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Preface

The work described in this report was done jointly by the author

and by Dr. H. P. Broida. The results of this research will be pre-

sented at the Sixth International Symposium on Free Radicals, to be

held in Cambridge
,
England, July 1963 . A manuscript based upon this

report will be submitted for publication in the Journal of Molecular

Spectroscopy under the joint authorship of Arnold M. Bass and H. P

.

Broida.





VACUUM ULTRAVIOLET ABSORPTION SPECTRA OF

OXYGEN IN LIQUID AND CRYSTALLINE ARGON AND NITROGEN

Arnold M. Bass

ABSTRACT

The ultraviolet absorption spectra of oxygen have been

observed in liquid and solid media at low temperature. By

freezing slowly from the liquid phase, samples of crystalline

argon and nitrogen were prepared with added amounts of oxygen

ranging between 0.01% and 10%. The spectra were recorded

photoelectrically, through fused silica windows, over the

wavelength range from to A. The Schumann-Runge
_ _

bands of oxygen (B ^2 X 1750 to A) were observed
^ o

in solid and liquid mixtures of oxygen in argon or nitrogen at

concentrations less than 5%, over the temperature range 60 to

90°K. The bands are broad, with half-intensity width of 150 to

550 cm ^ and show no structure. The bands show a slight shading

toward the violet in contrast to the bands in the gas phase,

wisich, are displaced toward lower frequencies by 50 to 400 cm

as compared with the positions in the gas phase. These shifts

appear to be slightly dependent upon temperature. The changes

in position or shape of the bands between liquid and solid or

between argon and nitrogen media are remarkably small. At con-

centration of oxygen above 5% the Herzberg bands of oxygen

(a «- X ^2
) were observed in the region 2400 to 3000 A.

^ o
^

These bands are also broad (200 to 600 cm ) and show some

partially resolved structure. No differences were observed

for changes either in temperature or matrix material.
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INTRODUCTION

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

in condensed phases has been studied previously. McLennan, Smith, and

Wilhelm^ studied the spectrum of liquid oxygen in the region 2400 to

3000 A and observed a number of bands corresponding to the "high-pressure"

2 3
bands in gaseous oxygen reported by Finkeinberg and Steiner . Prikhotko

studied the absorption spectrum of oxygen in crystals of solid solutions

of 0^
- N^ and 0^

- Ar at liquid hydrogen temperature. In the region

2400 to 2SOO Ashe found that the spectra of all the mixtures consist of
^

a series of triplet absorption bands. The triplet group spacing decreased

toward shorter wavelengths from about 700 cm to about 350 cm . These

bands coincide with the absorption spectra of solid oxygen, and have a

he.r~

structure identical with the "high-pressure" bands. From "hia data she

calculated a potential energy curve for the upper state of the transition

which is very similar to the A state of the Herzberg bands. Romand

4 ,and Granier-Mayence studied the spectrum of solid oxygen (condensed from

the gas phase on a surface at 20° K) in the region from 1500 to 2000 A

and observed a continuous absorption, increasing in strength toward

shorter wavelengths. They did not observe any discrete absorption in the

region 2000 to 2400 A. Hdrl prepared thin polycrystalline layers of

solid u-oxygen by deposition from the gas phase onto surfaces cooled to

near 4*2° K by liquid helium with film thicknesses estimated to be a few

hundredths of a millimeter. Between 2400 and 2700 A a number of broad

and diffuse bands were observed with halfwidths of the order of 200 to

//
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JOO cm Horl suggested that the bands in the solid are the Herzberg bands

of oxygen, (A X ) shifted to shorter wavelengths by about 90 to
If S

“1 6 7
120 cm . Dressier and Schnepp ’ studied thin layers of oxygen deposited

in mixtures with argon and nitrogen on a surface at 4.2° K. Between 1750

and 2000 A 11 bands, 50 to 150 cm ^ broad, were observed and identified

as the Schumann-Runge bands of oxygen (B +- X ^2
) . By measuring the

IS
Isotope shift produced with 0^ they were able to establish that the

bands in the solid are shifted toward longer wavelengths by roughly 300

to 400 cm

In the present work absorption spectra of oxygen in condensed phases

have been recorded over the wavelength range 1750 to 2900 A. Both the

Schumann-Runge bands of 0^ and the diffuse oxygen bands in the region of

2400 to 3000 A have been studied. Observations of the oxygen have been

made in liquid and crystalline argon and nitrogen at temperatures between

60 and 90° K. Some small variations with change of parameters were ob-

served. However the surprising result has been that the observed spectra

show little change between the solid and liquid matrix and are quite simi-

lar to the spectra observed at 4.2° K.

2. EXPERIMENTAL

Solid crystalline samples were produced in a glass Dewar vessel

g
(Figure l)

,
by the method described by Bolz, et al . Argon or nitrogen

gas, with varying concentrations of oxygen, was admitted to the central

chamber at a pressure of 1 atmosphere. When liquid coolant (nitrogen or

oxygen) was added slowly to the surrounding compartment it was possible
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to produce, between the two fused silica windows (25 mm path length), a

transparent solid. Solid argon was gro^^^l at temperatures from 60 to 82° K.

g
This solid was similar to that described by Bolz, et al.

,
in which they

measured grain-sizes of up to 4 mm. By pumping on liquid oxygen, the

temperature of the coolant bath could be adjusted as desired in the range

60 to 90° K. Thus the same sample could be observed in the liquid phase

as well as in the solid.

The concentration of oxygen in the sample was controlled by adjust-

ing the ratio of oxygen to argon (or nitrogen) in the gas prior to con-

densation. The concentrations used in this way ranged from about 0.01^

to 10^ (and also 100^ oxygen) . However, the concentration of oxygen in

the condensed material was probably different from that in the input gas.

This was verified in one case where mass spectrometric analysis indicated

the "input" gas composition to be 10.3^ 0^, 89.7^ while the composi-

tion of the gas evaporating from the condensed sample to be 4.2^ 0^,

95 . 6^.

The temperature of the sample was assumed to be the same as that of

the surrounding bath, as determined from the vapor pressure of the bath

refrigerant. Boiling points and triple points of the sample obtained in

this way generally agree with the known values of these fixed points.

However, the assumption that the sample and the surrounding bath are at

same temperature is not always reliable. Occasionally we have found that,

even with vapor pressure of the bath corresponding to a temperature well

below that of the triple point of argon (83.78° K)
,

a sample of argon in
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the inner chamber will remain liquid for some time. Thermocouple measure-

ments of the liquid argon show that the liquid is not supercooled. We

have not been able to explain this lack of thermal equilibrium, but it

does cause some uncertainty as to the accuracy of our knowledge of the

sample temperature.

A side-arm cooled by liquid hydrogen was used to trap out any sub-

stances which might otherwise condense on the outside of the fused silica

windows of the sample chamber. Prior to the use of this trap, in the region

below 1900 A, a continuum absorption increased with the time that coolant

was in the cell.

The absorption spectra of the samples were obtained by using a vacuum

grating-spectrograph of 2-meter focal length. The grating has 1200 grooves/

mm, providing a reciprocal dispersion at the focal plane of about 4»2 A/mm.

Spectra were obtained both photographically and photoelectrically. Photo-

graphs with relatively narrow slits (10 to 20 microns) showed that wider

slits could be used with no loss of information. Thus in the photoelectric

measurements, entrance and exit slits of 100 microns (6 cm ^ at 2600 A,

12 cm ^ at 1800 A) were used. The detector was an EMI 6256S photomultiplier

tube with a fused silica window. The background continuum was provided by

a water-cooled hydrogen discharge lamp operated at about 1 kw and a pres-

sure of 14 mm Hg. It was found that the continuum Intensity was enhanced

if the hydrogen gas flowed through liquid nitrogen-cooled charcoal traps.

The hydrogen lamp radiation was collimated through the sample chamber by

means of a lithium fluoride lens. A thin quartz plate before the lens
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prevented the discoloration of the lithium fluoride through formation of

color centers by the far ultraviolet radiation from the lamp.

3, RESULTS AND DISCUSSION

In the wavelength range 1750 to 2000 A the Schumann-Runge bands of

oxygen (B «- X ) were observed in liquid and solid media ranging in
u. g

temperature from about 60 to 90° K, The bands could be observed over a

range of concentrations of about 0.01^ to 3^. At higher concentrations

there was total absorption in this region and no band structure could be

observed. A typical absorption curve is shown in Figure 2(c) with compar-

ison spectra of gas phase absorption at 90° K and at 295° K. These

spectra were recorded with the same slit widths of 100 microns so that

the resolution conditions are the same for all. The broadening of the

bands and the disappearance of the rotational structure in solid argon are

apparent. Furthermore, the bands in the solid appear to be degraded

slightly toward shorter wavelengths in contrast to the red-shading of

the gas phase bands. In Table I are collected representative measurements

of the positions of absorption maxima of the Schumann-Runge bands. The

vibrational numbering of the bands (v ' v") follows that suggested by

6 7 18
Dressier and Schnepp ’ and is based upon their work using 0^ .

The values of relative intensity in Table I represent the fractional

absorption below the baseline which results from the general continuous

background. The half-intensity widths of the bands range from about 150

to about 550 cm and seem to be substantially greater than the widths
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observed by Dressier at 4*2° K. Both the half-widths and the peak inten-

sities tend to increase and reach a maximum value in the neighborhood of

9
v' =8 - 10. Similar behavior is reported by Bethke for the absolute

integrated absorption coefficients of the Schumann-Runge band of 0^ in

the gas phase, and is attributed by him to the effect of overlapping of

the bands for large v'. Over the range of conditions covered in our work

the half-widths appear to be somewhat smaller in the solid than in the

liquid, with the maximum difference being of the order of 30^.

Wavelength measurements of the absorption maxima in Table 1 are

uncertain to about 1 A because of the width of the bands. There are

small but real differences in band positions in liquid argon, solid

argon, and liquid or solid nitrogen. Comparisons of the positions of

the absorption maxima in the condensed gases with the position of the

gas phase band heads show shifts toward lower frequencies (longer wave-

lengths) from 50 to 400 cm . The shift appears also to Increase linearly

with temperature with a coefficient of roughly 2 cm ^/°K in the range 60

to 90° K. The wavelength shift of the absorption maxima in condensed

phases with respect to the gas-phase band heads, is large for small values

of v' (approx. 400 cm and decreases slowly as v' increases. The decrease

in the shift is somewhat more rapid for oxygen in solid argon than in

liquid argon, and more rapid in liquid argon than in liquid nitrogen.

In the wavelength range 2400 to 3000 A a number of absorption bands

were observed in pure liquid oxygen as well as in condensed mixtures of

oxygen in argon or nitrogen. In contrast to the Schumann-Runge system.
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the longer wavelength bands could be observed only in concentrations

greater than a few percent (in the 25 mm path length used) . The bands are

broad (200 to 600 cm and show some partially resolved structure. Fig-

ure 3 shows typical traces in this region. By way of comparison, for

sample (b) with iS oxygen, the region of the S chumann-Runge bands, 1750

to 2000 A, was completely absorbed, while for sample (a), with 1.6^ oxygen,

the S chumann-Runge bands could be observed superimposed on a very strong

continuous background. Table II lists the absorption maxima observed in

this region. Q.«cause the bands are quite broad the positions of the max-

ima are not as well known as in the case of the Schumann-Runge bands, and

the uncertainty in the wavelength of the maxima may be as large as 2A. No

differences were observed for changes either in temperature or matrix

material.

Although our instrumental resolving power was adequate for resolution

3
of the triplets as observed by Prikhotko

,
the bands observed in the 60 to

90° K range were not fully resolved. It is possible that the lower temper-

ature at which Prikhotko made measurements (~ 20° K) is necessary to

produce bands narrow enough for complete separation. However, Horl's

spectra at 4*2° K show only broad unresolved bands, indicating that the

temperature is not the only factor that controls this aspect of the spectrum.

The measurements of both Horl (15) and Prikhotko suggest that the bands

in the 2400 to 2900 A region should be correlated with the Herzberg system

(a ^2^ +- X ) of 0^. The triplet structure of the bands in condensed

media — which is identical to that of the "high-pressure" bands — is
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presumed to arise from splitting of the ground state by the perturb-

ing influence of the matrix molecules. The "high-pressure" bands have

sometimes been attributed to 0., based in part on their occurrence in

systems having a high density of oxygen. Since what appears to be the

same spectrum is observed for concentrations of oxygen in liquid argon

of as little as 2%^ as for liquid oxygen, the assignment of these bands

to 0 ,
rather than to 0 ,

is open to question.
4 2
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FIGURE CAPTIONS

Figure 1. Dewar vessel for preparation of crystalline solids of argon

suitable for spectroscopic studies.

Figure 2. Schumann-Runge absorption bands of oxygen (B -f- X ^2^)

a) Room temperature, 760 mm Hg pressure

b) 90° K, 760 mm Hg pressure

c) Oxygen (0.2^) in solid argon, 77° K; dashed curve is

the transmission of the empty sample cell.

Figure 3. Absorption bands of oxygen in the near ultraviolet

a) Oxygen (1.6^) in liquid argon, 84° K

b) Oxygen {iS) in liquid argon, 84° K

c) Liquid oxygen, 84° K*
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