splittings from Xe to Kr to Ar. Also on this basis the
blue shifts from the gas-phase transitions increase from

" Xe to Kr to Ar (with the exception of the two of the

lines in Ar). These blue shifts follow the trends observed

‘with other atomic species in rare-gas matrices where in

general the argon matrix shows the largest blue shift and
xenon, the most polarizable matrix, shows the

¢ Small 1mpur1t1cs diffuse rapidly -and cannot be prescn cd for

_periods of many minutes if the tcmpérature is allowed to rise to

~0.5 times the miclting point of the pure matrix material; scc
G. C. mecnlcl “Radical Formation and ’I‘mppm" in the Soli
Phase,” Ref. 10,

A0 Formation and Trapping o/’ Free Radicals; A. M. Bass and
H. P. Brox(h, Eds. (Academic - Press Inc, New York, 1900}.

R

- . W—-————-—«ﬁd{



P AN, R o it g e T S i e

-118-

ABSORPTION SPECTRUM OF SILVER ATOMS

5213

Tasie IL Energy splitting of silver absorption lines.*

Small splitting

Large splitting
assumption assumption
Gas-phase
transition® Xe Kr Ar Xe Kr Ar
29 552 2P 713 976 802 885 1453 1999
30 473 2Py, 330 952 593 502 1429 1790

8 Incm™t,

smallest.]2:5.1 In the gas phase the 2 P38y, transi-
tion is stronger than the 2Py ;<S5 transition; however
it is not clear how these different intensities are reflected
in the matrices. : :

The reason for the splitting of the expected two
absorption bands into the observed four bands is not
known. It may be due to the removal of the orbital
degeneracy of the P states of the trapped atoms as
suggested for magnesium atoms in argon matrices.”?
Distorted impurity sites with more than one adjacent
vacancy would have to be considered to explain the
experimental observations. So far no information is
available about the silver atomic sites. Different lattice
sites have been quoted in studies of alkali atoms.* For
mercury in inert-gas matrices? it was believed that
multiple sites were not responsible for the splitting of
“the triplet state (3P;). The large multiplet splitting
in the gas for the ?P state of gold provides a less
ambiguous correlation between the matrix and gas
spectra. Preliminary work on Au isolated in Kr shows a
single feature at 2612 A (2675 A in gas) and a doublet at
2333 and 2360 A (2427 A in gas) which suggests that
the matrix provides a weak electric field which can split
a 2Py state but which can only shift a2S8;,, or 2Py state.
This behiavior can be reconciled with the silver observa-
tions if the relatively weak components for Ag in Kr and
Ar at 3004 and 3233 A, respectively, are attributed to
Ag, on the basis of their observation only with rela-
tively large concentrations of Ag. This explanation
would not be applicable to xenon matrices where one
would have to assume that the field is large enough to
split further degenerate terms. The limited amount of
experimental data presently available indicate that
experimental conditions of deposition can greatly
influence matrix spectra.®!

Shift theories for mercury atoms in argon, krypton,
and xenon matrices were based on a Lennard-Jones
potential between the trapped mercury atom and the
rarc-gas atoms, but this model breaks down for neon
matrices.! To explain the observed shifts with alkali
atoms in inert-gas matrices, atomic sites were compared

1AW, Weylmann and F. M. Pipkin, Phys. Rev. 137, A490
(1963); S. L. Kupferman and ¥. M. Pipkin, 1bid. 166, 207 (1968).
12 M. Brith and Q. Schnepp, J. Chem. Phys. 39, 2714 (1963).

~ b Gas phase separation 2Py2 —*Py2is 921 cm™1,

with F centers in alkali halide crystals.!! However,

“there are insufficient data available at the moment to

~

see if either of these techniques can also be applied to
silver atoms in matrices. '

During warmup of the matrices both blue and red
shifts were observed for the absorption maxima together
with increases in bandwidth. Similar red shifts have
been observed for copper, gold, and mercury in matrices
and the reversibility range (20° to about 50°K) is also
comparable.21? The observation of simultaneous red and

blue shifts with temperature as observed. for argon and .

xenon constitute a new factor to be considered in matrix
work; these temperature shifts are probably due to
lattice expansion {~19%, over the temperature range
studied) and changes in the rigidity of the matrix.?
Some absorption maxima did not show any tempera-
ture shift and this suggests strong interaction between
silver atoms and either the matrix or other silver atoms.

The reversibility of line position during annealing
suggests that at 20°K silver exists in only one site,
namely the most stable. Thus silver differs from Na, K,
and Rb, where irreversible loss of a set of lines during
annealing? and other effects proved the presence of
multiple sites. An F-center modeél!! which predicts an

. increase in bandwidth with increasing temperature

together with a red shift for impurity absorption lines!s
might possibly be applied here. The present results do
not resolve the question of the origin of the observed
silver features. It is hoped that additional work with
copper and gold and with mixtures of all three metal
atoms in a variety of matrices will distinguish solute-
solute interaction from multiple site effects. If a clear
understanding of the atomic spectra in matrices'can be
obtained, it will be possible to deal with molecular

. spectra more confidently.
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APPENDIX B

ESTIMATION. OF Mg2 CONCENTRATION

IN KNUDSEN CELL
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M,(g) = M(g) + M(s)

Assuming a linear Birge-Sponer extrapolation

bok = p_ + %{51.1) . %(1.65)
D, = kb - 25.5 + 0.k
: -1
- 322_Eﬁ;—§ = 1.1U41 kcal/
3. 498%x10
AH (vap. Mg) = 35.28 keal JANAF

Dy (Mge) = 1.141 kcal

AH® (vap. Mg)
B2 e
Dy (Mg, )

P(1,)

RT tn gy = OF] (vap. Mg) (%52) + TA(fef)

(fef)Mé';_R [(7/2)tn T + (5/2)in M + 2 fn d] - 14,308 + fef . + fef .
4.~ 3.8804
| Mg2 3.009
R = 1.987 cal/deg mole
@, =51 em™t
hew w
U= ;l-“587—T-
For T = 700°K
u = 1.4387 78% = L.U387 x 0.07286 = 0.1048
fef = 2.3 R '
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2

fef = -1,987 {g-ﬂn 700 + 5

In 24.3 + 2 In 3.884)

|
+ 14.31 - 2.3 R

neglecting for the moment (fef)el

i _
fef = -1.987 {%-(6.5511) +‘§(5.191) +2(1.356)} + 1Lk.31 - 2.3R

= =1.987 {22.9% + 7.975 + 2.712}+ 1L4.31 - 2.3R

= -83.84 + 14.31 - 2.3 R
- o7k |

—fefMg(g) = 36.9

Stull and Sinke o

—fefMg(s

) = 15.5

(Afef)

1

- <fefM2) + (fefM(s) .\ M(g))’+ 2.2

+ Th.1 - 36.9 - 15.5.+ 2,2

26.1 cal/°Kk -

p(),) 2o ol |
RT In —§¥g7 = 35,300 (Z%%f%%) + 700 (26.1)

1l

35,300 (-0.968) + 700 (26.1) -

-3L,170 + 18,270

i

~15,900

pOL) o
) 159 159

B(x) T 7%1.987 T T 15.9 © -10
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P, 10
logyo Bm ~ " 3303 = 3
L.3h
By ~ 10 P,
at 700°% [ B, = 810> m Hg
p =810 m He
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