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ABSTRA.CT 

The pressure - induced rundamental vibration - rotation 

absorption band ot· OJCYgen was studied in the pure gas and in an 

oxygen - argon mixture at 298°K and in the pure gas and in oxygen 
0 

nitrogen, oxygen-argon mixtures at 201 K at total pressures up 

to 300 atmospheres. The absorption profiles obtained in each 

case showed the pronounced Q and ~ branches with an indication 

of the less resolved 0 branch. The integrated absorption 

coefficients obtained from the absorption profiles were rotUld 

to f'ollow an empirical power series in terms of the partial 

densities of' the component gases. A plot of (1//~..){c<(V}Jv vs. /­

for pure oxygen and of { fj,P._fi,ifa(~.,._(v)Jy vs .. ~ f'or mixtures 

was i'ound to be a straight line i'rom which the binary and 

ternary absorption coefficients were determined. Applying the 

theory of Van Kranendonk it was found that the overlap 

contribution to the binary absorption coefricient was negligible 

and from the known molecular constants the derivative of the 

molecular quadrupole moment of oxygen, Q', with respect to the 

internuclear distance at the equilibrium position was 

determined. The value of Q' obtained was 1.6 ea0 which is 

equal to that determined by ~hapiro and Gush (1966). 



CHAPT.tR I 

INThODUCTION 

The investigation or the absorption bands of o~gen under 

pressure was i'irst carried out by J'anssen (1886) who i'ound that 

the visible absorption bands of compressed o~gen gas var,y 

quadratically with the pressure. A number of investigations on 

the m~ absorption bands of oxygen in various optical regions 

have been made since then and have revealed some of the properties 

of the oxygen molecule. The existance of ( o
2 

)2 complexes in 

liquid o~gen was postulated by Lewis (1924) on the basis of 

magnetic susceptibilit,y measurements of liquid ~gen-nitrogen 

mixtures. Assuming the presence . of these ( o2 ) 2 complexes in 

gaseous oxygen, the quadratic pressure dependance of the 

absorption intensity could be explained. ~gen molecules are 

different rrom other diatomic molecules in that a pair of 

unpaired orbital electrons gives a net spin of unity, resulting 
J~-

in the triplet electronic ground state, .£., , and the para-

magnetism of the molecule which led to the postulate or the 

emistance of (02)2 molecular complexes. 

Since the oxygen molecule has no permanent electric dipole 

moment, no infrared absorption spectrum can be expected. However, 

in an attempt to detect (02)2 complexes by infrared absorption, 

Crawford, welsh and Locke (1949) found an absorption at the 

fundamental vibrational frequency or the o2 molecule in liquid 

and compressed gaseous <>Jcy"gen. Their investigation showed 



that the absorption can be induced by the intermolecular ~orces 

acting during the collisions of the molecules. 

The ~undamental absorption band at o~gen was also investigated 

by Smith, Keller and Johnston {1950, 1952) in liquid and solid 

oxygen. They found an anomaly in the absorption spectrwn which 

they interpreted as originating in the infrared-active out-o~­

phase coupled oscillation of two associated o2 molecules, (0
2

)
2

• 

'l'he t'irst overtone or the pressure induced fundamental. 

absorption band o1' oxygen was studied by Welsh et al (1951) and 

the second overtone band by Gush (1956) • There are several 

band systems o1' ox;ygen observed in the visible optical region 

known as the 11 combination11 bands which are noted for their 

importance to the postulate ot· the (~)2 complexes. Fourteen 

o1' these absorption bands or compressed gaseous oxygen, in the 
0 

region 6300 R to 3150 A, have been studied by many investigators. 

~llis and Kneser (1933) showed that the frequencies of the band 

maxima could be represented by the formula, 

)1 • mY + nY + V u.) 
max 1 2 

where (m,n) has the values (2 10), {1,1) and (0,2) and v. 0,1,2--, 

Vl!- and Y2 are the frequencies of the (0,0) bands of the electronic 
t l .. '"' + J~-

transitions A1 - ~'t and ..G 1 - ..Gr respec:t.i¥eq ' and U) has a 

value o~ the order of 1450 cm-1 • Hence, the band systems have 

been assumed to arise rrom the simultaneous electronic transitions 

o:r two oxygen molecules. l!.iil.is and Kneser assumed that this'· 

absorption was due to loosely bound (02 )2 complexes; the assumption 
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was also valid for the explanation of the quadratic dependance 

of the absorption int.ensi ty on pressure. However, this quadratic 

dependance can be explained in terms of the collision induced 

absorption. 

The first direct evidence of the presences of molecular 

complexes at low temperatures was recently obtained by Watanabe ·) 

and Welsh (1904) in hydrogen gas. In their experiments at 

temperatures l.ower than 40°K the ini"rared absorption spectrum 

oX hydrogen was accompanied by a number of resolved sharp lines, 

an analysis of which showed that the lines could unquestionably 

be interpreted as transitions involving bound and virtual. states 

of (H2 )2 compl.exes. Their ca1cul.ations showed that the two 

bound states o1· the (H
2

)
2 

complex coul.d have sufficient population 

at l.ow temperatures to cause a sharp rise in the absorption 

coef~icient as the temperature decreased below 30°K. 

The theory of the pressure induced fundamental band of 

homonucl.ear diatomic molecules proposed by Van Kranendonk (1.957, 

1958) has been applied successt·ully in the interpretation of 

experimental results obtained by a number of investigators of 

pressure induced absorption bands. This · theory is based on 

the assumption that the absorption induced by binar,y collisions 

arises ::f'rom (l.) an electron overlap interaction in which the 

el.ectric dipol.e moment induced in an absorbing molecule decreases 

exponentially wi.th the intermolecul.ar distance .tt, and (2) a 
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molecular quadrupole interaction in which the induced electric 

dipole varies as R-4• According to this so called "exp-411 

model the electric dipole moment induced by the short range 

overlap £orcas is to a first order approximation independant of 

the relative orientations at' the molecules in a colliding pair 

and produces mainly transitions ror which A J•O, giving rise to 

the Q branch of the absorption band. The long range quadrupole 

interaction, however, is strongly dependant on relative 

orientations of the colliding molecules and produces transitions 

for which A J• ! 2, giving rise to the ~ and 0 branches, as well 

as ll J •0 or the Q branch. 

In the present investigation, the pressure induced rundamental 

absorption band or oxygen was studied in pure oxygen, oxygen-argon 

mixtures at room temperature (298°K), and in pure oxygen, oxygen­

nitrogen and oxygen-argon mixtures at dry-ice temperature (201 °K), 

with total pressures up to 300 atmospheres. From the experimental 

results, the binary and ternar,y absorption coef~icients were 

determined and presented in Chapter III. The theor,y proposed 

by Van Kranendonk was applied i"or the analysis of the results 

obtained, and a general discussion is given in Chapter lV. 
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Chapter II 

Experimental. 

A 1 m transmission type absorption cell was used in the 

present investigation at pressures up to 300 atm. and at 

te:n:peratures of 298°K and 201 °K. A diagram showing the 

construction of one end of the cell is given in Fig. 1. The 

cell body, A, of stainless steel tubing has an inner bore of 

3/4 inches diameter with a wall thickness of 1/8 inches and 1 

metre in length with two i'langes, L, hard-soldered at both ends. 

The end pieces, B~ also of stainless steel are 3 inches in 

diameter and are attached to the cell boqy by means of the steel 

closing nuts, N. A pressure tight fit is obtained at the 

stainless steel ring, R, between the end piece, B, and the 

flange, L, of the cell boqy. 

Inserted into the bore of the cell body were rour 

sections or a hollow stainless steel cylinder, G, each section 

consisting of two parts and having a central bore of rectangUlar 

cross-section 0.2 inches by 0.4 inches. These rour secti9ns 

were keyed together to insure proper allignment of the central 

bore and served as a light guide for the cell. The inside 

surfaces of the bore were polished to give good rerlection of 

light. 

The exit and entrance w:i.ndows, w, were polished sodium 

chloride plates 1 inch in diameter and 3/4 inch thick. They 

were cemented to the stainless steel window plates, P, with a 

silicone sealant. To ensure a good pressure seal, the surface 



- 7-

z 
_J 

• 
..-! 
..-! 
(1) 
C) 

s:: 
0 

•rl 

~ 
8 
I'll co .0 
(1j 

cc 
~ 
~ 

u 0 

(1) 
C) 
(1) 

•r-1 
p. s I 
] 
~ 

0 

..-! . o_ 
t:.O . ,...; 

r:.. . -
0::: 0: 



-8-

o1· the w.indow plates on which the nndow was cemented was 

polished optically flat. The windows were secured by steel 

caps, c, with teflon washers, D, so that the cell could be 

evacuated without the windows becoming loose. The aperture 

of the window plates was rectangular having dimensions 0.2 inches 

by 0.5 inches. 

A pressure tight fitting was made between the window plate, 

P, and the end piece, B, by means of the closing nut, N1 and a . 

stainless steel ring, ~· The portion, P1 of the window plates, 

0.2 inches tici.ck, was square in shape and fitted into a 

matched recess of the end piece in order to prevent a 

misallignment of the light guide and window plate aperture 

when the closing nut, N1 ,was tightened. 

A 1/4 inch diameter stainless steel capillary tube, T, 

served as a gas inlet to the cell and was connected by an 

"Aminco" .fitting, I. 

~·or the low temperature experiments a cylindrical galvanized 

sheet steel "jacket", 3 3/ti inches in diameter was placed around 

the cell, as shown in l<'ig. 2, to contain the coolant consisting 

of c:i.ry-ice and ethyl alcohol. This "jacket" was sealed around 

the end pieces of the cell body by means of neoprene non rings. 

The coolant was placed around the cell through two ~unnels 

attached to the "jacket". ·rhe system was insulated by a two inch 

thick layer o.f styrofoam surrounding the cooling "jacket". In 

order to prevent frosting on windows during the low-temperature 

experiments, a vacuum chamber, constructed of Plexiglass, was 

attached to each of the end pieces of the cell. I n Eig. 3 the 

attachment of the vacuum chamber to the cell is shown. A 

neoprene 110" ring, A, was used to secure a vacuum seal between 
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each chamber and end piece of t.he absorption cell. .rietaining 

rings, .tt, were fast.eneq by means o£ set. screws t.o keep each 

vacuum chamber ~rom slipping on over t.he end piece of t.he 

cell when the chamber was evacuated. A sodium chloride plate, 

w, l inch by 2 3/8 inches by t inch sealed to t.he Plexiglass 

frame, P, by means ot• the clamping arrangement, c, and a rubber 

gasket, G, served as a secondar,y window; the secondar,y entrance 

and exit windows were maintained at room temperature by evacuating 

the chambers. 

The optical path length o~ the cell used was 102.4 em 

for the room temperature experiments and 102.2 em !'or the low 

temperature (201°K) experiments. The correction to the path 

length due to the reflection inside the light guide was ~ound 

to be negligible. 

Optical Arrangement 

The optical system used with the transmission cell is shown 

schematically in Fig. 4. Infrared radiation from the source, s, 

was ~ocussed on the entrance window of the cell, H, by means of 

an aluminized spherical front surface mirror, M. The radiation 

from the exit window was then 1·ocussed on to the slit, t>, of the 

spectrometer, A, by means of a second spherical mirror, ML, and 

a plane mirror, M3. An F /4 light cone was used throughout the 

external arrangement to match the internal optics oi' the spectro­

meter. 

A Perkin-~lrner model 99-G double pass grating spectrometer 

with a grating of 6)1 blaze wavelength, along wi th aGolay pbeumati c 

ini'rared detector were used to study the absorption spectra 

in the present investigation. A water cooled globar operated 
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at a power of approximately 125 watts from a Sorensen voltage 

regulator was used as the source ot' ini'rared continuum 

The slit width oi' the spectrometer was set at 2 .Omm. which gave 

a spectral slit width of 5 .3 em -l at 1556 em -l, the origin of' 

the i'Wldamental band of oxygen. 

~ince the pressure induced fundamental absorption band of 

oxygen lies in the region o~ a strong absorption band of water, 

it was necessary to keep the entire optical path outside the 

absorption cell free from water vapor. To do this, a fairly 

extensive i'lushing system was used. A large polyethylene bag 

was constructed by heat sealing sections together around an 

aluminum 1'ramework. This ~ramework which was approximately 

one foot high surrounded the optical arrangement of absorption 

cell., spectrometer and source as outlined by, A, ol" .lt'ig. 4. 

With the optical arrangement thus enclosed in this air-tight 

bag, the humidity inside could be kept at a 1~um l.evel 

by flushing the bag with dry air. All. connections to the system 

such as wiring to the spectrometer and high pressure tubing 

to the cell were passed through the enclosure throu~h purposely 

constructed pol.yetqyl.ene sleeves which were then tied over to 

form an air tight seal. To operate the grating drive and slit 

control mechanism oi' the spectrometer, a pol.yeteylene 11glove 11 

was sealed to the bai so that these oper.ations coul.d be made 

without exposing the optical path to the room atmosphere. 

The dry air !'or the 1'lushing system was obtained by passing 

compressed atmospheric air through a series of drying trapso 

It was first passed through silica &el and Drierite (C~04) 
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traps to remove the bulk of the moisture in the air, then 

passed through a low temperature trap cooled by liquid nitrogen 

where most of the remaining moisture was condensed and 

finally passed through a phosphorous pentoxide trap. 1'his 

dryed air was then introduced to the polyethylene bag in two 

places, one near the globar source, Fig. 4, and one direct~ 

into the spectrometer. The escaping air .from inside the bag 

was allowed to exit at a remote corner. A manometer was used 

to control the rlow rate into the bag so that it could be 

kept constant at all times during an experiment. A rlow rate 

of approxi.mately 1 1"t.J /min. was used i"or each experiment. 

This arrangement reduced the intensity of water absorption 

in the background absorption spectrum almost to the noise 

level. 

Purii"ying tiystem 

As previously mentioned, a strong water absorption band 

lies in the same region (6JI) as does the 1"undamental 

absorption band or oxygen. This made it necessar.y to remove 

water vapor i"rom the oxygen and perturbing gases as thoroughly 

as possible berore introducing them to the cell, otherwise the 

measured absorption spectrum would be due to a combination of 

oxygen and water absorption bands. 

A schematic diagram o1· the puri1"ying system is shown in 

Fig. 5. The system is a network of high pressure valves~ gauges 

and thermal compressors which are connected by 1/4 inch stainless 

steel capillar.y tubing except the portion between the valves 
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V 
1 

and V 
3

• This system was used to prepare the oxygen and 

perturbing gases before they were introduced to the absorption 

cell at different pressures. 

The procedure used to purify the oxygen was as follows: 

Oxygen gas from a commercial cylinder was introduced at a 

point, A, o±" the previously evacuated high pressure system, 

Fig. 5. While valves~, V5, V6, V7, V8, and V9 were closed, 

the oxygen was allowed to pass very slowly through the two low 

temperature traps, B. These traps consisted of coils o1· 1/4 inch 

copper tubing and were surrounded by frozen or viscous ethyl 

alcohol giving a temperature o£ approximately -115°0. The 

oxygen was condensed in the liquid nitrogen cooled thermal 

compressor, T2 • The valve, V4, was then closed and the traps 

B which were brought to room temperature were evacuated through 

valve V7 by opening valves Vl and V8. The oxygen gas was 

then allowed to pass slowly from the compressor T2 to the 

compressor T1 through the valves V5, Vb, Vl and Vj so that 

it passed through the cold traps, B, for the second time. By 

means of controlling the valves, the ~gen gas was transfered 

back and forth between Tl and 12, each time the gas being 

passed through the cold traps. 

It was found that after the oxygen was passed three 

times through the traps, B, no detectable absorption of the 

water bands could be observed when a bout 1200psi. of oxygen 

was introduced to the cell. However, to make certain that no 

water band would interfere with the oxygen absorption, t he 

oxygen gas was passed through the traps, B, six times prior to 
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its use in the absorption cell. The pur:i..f'ied oxygen was then 

stored in the thermal compressor T2 with the valves V4, VS, and 

Vb closed. The pressure inside the compressor was measured 

by means o~ the 0-5000 psi. Bourdon tube-type pressure gauge,~. 

The perturbing gases nitrogen and argon1 which were found 

to contain much less water vapor than oxygeng~1 were dryed 

by passing them very slowly through the previouslY described 

low temperature traps, B, and collected in the thermal compressor 

T1. These gases were then introduced to the cell through valves 

V9 and V6. l!;ach of the perturbing gases nitrogen and argon 

was admitted to the absorption cell alone and its spectrum 

was observed prior to each experiment to ensure the absence o£ 

water vapor contamination. 

Helium gas was also used in a mixture experiment with 

oxygen, however, no measure~ble absorption intensity was 

observed ~or total pressures up to 3000 psi., a result which will 

be discussed in Chapter lV. 
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~ hli.IMENTAL PROCEDU.H..I!; 

Prior to each experiment the rollowing procedures were 

carried out: The electronics of the spectrometer system -were 

turned on at least twelve hours before ~ measurements were 

taken so that the system reached maximum stability; the optical 

s.ystem was £lushed continuously with dry air for several hours 

before measurements were taken and continued for the duration 

of the experiment; the absorption cell was evacuated for 

several hours; for the low temperature experiments, the vacuum 

chambers protecting the cell windows were evacuated and .th~- cell 

cooled down to 20l. °K by surrounding the cell with a mixture of 

ethyl alcohol and dr,y-ice. After the above procedures were 

followed, several recorder traces were taken until a good 

reproduction of the background spectrum was obtained. 

For the pure oxygen experiments, the oxygen was introduced 

to the cell through valves V5 and V6 of Fig. 5. The pressure 

inside the cell was measured by the 0-5000 psi. Bourdon tube­

type gauge G, which was calibrated against an Ashcroft dead 

weight pressure balance. For each pressure used, recorder 

traces were taken until good reproduction or the absorption 

spectrum was obtained • 

. l"or the gas mixture experiments the so called 11 constant 

base densi ty11 method was employed. Oxygen gas at the required 

pressure was first introduced to the evacuated absorption cell 

from the thermal compressor T2 and the absorption spectrum was 

obtained. The valves V5 and V6 were then closed and the 

capilary tubing bounded by valves V5, V6, V7, Vb, and V9 was 
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evacuated through valve V7. In admitting the perturbing gas to 

the cell, the valve V9 was first opened and the pressure was 

allowed to rise as determined by the gauge G1 by slowly heating 

the compressor Tl. When sufficient pressure difference was 

reached between the pressure inside and outside the cell, 

the valve V6 was used to admit the perturbing gas by means 

of a series of short pulses preventing the back difi'usion of 

the gas from the cell. About 20 to 30 minutes were allowed 

for proper mixing to take place, then recorder traces were 

taken until good reproduction was obtained. The length of the 

stainless steel capillary tubing between valve V6 and the cell 

was made as short as possible to minimize the error caused by 

inhomogeneous mixing inside it. 

Following the above procedures, ~gen-perturbing gas 

mixture experiments were carried out using a constant base 

density of· oxygen at a series of total pressures. The 

highest total pressure used in the present study was approximately 

300· atmospheres, and the initial base pressure of oxygen was 

in a range of' approximately 12 to 33 atmospheres. 

To calculate the densities of the various gases, 

isothermal data was obtained f'rom the f'ollowing sources; 

Michels, Schamp, and de Graaff (1954) for oxygen at 29b°K up 

to 130 atmospheres, ~magot (1893) for higher pressures of 

oxygen at 29tl°K; Michels, Wijker, and Wijker (1949) for argon 

at 29o°K; Hilsenrath et al (1955) ±'or oxygen, argon and nitrogen 

at 201°K. While the densities of pure oxygen at various 

pressures may be directly computed from the above isothermal 
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data, the partial densities of the perturbing gases cannot be 

estimated directly. The following interpolation method was 

therefore used to determine the partial density of the perturbing 

gas. An approximate value 1'or the partial pressure of' the 

perturbing gas was obtained by subtracting the "base" pressure 

of oxygen £rom the total pressure of the mixture, the assumption 

being that the partial pressures of the component gases were 

a:iditive. The approximate partial density was then determined 

from the previously mentioned isothermal data, and the 

approximate mixture ratio ,_/9 
1= /~ ~--- was calculated, 

, 
where ~ is the approximate partial density of the perturbing 

gas and~c.- is the partial density of oxygen. ·rnen, using the 

equation (I ) 

the partial density ./7, of the perturbing gas was calculated. 

Here (/"')P and ~6)p are the densities of oxygen and perturbing 

gas respectively at tne mixture pressure P. 

A similar method for calculating the partial density of a 

perturbing gas in a mixture was used by Cho et al (1963) and 

Pai (1965) and its accuracy 1' ound to be within the limit of 

experimental error. The densities were expressed in A magot 

units which are defined as the ratio of the density at a 

given pressure and temperature to the density at N.T.P. 

For the measurement of the absorption contours, the grating 
-1 -1 

spectrometer was calibrated for the region 1300 em to lbOO em 

using the known frequencies of the water bands appearing in 

this region (Thomson, 1961). From the absorption spectrum as 

obtained on the recorder trace, an absorption contour was 
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obtained by plotting the absorption coe.f1"icient, o({V) as a 
-1 

function of the frequency Y in em • The absorption coe.f1"icient, 

o((v) , is given by 1/ 1... loge (I0 /I) . , where I is the 

intensity of radiation after it has passed through an absorbing 

path of length, L., and I
0 

is the background intensity of 

radiation at the same frequency but with no absorbing medium 

in the path. The integrated absorption coefficient of the 

absorption band, J ol. (Y) Jv in em -l/cm was determined by 

computing the area under the absorption contour. 

In the gas mixture experiments, the "enhancement" 

absorption contour was obtained by plotting~~(V)as a .function 

o.f the .frequency Yin cm-1 • The enhancement absorption 

coef".ficient o(e~(v) is given by 1/ L loge (I1/I2) where r1 , 

is the intensity transmitted by the cell filled with the pure 

oxygen at the base density onlY and r2 is the intensity with 

the mixture in the cell. The enhancement in the integrated 

absorption coefficient .. 

is obtained by subtracting the area 

under the absorption contour of the pure oxygen alone from 

that of the gas mixture. 
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Chapter III 

~erimenta1 hesults 

(1) The ~oom Temperature ~eriments 

The Absorption Profiles 

Observed absorption proriles or the rundamental band of 

oxygen in pure gas at T=298°K are presented in Fig. b. They 

show pronounced Q and ~ branches, corresponding to the transitions 

~ J= 0, + 2 and an indication of the 0 branch for which 

A J • -2. Bere J is the rotational quantum number. The positions 

of the band origin, Yo , at 1556 cm-1 and the maxima in the 

0 and ~ branches as calculated from the known molecular 

constants of rree oxygen molecules (Herzberg, 1950) have been 

marked on the rrequency axis and agree well with th~ observed 

positions. In order to compare the proriles at difrerent 

densities, absorption contours of several densities were 

normalized in such a way that the areas under the contours 

were made equal. It was i'ound that these normalized contours 

showed no appreciable change in the overall shape or in the 

positions oi' the branch rnamima for the present range of densities. 

The positions of the individual rotational lines of the 

quadrupole spectrum of the band are also shown in Fig. 6 for 

the purpose of comparison. Since the nuclear spin 1=0 and the 
l ~­

ground electronic state is ~~ for oxygen, only the rotational 

transitions between odd or symmetri c rotational levels will 

appear since all the even or antisymmetric rotational levels will 

be missing. The length of each rotati on&l line as shown is 
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drawn proportional to the absorption intensity of the corresponding 

rotational quadrupolar transition in the fundamental band. 

As seen in .li'ig. 6 the general i'eature of calculated quadrupolar 

absorption agrees well with the observed shape. 

A set of observed enhancement absorption profiles in an 

oxygen-argon mixture is presented in Fig. 7. These contours 

show no appreciable shift in the positions of the o, ~' and 

::i branch maxima. li'rom a normalization of a selection oi' contours 

it was round that the shape of absorp~ion band remained the 

same at different densities. 

A comparison of the absorption profile of pure oxygen 

and the enhancement absorption profile of the oxygen-argon 

mixture is shown in Fig. b. The proriles were so chosen that 

the product of the partial densities, .~.:.t ,A ' 
were approximately the same ror each contour. This procedure 

was rollowed in order to compare the overall absorption 

arising from the binary collisions or the molecules • The 

oxygen - argon mixture contour shows a considerable sharpening 

in the region or the Q branch relative to the 0 and ::i branches 

as compared with the ~ branch i'or the pure oxygen contour, 

and also, the magnitude of the total absorption is greater 

for pure oxygen than i'or the oxygen-argon mixture. 

The Absorption Coefficients 

The observed integrated absorption coei'f'icients f'or pure 

oxygen and oxyeen-argon mixtures are summarized in Tables I and II. 
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Table I 

Summary of Results 

Pure 0 2 , T = 298°K 

A~ J o{(Y)JY 

(Amagat) (cm-1 /cm) 

25.9 0.481 

29.1 0.508 

32.7 0.755 

32.7 0.678 

35.8 0.817 

39.3 1.059 

42.3 1.143 

45.8 1.414 

48.8 1.521 

52.6 1.817 

55.7 1.944 

59.6 2.314 

62.5 2.391 

65.8 2.674 

69.3 2.950 

72.6 3.257 

79.6 4.020 
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Table II 

Summary of Results 

0 2 - A Mixture , T = 298°K 

~~ 
(Amagat) 

~ 
(Amagat) 

J o(e,fv jJy 
(cm-1 /cm) 

12.2 32.7 0.218 

" 65.5 0.407 

" 99.1 0.607 

" 129.0 0.782 

" 164.8 0.967 

It 207.2 1.139 

" 268.2 1.417 

32.7 22.1 0.388 

" 37 .a 0.658 

" 49.9 0.887 

It 63.6 1.122 

It 77.4 1.408 

II 90.4 1.592 

It 115.0 2.011 
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These results are graphically represented in Fig. 9 where ( I / f'0 .,_ )j o((Y) J J) 

was plotted against ~J. 1·or pure oxygen, and in Fig. 10 

where ( 1/!'o~;OA ~~~MY.is plotted against~ for the oxygen­

argon mixture. In these plots straight lines were drawn 

using the method of least squares. From the plots it is 

observed that the integrated absorption ooef1.icient can be 

represented by the equation, 

(2) 

for the case of pure oxygen where e<."- is the "intrinsic" 

absorption coe£rioient and~,~ is the bin~ absorption coefficient 

of pure oxygen and qy the equation, 

U) J q( e~ ( l') J Y :::: P( 1 h /o "L/~ 1- o('- b /o "L /3r ~ 
for the oxygen-argon mixture where o(,J, and ~l.b are the binary 

and ternar,y absorption ooe£fioients respectively of an oxygen-

argon gas mixture. 

It is noted that 1· or pure o:xygen the plot of ( 1/ f1,>- ) J o( (V j J Jl \ls.fl~ 
resulted in a straight line with positive slope and a small 

positive intercept on the ( 1/~o"L ) f o<'(Y) J V axis. 'rhe 

values of the coefficients in equation (2) were found to be: 

~c- = (~.3 ! 0.9) .x. lo-3 om-2 

+ ) -4 -2 a~,~ :;: (5.93 - 0.17 X 10 om 

where the limits of error are computed standard deviations. This 

non-zero value for t{•o... may be interpreted as arising 1'rom 

allowed "intrinsic" transitions of the oxygen molecule due to 

its permanent magnetic dipole moment whose effect is small in 

comparison to the pressure induced ef1·ects. This magnetic 

dipole moment has been attributed to some of the electronic 
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band systems of oxygen ( e.g. Herzberg and Herzberg, ~947). It 

is however not possible to separate the portion of the band 

arising from the intrinsic transitions from the observed 

absorption contours in the present investigation since such 

intrinsic absorption is very weak in comparison with the 

pressure - induced absorption, and since it follows the same 

selection rules as the induced absorption. ~stance of the 

i'undamental band due to the magnetic dipole moment and the 

behavior of its absorption coefficients can only be studied with 

a very long absorbing path of oxygen at low pressures using 

a narrow spectral slit width. In the present investigation 

for the pure oxygen experiments, the lowest density of oxygen 

used was 25.9 Amagat at room temperature and 17.2 Amagat at 

low temperature. T~e existance of the intrinsic absorption 

coefficient may on the other hand be apparent only because of 

the presence of an undetected impurity in the oxygen gas 

used. A small intercept was also reported by C)hapiro (1965) 

in his investigation of the fundamental band of oxygen in 

a lower density range of 2 to 12 Amagat with a path length of 

40 to oO meters. However, he attributed this result to the 

presence of an impurity such as water vapor. His value i'or oloo.. 

determined f'rom results obtained with a 40m path length is 

+ -3 -2 -1 . 1 f (0.31- 0.03) X 10 em Amagat compared ~th a va ue o 

(2.3 ± 0.9) X 10-3 cm-
2 

Amagat-1 obtained in the present 

investigation. The difference in values is fairly large 

though not unreasonable since the contribution of tlbis "intrinsic" 

absorption is very weak compared with the pressure induced 
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absorption. Consequently the accuracy in the measurement o1· the 

"intri.nsic"absorption coef'i'icient, Gl(oa...is much less. 

The observed coefficients o(, ~ and t{ l. b are presented 

in Table III together w.i. th ,( 1 .... • These were obtained by the 

method of least squares and the errors are the computed standard 

c.eviations. The binary absorption coefi'icients o(,,._ and P{, & 

arise due to binary collisions of oxygen molecules and those 

of oxygen and argon molecules respectively and the ternary 

absorption coefficient o(1biS due to the collision of one oxygen 

molecule and two argon molecules. For the pure oxygen, the 

ternary coefficient o<1,._due to the collision of three oxygen 

molecules, was absent as expected since this coefficient would 
~ 

only appear at higher densities. The ternary term P<:'1-h ~ 1.~ 

in equation (3) has been interpreted by previous authors (e.g. 

Hare and Welsh 195b) as being the combination of three effects: 

(a) the finite volume ef'f'ect, (b) ternary collisions, and (c) 

·t.he change of molecular polarizability with pressure. The 

ei'i·ect oi' i'j.ni te volume was discussed by Chisholm and Welsh (1954) • 

At law densities the number of absorption inducing collisions 

is proportional to ;001~ , however, when the volume of the 

1nolecules themselves becomes an appreciable rraction or the 

space which they occupy, the number of collisions increases 

more rapidly than the product /o1./A . ,:;iecondly, when a 

molecule is surrounded by a symmetrical configuration of 

perturbing molecules the induced transi tion moment of the 

molecule is zero. Hence, ternary and higher order collisions 



Temperature 

298 

II 

201 

II 

II 

Table III 

Observed absorption coefficients of the fundamental induced band 
of oxygen at 298°K and 201°K. 

Mixture 

02 - 02 

02- A 

Binary Absorption 
Coefficient, o(1, o~ J.1~, 

5.93 .:!: 0.17 
(7 .18 .! 0.04) 

5.64 ! 0.08 
(6.53 .± 0.12) 

7.64! 0.22 

7.15 .! 0.26 

6.68 .! 0.30 

Ternary Absorption 
Coefficient, o1. .1 ~ 

- 0.48 .! 0.06 

0.2 .:t 0.6 

( Values in brackets are those obtained by Shapiro and Gush (1966) ) 

VJ 
.t-
I 
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would annul to some extent the action of binary collisions. This 

has been referred to as a "cancellation effect". 'l'hirdly, 

a decrease in atomic and molecular polarizabilities at high 

densities was predicted by quantum mechanical considerations 

(Michels, de Boer, and Bijl 1937; de Groot and ten Seldam 1947). 

This would lower the integrated absorption coefficient to some 

extent but the magnitude of the effect is difficult to 

estimate. 

It may be noted that another possible ternary term o/:~. .. b /]J,.1 /A 
due to collisions of two oxygen molecules and one rrgon molecule 

is missine; in equation (3). '£his is probably due mainly to the 

limited experimental accuracy in the deduction of the present 

results and the smallness of the ternary coefficient o(,_,._b • 

As seen in Table III the binary absorption coefficient 

for pure oxygen is greater than that for the oxygen-argon 

mixture and also the ternary absorption coefficient for the 

oxygen-argon mixture is negative which indicates the predominance 

of the "cancellation effect". 
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(2) The Low Temperature ~eriments 

The Absorption Profiles 

Observed absorption profiles of the fundamental band of 

oxygen in pure gas at T•201°K are presented in Figure 11. 

The overall shape of' the contours is similar to the room 

temperature contours in that they show pronounced ~ and S 

branches and an indication of the 0 branch. The calculated 

positions of the barJ.d origin, Yo , and the 0 and S 

branch maxima agree well w~th the observed peak positions. 

As for the room temperature profiles, the positions of the 

computed individual rotational lines of the electric quadrupole 

spectrum are shown with the computed relative intensities 

indicated by the heights of the lines drawn. At this lower 

temperature of 201°K it is notable that the positions of the 

0 and S branch maxima are closer to the band origin on the 

frequency axis than for the room temperature absorption and also 

the computed relative intensities of the o, ~ and S branch 

maxima are slightly larger for the lower temperature. A 

normalization of a selection of low temperature absorption 

profiles for pure oxygen showed no change in their'overall 

shape for the present range of densities. In J!'igure 12 

two sets of normalized contours corresponding to ~he 
o .. a-

absorptions of pure oxygen at temperatures 201 K and 29b K 

are presented. ~ach profile represents an average absorption 

contour of three observed contours at a particular temperature 

which are nonnali zed to give the same areas under the absorption 

' 
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curves; two representative profiles at the corresponding 

temperatures with approximately the same areas under the 

absorption curves are compared. As seen in Figure 12, the 

overall absorption at 201°K is sharper than that at 295°K. 

The shift in the positions of the 0 and S branch maxima 

at the low temperature agrees well with the calculated 

values of the shifts, however, there was no observable 

sbii'·t in the position of' the band origin, Yo at 1556 em -l, 

for the lower temperature • 

.Sets of observed enhancerrent absorption profiles in an 

oxygen-nitrogen mixture and an o~gen-argon mixture are 

presented in Figs. 13 and 14 respectively. The contours 

have a similar overal.l shape as those of the pure oxygen 

and show no observable shift in the positions of the o, ~, 

and S branch maxima. ~~ normalization ot· a selection of 

contours 1'or each oi' these two mixtures showed no change 

in the shape oi' the absorption band ove:r- the present range 

oi· densities. 

l i. comparison of the absorption profiles of pure oxy-gen 

and the enhancement absorption pro.t'iles of o.x;ygen-ni trogen 

and oxygen -argon mixtures at T = 201 °K is shown in 

' 
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Figure 15. As before, these contours were chosen so that the 
.l.. 

products of' the partial. densities ,/l
2 

, fi~fiJa. cin J ~a. /A were 

approximately the same !'or each contour. For the mixtures, the 

same.· base density of oxygen was also used. The pure oxygen 

and the o~gen-nitrogen contours are very similar in overall 

shape however they both di:ff'er !'rom the oxygen-argon contour 

in that the Q branch is considerably sharper relative to 

the 0 and S branches !'or the oxygen-argon contour. It 

also shows that the total absorption in each contour is 

nearly the same i'or all three contours presented in !t'igure 15. 
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The Absorption Coefficients 

The observed integrated absorption coerricients for pure 

oxygen, oxygen-nitrogen and oxygen-argon mixtures are 

summarized in Tables lV, V, and Vl. 'rhese results are graphically 

represented in .l.i'igs. 16 and 17, where plots were made as in 

Part I o£ this chapter. lt'or pure oxygen, a small positive 

intercept was obtained on the (I/ f>o.,.) J o( (Y) J V a:xis as 

previously for the room temperature results. The equation ror 

the straight line so obtained is 

(4) fo( (y)J Y • (1.5 ! O.b) X 10-~ + (7 .64 ! 0.~~) .x. lo-4_,A:a. !l 

'rhe observed coefi'icients o<.1 .... , o( 1 ~, and o( .a. ., as 

described in Part I or this chapter are presented in Table III. 

It can be seen that the binary absorption coefficients decrease 

in the following order: pure oxygen, oxygen-nitrogen and 

oxygen-argon. .l"or the oxygen-nitrogen mixture the ternary 

absorption coerricient is positive which is indicative of a 

predominant 111'ini te volume ei"i'ect". The ternary absorption 

coet'·i'icient !.·or the oxygen-argon mixture is approximately 

zero at this low temperature but has a negative value at room 

temperature. This seems to indicate that at the low temperature 

the combined ternary e1"1'ects have annuled each other while as 

stated previously at room temperature the "cancellation e!"i'ect" 

is more predominant. 
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Table IV 

Summary o~ Results 

Pure 0 2 , T = 201°K 

~~ 
(.Amagat) 

17.2 

17.2 

19.8 

20.1 

22.4 

26.2 

27.3 

27.3 

30.3 

30.7 

35.8 

38.8 

45.8 

51.5 

56.3 

62.7 

Jott'l)~'l 
(cm-1 /cm) 

0.238 

0.240 

0.318 

0.314 

0.437 

0.598 

0.622 

0.623 

0.810 

0.744 

1.096 

1.170 

1.622 

2.037 

2.432 

3.195 
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Table V 

Summary of Results 

0 2 - N2 Mixture , T = 201°K 

~~ 
(Amagat) 

17.2 

II 

II 

" 
" 

27.3 

II 

" 
,, 

" 

A,. 
(Amagat) 

32.1 

47.8 

67.2 

84.0 

102.1 

21.8 

33.4 

44.6 

55.5 

69.0 

Jc<e ... (v)Jy 

(cm-1/cm) 

0.455 

0.687 

0.966 

1.268 

1.586 

0.450 

0.693 

0.938 

1.204 

1.729 
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(Amagat) 

17.2 

" 

" 

" 

19.8 

" 
" 

" 

" 
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Table VI 

Summary of Results 

0 2 - A Mixture , T = 201°K 

~ 
(Amagat) 

23.7 

45.1 

67.2 

90.8 

16.8 

27.3 

42.2 

58.1 

26.0 

37.9 

50.2 

f o<.e'A(Y)d Y 
(cm-1 /cm) 

0.274 

0.528 

0.790 

1.100 

0.237 

0.358 

0.503 

0.721 

0.457 

0.746 

0.996 



_.... 
+-
0 5-
01 
0 
E 
1 4 
E 
u 
~ 
I 

~ 3 
............ 

2:,2 

/ 
,; 

/ 
/ 

/ 

0 E II II 
xp. o 

~ "b" 

II II 
D. c 

/ 
/ 

/ 
/ 

1-------~------~~------~-------~---------~-------J _________ , 
10 20 30 40 50 60 70 

£Y (A rna gat) 
/ Oa 

Fig. 16 The relation bet\o~een the intecrated absorption coefficient of the fundamental 
band of 02 and the density of pure oxygen at 20J.°K. 

r 
~ 
co 



x10-4 

10 

- 8 
C\1 ..,_ 
t) 

6 (J) 

0 

E 
<( 4 

I 

E 
() 
~ 
I 

E 
() ....._. 

"?-- 10 
-o -... ::>-
~ 8 
~ 

~ 6 
~ 

-~---~---·----------·-------· ··~·-··-···· ···-«····--·--~··-------·-·--

0 ~2 = 17.2 Amagat 

® 27,3 II 

_ .. ----

--- 1 ___ _J ___ ._., .. _______ j _____________ j_ _____ ._,. _ __j __ ., ______ J_,.. _____ ..J _______ j_ _j __ ___,'----' 

--·•~-··•~•··n~•·~.,,-~··•·---·------------· 

0 ;00~ = 17. 2 /-\mogat 

® 19,8 II 

A 27.3 II 

® ~ A 
------------~---·----0· --· ·---------e~----~0~·-·----

® 

-...... 4-
..__ ___ ...._ ____ L_I __ --J.I_ ·----~l, ____ j_ _____ __,_l _ .f_._. _ _... ____ ,. ____ ,,_---J 
0 10 20 ' 30 40 50 60 70 80 90 100 

~b (Arnagat) 

Fig. 17 'l'he relation bet'\o1een the enhancement integra ted absorption coefficients of the 
fundamental band of 02 and the partial density of perturbin~ gas in 02 - A and 
02 - N2 mixtures at 201°K. 
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CHAPT.I!.R lV 

T}lliQRY AND DISCU~SION 

Outline of Theo;r 

The theory developed by Van Kranendonk (1957,1958) to 

explain the pressure induced int'rared absorption of homonuclear 

diatomic molecules has since been used by m~ investigators 

and has proven to be most adequate. An outline of this theory 

is given in the present section and it is used to explain the 

experimental. results obtained. 

The experimental binary absorption coefficients o/,o... o ~ .<, 0 

expressed in units of cm-~/cm- Amagat2 have to be converted to 
....._ ...._ 
~.o.. and~,, respectively expressed in units of cm6 sec-1 • 

In this new form they are more directly connected to the 

transition probability arising from the dipole moments induced 

during binary collisions than to the observed integrated 

absorption intensity. The relationship between the above 

quantities may be shown in the following equations: 

(5) :<;,., - c &{,0... (Vo2 I )1 NA 2 ) 

( 6) ;;:(,I) :s c c;{, 4 

(7) lihere V • 
Here V0 is the molecullar volume at N.T.P., NA is Avagadro 

number, C is the velocity of light and V is expressed in 

cm-1. Y for the oX3"gen .fundamental band was found to be 

-1 
equal to 1571 em for the pure oxygen and oxygen-argon 

mixture at 296°K and equal to 1567 cm-1 for pure oxygen, 

oxygen-nitrogen, and oxygen-argon mixtures at 201 °K. For 

pressure-induced absorption in oxygen-perturbing gas mixtures 1 
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these new binary absorption ,coefficients can also be defined by 

the 

(6) 

following equation, 

C J 41( (JI) )) - I J j) 
......... '3 

+ a<,o ;1-/~;, + o(.2A-fa-
"- -

~ '- ""'- 2. """'- ~ 1.. ...__ 
...,. ~ 2. b 1'6--;O~a -1- c( z. ,_ ~ /'"'- :;-'6 4- -- -

number densities (N/V) of absorbing gas -- .......... where_/' .... and ;>b are partial 
~ ........ 

~· and perturbing gas b; ~,_and ~A. are the binary and ternary 
~ ....._ 

absorption coefficients of the absorbing gas a; o(1 ~a and o{ ,_ b 

are the binary and ternary absorption coefficients of -a mixture of the absorbing gas a and perturbing gas b ; o( .t...la 

is the mixed ternary absorption coefficient. For the band in 

pure oxygen, equation (b)m~ be used by taking only the rirst 

term on the right hand side. Hence, equation (5) reduces to, 

(9) c. J ~{vJ v-' Jv 
Here the term. corresponding to the first order in~~ does not 

appear in equation (8) because the equation represents the 

pressure-induced part at' the absorption only. 

For the mixture experiments where only enhancement 

absorptions were considered the equation becomes, 

(10) C J a<e"-('Y) Y~'Jy = d;hj~ +Z,j0:J. 
In the present investigation the contribution of the 

binary absorption coefricient to the total absorption intensity 

of the band is predominant over the other contributions arising 

from the higher order terms since relatively low densities were 

used. 

In the theor,y proposed by Van Kranendonk, the induced absorption 

in . gases is treated similarly to the theory of the 

' 
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equation o£ state o£ gases. The density expansion of the 

integrated absorption coefficients as in equation (tl) is 

comparable to the vir i.al. expansion of the pressure where the 

second and third virial coefficients are the counterparts of 

the binary and ternary absorption coefficients. The integrated 

absorption coefficients provide in1'ormation on the induced 

deformation of charge distribution of the molecules while the 

virial coefficients give information about the intermolecular 

forces • 

.li'or the determination of the density and temperature 

dependance of the binar.y absorption coefficients a suitable 

model for the induced dipole moment in a pair of molecules is 

assumed in terms of which the binary absorption coefficients 

are expressed. The model proposed by Van Kranendonk assumes 

a short range contribution which is angle-independant and 

decreases exponentially with R, and a long range contribution 

which is proportional to 1/~4 and depends on the orientations 

of the colliding molecules. ~ is the intermolecular separatio~ • 

This model is lmown as the "exp-411 model; the induced absorption 

being attributed to the short range overlap induced dipole 

moment, due to the overlapping of electron clouds, and to the 

long range quadrupole induced dipole moment. 

The binary absorption coefi'icient of a definite rotational 

branch B of the 0-1 vibrational band is given by Van 

Kranendonk (1957), 

(11) Z~(B) • K,l'Bl p1p2/ /M <irk>/ 2 j.<~J -d !tl2 
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Here Jf is defined by K = 1T /3m
0 

)l. 
' and Yo being the 

reduced mass and the frequency of the molecular oscillation 

respectively and P1 and P2 being the normalized Boltzmann 

i'actors i'or molecule 1 and. molecule 2 respectively. 

is the intermolecular separation v.ector, 1o(~2 ) is the 

pair distribution !'unction arising i'rom (1,2) pair molecules, ...... 
and M(~) is the induced moment of the pair of molecules 

(1,2). 

In the 11exp-411 model, the overlap moment is determined 

by two parameters ~ ( ot- ~ ) and/ giving the magnitude and 

range respectively. The long range moment is assumed to be 

dependant on the derivatives of the quadrupole moment and the 

average polarizability of the absorbing molecule at the 

equilibrium position, Q:• (cl 4 •/.lr. )
0 

and e<'.~ ( ~C('y}' r
1 

)
0 

respectively, and the quadrupole moment and the average 

polarizability of the perturbing molecule, ~ and~ 2 respectively. 

Here r 1 is the internuclear distance. The components of 
-.~ 

M(~) are developed in terms of spherical harmonics and are 

i'ound to be: 

M
0 

c 5 exp (-.it/;" ) + _(3/2) r ~ .( 2 (3 cos ~1) -~ a(: (WS 9,. -1) 1 R-4 

' •tl, .J ,fA. e e )R-4 M+l. (3/ J"i) (Q, o{1. e sin e, Cos e, -~""· e Sl.n 2 cos 2 

M_
1

• (3/Ji)(Q: IJ(t. e~itP, sine, cos e, -~o<.'e'~~sin e2 cos e
2

):a-4 

where el, ,1 and e2, f/)2 determine the polar angles of the 

internuclear axes of the molecules 1 and 2 relative to a 

coordinate ±'rUle X:fil:, the :l -axis of which lies along the 

vector !t
12 

that connects the centre of mass of molecule 1 to 
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to that of molecule 2. From equations (11) and (12), the derived 

expressions for the binar,y absorption coefricients for the o, Q 

and b branches of the induced fundamental band in pure gas are: 

(13) 

(J.4) 

(15) 

"""-

o(,o..LO(J)] • ( Jl• 2 + y;..2)!!;. ~ [O(J)] 

Z._LQ(J)] • A 2 .! ~. L0[~(J)) +p.2 J ~. ~[Q(J)] 
+fa.2 J ~ • Lo[Q(J)] JJ'' • L2[Q(J')] 

....._. ""-

q',.._[S(J)] • (p, 2 +p,.2) J ~. ~(S(J)] 

where J is the rotational quantum number. For gas mixtures, 

these expressions are: 
'""-

2 -(16) o(,b l O(J)] - flt J (" • 12 [O(J)] 
,.._ ~ 

(17) o(,b [ Q(J)] • (}t 2J + /Ia. 2 ~) r. Lo [ ~(J)] 
2 """-

+ Jl· !I ~. ~[~(J)] 
""'- --(18) o(1.tS(J)] - ,. 2 J ~ • L2 [S(J)] 

In equations (13) to (lb) the dimensionless parameters A, 
tJ • J ~ .2. are defined as 

(19) "A • (fIe ) exp(- ~II') 
I 

(2o) ~· ... Q, o<,. I c «r '( 

where <:r is the val.ue o:f the intermolecular distance tt i"or which 

the intermo1ecular potential is zero and e is the value of the 
"""'-

electronic charge. cY is defined by 

(21) ~ = 'Tf e2 q- 3 I 3 mo Yo 

where m0 and Y6 are the reduced mass of the absorbing molecul.e 

and the :frequency o:f the molecular vibratic ~espective1y. 



-55-
The radial distribution integrals 1 and J are given by, 

(22) I • 4 Tf f.eP exp f -2( X -1) (7" /,;.> J j• (X ) x"LJ~ 
J • 12 lT Jo .o X -8 j o ( "( ) )(. 2 J ){ 

where ~ • B./ <r and 10 ( ~ ) is the low density limit of the 

pair distribution ±'unction. Classically the pair distribution 

£unction is equal to exp (-V(x) /KT) and is quite valid at 

high temperatures. V (x) is assured to be the Lennard-J ones 

intermolecular potential energy runction 

(23) V (x) • 4E (x-12 - x-6) 

where e is the depth of the potential. At intermediate 

temperatures quantum ei'i'ects can be important and ~ & (x) may 

be expanded as an assymtotic series in powers of Plank's constant. 

'£he resulting expressions i'or I and J are, - -
I - I Cl· - t!- (2) + /\~4 !(4) + -

(24) 
~2. !..(2) 1\ Ji-,.. !! (4) J • J C.. I. - + + - - -

where A• • (h2/2m ~.r 2)f , m being the reduced mass of the 

pair of colliding molecules. L ll (B) in equations (13) to (ltl) 

is defined as, 

(25) 

where 

band. 

L'l\ (B) -~(B), P(J) L?\ (J, J'-) 
J,J 

}\ = 0,2 and B corresponds to the various branches of the 

P(J) is the Boltzmann factor for the rotational states 

normalized in such a way that, 

(26) ~;:0 (2J + 1) p (J) = 1 

The quantities L )I. (J, J ) are .liacah coefficients, the 

non-vanishing values of which i'or 1\. =0 and 2 are given by: 
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(J ,J) • 2J + 1 

(27) 
~ (J, J - 2) = 3(J - 1) Jl 2(2J - 1) 

~ (J, J) • J(J•l)(2J+l) I (2J-1)(2J+3) 

~ (J. J+2) s 3(J+l)(J+2) I 2(2J+3) 

The total binar,y binary absorption coefficient of the band is 

obtained by adding equations (14), (1.5) and (16) :for the pure 

gas and (17), (18) and (19) for the binary mixture after 

summation over J. In either case the result is the same, --- ~ -
(28) o(,._or o(,b• A2! \+ ( !J• 2 + f22) i!.. ~ 

Thus, according to the theory developed by Van Kranendonk 

the binar.y absorption coefficient can be expressed as the 

sum of two parts, one part is due to the short-range angle-

independant electron overlap dipole moment and the other is due 

to the long range angle - dependant dipole moment resulting 

from the polarization of one molecule by the quadrupole field 

of the other. In equation (2e), the term containing }J, 2 is a 

result of the intensity due to single transitions, i.e. in the 

interaction process of two molecules, one molecule makes the transition 

A V • 1, A J • 0, ! 2 while the energy of the other molecule 
2 

remains unchanged, and the term containing}' 2 is due to the 

process involving double transitions in which one molecule of 

the interacting pair makes a vibrational transition only while 
+ 

the other molecule makes a rotational transition AJ • O,- 2. 
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Calculation and Discussion of .ttesults 

With the aid or the equation (2b), the experimental values ,....._ ,....._ 
ofo(la and o( lb may be used to determine some ot· the molecular 

constants and parameters. ::iimilar calculations have already 

been carried out by iieddy and Cho (1965) in the study of the 

fundamental band of nitrogen, and by ~hapiro and Gush (1966) 

in the stucy of the fundamental bands or nitrogen and oxygen. 

In the present investigation, computational analysis of the 

observed binary coe1'1'icients was carried out to determine the 

derivative· of the quadrupole moment of the oxygen molecule, 

. I 
~, and the overlap part of the absorption for each of the 

binary mixture systems under study. 

As a preliminary step to such an analysis, the observed 

-binary absorption coe1'1'icients ~ la at room temperature 

and at dry-ice temperature were f'irst used. The observed 

values are 1.6 x lo-35 cm6 sec-1 for the room temperature 

experiments, and 2.0 x lo-35 cm
0 

sec -l f'or the dry-ice 

temperature experiments. A simple inspection of the equation 

(26) reveals that the right hand side of the equation as 

applied to the case of pure oxygen is temperature-dependent 

only through the distribution integrals .!. and .:I• Namely, the 
"- ......_ 

coei'ficients ( o( la) 298 ° and ( o( la ~Ol o obtained at room 

temperature and dry-ice t .empera ture respectively, may be 

given by 

(29) 

.(30) 

+ (f• 2 +fJ. 2 ) Jr ¥" 
+ ( f· 2 + fl. 2) J .I ? 
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where the suffices r and d are used to distinguish the 

distribution integrals for room temperature and dry-ice 

temperature respective~. Using the molecular constants 

and parameters given in Table VII, all the parameters contained 

in the right hand side of the equations (29) and (30) are 

2 . 
determined except ~ , ,!r, Id and ct' of oxygen in the parameter 

~ fl• (c.f. equation (20). As show-:2 in the equation (22), the 

value of the overlap distribution integral I is dependent on 

the parameter ratj.o ·/' / cr- as well as on the reduced temperature 

T~ It can also be shown from the equation (24) that f e:: .!cl .. 
since A is small in the case of oxygen molecule (cf. Table 

VII) and thus the quantum correction can be considered negligible. 

In order to make a computational analysis of the results 

conforming with the theory of Van Kranendonk) it was therefore 

necessary to numeric~ compute fcl values c:.t various '£ ~ 

using dii'ferent values o1· ro ;cr • 1'he computed results obtained 

using IBM lo20 computer are plotted in Fig. 18. As a selected 

pair of values for Ir and Id is substituted in the equations 

(30) and (31), the equations m~ be solved simultaneously to 

determine "'2. and Q' • However, it was 1·ound that no pair of 

the values thus obtained represented ~ physical significance. 

As another preliminary step, an attempt was also made to 
......... 

determine the parameters using the observed (o(la)298° and 

o(_ lb 1·or o2 -A mixtures at room temperature. 'rhis c:.ttempt 

~so 1·ailed. It was therefore necessary to assume that the 



Temp. Mixture E /ka 

(OK) (OK) 

298 02 - 02 117.5 

II 02 - A 118.7 

201 02- 02 117.5 

II 02 - N2 105.7 

II o2 - A 118.7 

Table VII 

Molecular constants and parameters used in the calculations. 

"" T"':r/(E/k) 1\ .. o-" ¥ 
(A) (cm6sec-1) 

"1o-31 

3.58 1.77 2.54 0.199 

3.49 1.64 2.51 0.200 

3.58 1.77 1.71 0.199 

3.64 1.87 1.90 0.213 

3.49 1.64 1.70 0.200 

a Hirschfe1der, Curtis and Bird (1954) 
b Van Kranendonk, J. and Kiss, Z.J., (1959) 
c Stanbury, Crawford and Welsh (1953) 
d Buckingham (1964) (Private communication) 
e Reddy and Cho (1965) 
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absorption bands observed in the present investigation are due 

entirely to the dil'ole moment induced by the quadrupole inter­

actions. This assumption is qualitatively justified f'urther by 

the i'act.s that (1) the computed absorption intensities arising 

.from the quadrupole moment show in general good agreement with 

the observed bands in pure oxygen without any indication o£ a.n .· 

unaccOlmt.ed large intensity in the Q branch, and (2) the 

enhancement absorption in the o2 ~ . . He mixture which can be 

considered to arise mainly from the overlap interaction, could 

not be observed at. total pressures up to 3000 psi. at the low 

temperature. The polarizabili ty of the helium molecule is 

very small and consequently the quadrupole contribution to the 

binary absorption coei'i'icient should be small. 

Upon the above assumption the equation (28) may be re-

written by 
"-

(31) _/ or 
"" la 

Applying the equation (31) to all the experimentally determined 

binary coefficients, Q1 of the oxygen molecule was determined 

£or each case. The value of Q' thus obtained was l.o ea0 for 

all cases except i 'or the o
2

-A mixtures at room temperature and 

for the pure oxygen at the low temperature Where values of 

1.5 ea
0 

and l.b ea
0 

were obtained respectively. Here e is 

the electronic charge and a is the i 'irst Bohr radius 
0 

of the hydrogen atom. The value obtained in the present investigation 

agrees well with the value by Shapiro and Gush (1906) whose 

average value of Q1 was found to be l.o eao • 

··· · · .; •. · ··~ ·-- ;: . .:, 



-62-

The binar.y absorption coe!!icients of the band in pure 

oxygen and in various mixtures were computed using the value 

of Q' = 1.6 ea0 , and are presented in Table VIII with the 

observed values i'or the purpose oi' comparison. As expected, 

the agreement between the computed and experimental values 

is good except for pure oxygen at 201 °K. For the band. in 

pure oxygen at 201°K, it can be seen that the d.i1't'erence 

between the computed and experimental values, o.4 x 10-35 
6 -1 

em sec , represents one i'ii'th of the observed coefficient. 

This increase m~ lead to the following considerations: 

(1) The increase in the absorption may be due to the overlap 

interaction o£ the type proposed by Van Kranendonk. The 

contribution to the absorption is considered to be additive. 

A simple calculation, using the value of the integral ! 

with/' /rr = O.l26, reveals that the overlap parameter ]\ 2 

has the value as high as 10.9 x lo-5. It is highly improbable 

that the such strong overlap interaction should not be 

detected at room temperature. The theoretical value oi' the 
l. ""'­

absorption arising i'rom the overlap interaction, X I f" , 

does not alter much at the two temperatures since the 

temperature variation oi' I is not more than 10% in the 

present range of temperature. It is also worth noting that 

the sh<;;pe at• the absorption contour at the low temperature 

does not show any indication oi' unproportionate increase in 

the ~ branch, which may arise f'rom the angle-independent 

overlap interaction. 

... • • '-1". - i ·- . 



Table VIII 

Summary of Calculations 

~ -* ~ - ...... ,...._ 
Temp. Mixture )'• ~ k' fl" ~ r Total Observed o(, .. 4"" -<,~a 

Total 
(OK) (cm6 sec-1) (cm6 sel-l) (cm6 sec-1) (cm6 sec-1) 

X 10-H x 10- r X 10- JS X 10-lf 

298 02- 02 1.5 1.1 x Io-2 1.5 1.6 

II 02 - A 1.7 0 1.7 1.5 I 
0' 
\JJ 
I 

201 02- 02 1.6 1.2 x 10-2 1.6 2.0 
_,, 

1.4 x 10-1 II 02 - N2 1.7 1.8 1.9 ; 

II 02 - A 1.9 0 1.9 1.8 
:r 

.. 

. ' 
I 

~ 

i * Values are obtained using Q = 1.6ea0 .j 
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(2) In the stuqy of the fundamental band of hydrogen at low 

temperatures, a similar increase in intensity has been observed 

(Watanabe and Welsh 196~). Their investigations were able 

to explain the increase in terms of the formation or the 

molecu1ar complex (H2) 2 at low temperatures. The anomalous 

increase or intensity in the present investigation at the 

relati vel,y high temperature oi' 201 °K may be explained in the 

following manner; 

~ince at lower temperature the relative kinetic energy 

of a colliding pair of oxygen molecules is smaller,the 

duration of the collision will increase proportionaly. 

During the relatively long time or the collison, a third 

molecule colliding with the pair m~ aid the formation of the 

(02 )2 complex. The occurance of such a rormation may be 

greatly enhanced by the spin-interactions between the unpaired 

electrons present in each oxygen molecule. The probability of 

the formation of (02 )2 complexes may thus be quite sensitive 

to temperature variations. 1'he absorption contour arising 

from the transitions by one component molecule in the (02)2 

complex or i'rom the double transitions by both molecules of the 

complex cannot easily be estimated. However, it seems quite 

reasonable to assume that the increase of' absorption intensity 

or pure oxygen at the dry-ice temperature is indicative of the 

formation or the (02 )2 complexes. It is noted that no increase 

of the similar nature was observed for the gas mixtures at the 

same temperature. 

. ~-:. ~ . . - _:-_ . ··~ .. ... ~ · ::. ·.-. -:- ::- ----·· -
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The first overtone band of oxygen, whose band origin 

frequency is approximately twice that of the fundamental band, 

has been observed to contain a portion which is due to the 

double transitions of oxygen molecules (Gush 1956). The 

double transition bands can be considered to be closely related 

to the (02)
2 

complexes. It is therefore suggested that a 

study of the t•irst overtone band o:f oxygen under similar 

experimental conditions as in the present investigation 

may lead to a :firmer conclusion with regard to the existance 

of the (02) 2 complexes in the pure gas at the dry-ice 

temperature. 

. . - . - ·· ...... -~-- ·· · . .. . ··-·-·- ~-·- .. . . 
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