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CHAPTER I 

INTRODUCTION 

The absorption spectra of nitric oxide, one 

of the most interesting hetronuclear diatomic molecules 

wldch is chemically stable, has been extensively 

studied by various investigators; the stu.dy ranged from 

the ultraviolet to the microwave region (eg. l-3). :Because 

ni tri:c oxide possesses an unpaired electron, a study" 

of the electronic configuration in the molecule suggests 

that: it has a permanent magnetic dipole moment and that 

its ground state is a ~state. The only other diatomic 

molecule which is known to possess a permanent magnetic 

dipole moment: is oxygen, thus one may expect similar 

behaviour in both molecules with respect to magnetLc effeo~s. 

Since the ni trio oxide molecul.e possesses a 

permanent electric dipole moment all the rotation - vibration 

transitions are allowed transitions, unlike the homonuclear 

diatomic molecules. The fundamental rotation - vibration 

transiti.on of nitric oxide in low pressure gas was first 

observed by- Warburg and Lei thau.ser in 1908 ( 28) • Since 

then various investigators have studied the fundamental 

and overtone rotati.on - vibration bands in the low pressure 

gas using high. resolution spectroscopic instruments (9,16,17). 

They found tha.t the spectra showed the existence of Q 

branches in these infrared bands as was expected from the 
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theory of molecular spectra. The ~ J = 0 transition, wh:Lch 

gives rise to the Q branch in infrared bands, is al.lowed in 

nf.tric oxide since n:l tnc on de possesses a non - zero, 

resultant:. electromrlc orbf.tal. angul.ar momentum about the 

~ter.nnclear axis. 

A number· of absorption band. systems in the ultra·. 

-violet:: regi.on, below appro:z:imately A. 2500 i, have been 

observed by various investigators; these consist: of the Y, 
(1 , ~ , and £, bands of n:L.tmc: oxide (20,1,21,8) as well as 

Tanaka' s three Rydberg seri.es of bands and others ( 26) • The 

/", (1 , S , and £ u1 trav:Lolet-. bands are ascribed t .o various 

electronic transitions of the nitric o~de molecule. 

In 1937 Vodar ( 27) studied the absorption spectrum 

of l:tquid nitric oxide in both the visible and ultraviolet; 

reg.L.ons. He observed that there were two extremely intense 

continua; one started at approximately A4000 i extending 

toward the shorter wavelength side and the other at. A5600 .i 
extending toward the longer wavelength s~de. Prior to this 

investigation Rice (19) predicted, from his theoretical. 

treatment; of its thermodynamical. prope:ttti.es, that: nitric oxide 

molecules are completely associ.ated as (NO) 2 in the liquid. 

In 1946 B·ernstein and Herzberg ( 2) al.so examined the 

absorpti-on spectrum of liquid nitric oxide in:. the visible 

region. They also found these continua and suggested that-

the continua were due to the associated (N0) 2 molecules. 
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A similar suggestion for the existence of (02) 2 compl.exes 

in liqui.d oxygen ha.s also been made (14) and some of the 

anomalies in the spectrum. of liquid oxygen have been explained 

in. terms of the existance of (02) 2 complexes (7). Since the 

magnet:ti.c property of ni trio oxide is similar to that:. O·f oxygen 

i-t, is not difficult·. to understand such: a su.ggestion being 

made to explain the anomalies in the absorption spectrum of 

liquid ni trio oxide. However, in the case of these continua 

of ni trio oxide, especially for the continuum which occurs in 

the red region, it.: is very difficult to explain in terms of · 

transi tiona wh:.ti.oh occur in (NO) 2 complexes. 

In the present:: investigation the second overtone 

rotation - vibration band of nitz?ic oxide has been stu.died 

in compressed gas and in l:lqui.d. Since the absorption bands 

o:t ox;rgen :f.n high' density states exhibit marked dependence on 

the collision- induced transi.tions it i.s hoped to find the 

effects of intermolecular forces and associatf.on of (NO) 2 
molecules, if in existence, on the absorption band. The 

absorpti.on spectrum. of liqui.d ni trio ox:lde in the near. infrared 

and visible regions has also been studied in order to obtain 

bett.er understanding of the behaviour of ni trio ox:Lde molecules 

il:t the l:L.qui.d state. 

A short report on a complimentary study of the 

o-o "Red. Atmospheric" band of oxygen in liqu:ld oxygen-argon 

mixtures i.s also gi.ven in Appendix. 

. ·---·-- · 



CHAPTER II 

mE SECOND OVERTONE ROTATION • VIBRA!I!ION BAND 

OJ' NITRIC OXIDE m· COMPRESSED GAS .AND LIQUID 

!he second overtone· rotati.on - vibra'tion absorp'tl.on. 

band of ni trio oxide was studied in liquid and compressed gas 

at. various p~ssures up to 150 atmospheres. 

A) Gas Cells 

A low pressure cell with an optical path length of 

10~ em was used for pressures ranging f:rom 22 p. s.i. to 160 

p. s~i.; a high pressure cell wi. th an optical. path length of 

12.5 crt was used :for. pressures ranging f'.rom 110 p.s.i.to 

2500 p.s.i. 

The long path - low pressure absorption cell, which 

was designed by M. J. Clouter ( 5) , is shown in Figure 1. It 

consisted of an iron pipe, A·, 100 om in length and 1.5 am 

inside diameter-, and a glass tu.be,B , 100 em in length and 

1~~ em inside diameter, which was inserted in A to serve as a 

light guidei On each end of the pipe, A-, was screwed a steel 

end piece, C', accommodating a pressure sealed window, K. The 

windows, K, which were of 2 mm Pyrex glass plate w1 th a 

diameter of 7/8 inoh, were seaJ.ed w1 th rubber cement to the 

imler surfaces of steel window plates, E•, these plates were 
-

held in plaee by closing nu.ts, G; ~ The aper:tures in the window 
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plates, E, were circular w1 th 1/4 inch diameter; the inne-r 

surfaces ofE, to which the windows were cemented, were 

polished optically flat• The windows, K, were secured by means 

of steel caps, H, screwed onto the window plates; Teflon washers, 

~, were used to prevent direct contact between the caps, H, · 

and the windows, W. A 1/16 inch steel capillary tube, L, 24 

inehes in length·, was brazed into the cell body' to serve as a 

gas inlet; on the other end of the tube, L, an "Aminco:' fitting 

was attached in order to make exte%nal connections. 

In Figure 2 is shown the short path.- high pressure 

absorption cell. The cell body, A, was constructed of stainless 

steel 3;5 inches in diameter with a •75 inch bore~ A stainless 

steel light guide, G, w1 tlt a rec~tengu.l.ar aperture . , was 

inserted in the bore of· the cell.' Pyrex glass windows, w, 5 mm 

thick and wi. th a diameter of 7/8 inch, were cemented onto the 

inne~· surfaces of stainless steel window plates,B, and secured 

by steel caps, c, with Teflon washers, D. The apertare·s in 

the window plates, B, were rectangular in shape with dimensions 

3/8 ineh by 3/16 inch; the inner surfaces of the plates, B, 

were optically flat in order to give a pressure seal when the 

windows, W, were cemented to the surfaces. The window plates, 

B, were sealed by heavy steel closing nuts, E, w1 th Teflon 

washers, F, between the window plates, B, and the cell body, 

A. Portion B' of the window plate, 3/8 inch thick, was square 
·-

in shape and fitted into a square recess in the body, A, thus 

preventing non - alignment of the rectangular opening in the 

6 
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window plate and the rectangular opening in the light guide 

when the nut, E, was ti~tened. A 1/16 inch steel capillary 

tube, H, which served as a gas inlet, was connected to the cell 

by means of an "A.minco" fitting, I. 

B) Liquid Cell and Cryosta-t 

The cell and cryostat used in the stud3" of absorption 

in liquid ni trio oxide is shown in Figure 3. The cryostat 

consisted of two parts, A, B-, which were sealed together· by an 

0 - ring, o. Part A was eonstru.cted from a brass cylinder, 2~ ·em 

long and 10 em in diameter, which was soldered to an inner· brass 

cylinder, 20 em. long and 8 em in diameter. The inner· cylinder 

served as a liquid air rese'"voir. A copper post, D, 4 em long 

and 2 em in diameter, was attached at the base of the inner 

cylinder· by means of a copper ring, F, 1 em thick and 4 em in 

diameter~ The copper post, D, ~pported the copper· cell holder, 

E, which was 8 em long and 2 em in diameter. The heat conduction 

between the ends of the post, D, was contro~ed by means of a 

heater, ~· and a center bore, G; the center bore opened into 

the liquid air resefvnir of the cryostat. 

Part B consisted of a brass cylinder 6.5 em long 

and 10 em in diameter. The entrance and exit windows, w, were 

2. 54 em in diameter and 2 mm thick.- They were made of Pyrex 

glass plate and were cemented onto part B by means of sealing 

wax. The cryostat was evacuated by means of an outlet attached 

to B. 

8 
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Figure 3. Low temperature cryostat and liquid cell used in the 
investigation of liquid NO. 



An absorption cell, c, which was made of Pyrex 

glass, was placed inside the holder, E; the space between the 

cell and the holder, E, was filled with copper wool, I, in order 

to increase the effici.eney of heat transfer between the cell and 

the holder• The windows of the cell, K, were of Pyrex glass, 
-

1.5 em in diametdr and 1 mm thi.ck and were fused into the body 

of the cell.·A heater, H2• which was independent of Hi• was 

mounted on the cell Jrolder, E, and inl.et tllbe, J, and served as 

a temperature control for the cell. Two cells were used with 

path lengths 7.7 em and 1.1 em. An outlet tube, J, was passed 

through the outer wall of the cryostat by means of an 0 - ring 

seal, L. 

C) Purification Proa·edure for Ni.tric Oxide 

Before ni trie oxide gas, from a commercial cylinder, 

was introduced into the cell a carefUl purification step was 

neceasar,r ~ order to eliminate the possible impurities of 

N2o3, N2o, N02, N2 and co2 (13). It has been suggested by 

prev:lous investigators that the removal of N2o3 (m.p. -103°0) 

is more difficult than the removal of other impurities (27). 

In ~gure 4 the procedure for puri~ication used in 

the present investigation is shown schematically. Ni tr!c oxide 

gas from a commercial cylinder was allowed to solidify in the 

liquid air· trap, A. When a sufficient amount of the gas had 

solidified the stopcock, ~l, was cl.osed and the solidified 

nitric oxide was then opened to the vacuum pump for a period 

10 
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of a few minutes to remove any ni tlrogen gas impurity. The dewar, 

F, which was mounted on a lab~aak, was then lowered and stopcock, 

s3, was adjusted. to provide a slow flow of· gas into another 

liquid air trap, B.. · The gas in passing from tap A to trap B, 

passed through. the intermediate trap, c. The vapor pressure of 

the liqui.d ni trio: oxide 1n trap A was controlled by adjusting 

the liquid air level in the dewar-, F. The rate of flow was so 

ad~usted that approximately 2 cc of liquid n1 t:ric oxide was 

collected in the trap, B, per hour. Since the mel t1ng points o-r 

all known illpur1 ties are considerably higher than the mel t1ng 

point of nitric oxi.de (m.p. -163~6°0), the above proeedu.re of 

elow tlow served as a fractionation process. The trap, c, 
consisted of a ser.Les o:t four U tu.bes which: we:re surrounded b7 

solid or highly viscous etbTl alcohol at a temperature ranging 

from -110 to -120°0. 

The color of the solid aondensed in the trap, B, 

was found t .o be wM te with a slight tint of violet. This color 

was quite different from the bright blue color o:t N2o3 which 

was observed in the trap C. The eolor· of the ptmified liquid 

rd. tric oxide was pal.e blue similar· tQ) the color of: liquid 

ox;rgen (13,27) .- The color· of the liquid condensed in the trap, 

B, thus confirmed. that the pur.f..tication procedure was very 

effective. Follo~ the above purification procedure approximately 

1.5 times as much purified liquid was prepared in the trap B 

as was needed to fill the absorption cell. 

12 



D) Experimental. 

1. Gaseous Ni trio Oxide 

Prior to its intm>duction. into the cell the gas, 

purified as described in sec.tion c, was condensed in a steel 

thermal aompressor·. The thermal. compressor consisted of a 

steel cylinder 2:·.:tmches in diameter and 8 inches in leugth 

with a 1/4 inch. boze of length 7 inches; A 1/16 inch steel 

capillary tube, with an "Aminco" fitting at one end, was brazed 

into the bore of the the:rmal. compressor to serve as a gas inlet. 

~ condel18ation o::r· the Di trio oxide into the thermal compll'easoll'· 

was accomplished by cooliDg the compressor with. liquid e:l.r. 

The thermal compressor was ccmnected to a pressure gauge and to 

the cell tlmougb. a high p:mssure needle val.ve. 

After a sufficient amount of Ditll'ic oxide was 

condensed into the themnal compressor the compressor was then 

isolated from the glass purification system by means of a 

check valve. The pressure gauge used, with a scal.e ranging ::t.rom 

0 - 2500 p.s.i., was calibrated wi.th an Ashcroft test gauge, 

having a calibration ranging from 14.7 - 2500 p.s.i. The pressure 

in the cell was a1. tered by opening the needle val. ve and allowing 

the tempera~ of the thermal compressor to rise, thus letting 

the required amoun~ of gas into the cell. When a desired 

pressure of gas in the absorption eell was obtained the needle 

valve was closed, thus isolating the cell and the pressure 

gauge f%om the the:rm.al compressor·. The thermal compressor was 

then recooled to liquid air temperature. Ni trio oxide gas was 

1'3 



thus obtained in. the cell at pressures ranging flrom 0 - 2500 

The optical arrangement used with the cell is shown 

in Figure 5. Light from a source, R, is focused on the entrance 

window of the cell, c, b:r means of" a spherical mirror, lf:L• and 

a plane mirror, M2• The light from the exit· window is then. 

focused on the slit of the spectrometer, s, by means of a plane 

mirror·, M~, and a spherical mirror, M4 • A light cone of size 

F~ 4 was used to match the internal optics of the spectrometer. 

In this investigation a Perkin-Elmer-Model 12-C 

recording infrared spectrometer with a dense flint glass prism 

was used with a lead sulfide detector. The detector with its 

mount is shown. in Figure 6. The mount was made o:f alum1mm; 

a Kodak "Ektron" type N lead sulfide cell, c, was mounted on 
-

the flat:. portion~ B' , of the mount.· The height of the cell was 

adjusted to the internal optics of the spectrometer. The lead 

sulfide detec.tor was connected to the main amplifier, by means 

of a ENC connector, through a preamplifier which has been 

designed by H. Gush (11); the circuit diagram. of the preamplifier 

with the component list is shown in Figure 7. The spect:ral. alit 

width in the region of· the band investigated (l.SOJL) was 

3.5 cm-l.: 

A 750 watt. projection lamp, operating on 60 cycle 

power supplied through a Sorenson voltage regulator, served as 

a light source. A mercury arc emission spectrum was used for 

the wavelt!ngth calibration. The isoth~rmal relation of gaseous 

14 
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nitric oxide for the pressure range 0 - 2500 p.s.i. was 

obtained, for· a temperature of 298~, by interpolating from 

data obtained in a previous investigation (10). The densities, 

in amagat units, were computed for· the pressure range 0 - 2500 

p.s.i. from the isothermal relation of n1 tric oxide at 2980x:. 

The emagat uni.t of density is defined as the ra~o of the 

density at a given. pressure and temperature to the density at 
-

NTP.' AD absorption contour was produced by plotting the 

absorption eoefficlf:ent, (1 , which is defined asfoge I
0
/I, 

against the frequency in cm-1 ; her.e I is the intensity of light 

from a source after the light has passed through an absorbing 

material and I
0 

is the baekground intensity of the light 

measured at the same frequency but without the absorbing material. 

itt the path. The integrated absorption coeffieient, frJv, in cm-1 

is then obtained by computing the area under the absorpt£on 

c:antour. 

2) Liquid Ni trio· Oxide 

Before the purified n1 trie oxide gas was introduced 

into the absorption cell, contained in the cryostat, both the 

cryostat and cell were evacuated.· The liquid air rese'Voir in the 

cryostat. was then filled in orden· to precool the absorption cell. 

The purified nitric oxide was condensed in the trap, 

B, of the purification system (Figure 4) end transferreci into 

the absorption cell. The transfer was accomplished by contro~ 

the temperature of the purified nitric oxide., and consequently 

its vapor pressure, by means of the liquid air dewar containing 

18 
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the trap, B, (Figure 4). This procedure served as a fractionation 

process and was the last step in the purification of the nitric · 

oxide. The 1.1 em absorption cell was filled in about 45 minutes 

and the 7.7 em abso~tion cell was filled in about 90 minutes. 

The temperature of the absorption cells was contro~d by means of 

the heaters ~ and ~ (:figure 3) • Measurements of the temperature 

were made by means of an iron - constantan thermocouple, fixed 

into the cryostat by means of "Fu.sites" (23). The cells were kept 

at a temperature o~ -160 ± 2 °0~ The color of the liquid inside 

the short cell was pale blue, the same as was seen in the trap, 

B, (Figure 4). The color of the liquid seen. inside the long cell 

was a deeper blue than that seen. inside the short cell, due, 

probably,to the greater path length. 

The opti.aal arrangement and equipment described in 

section D - 1 on gaseous nitric oxide was also used in this 

investigation. The spectral slit width used was 3.5 cm-1 • A 

750 watt projection lamp, operated through a Sorenson voltage 

reguJ.ator, was used as a light source. A mercury- a.rc emission 

spectrum was used for the wavelength· calibration. 

19 



Results and Diecuaeion. 

The second overtone rotation - vibration absorption 

band of nitric oxide was studied in liquid and gaseous ni trio 

oxide. In the stu.dy of gaseous nitric oxide two cells were used 

with path lengths of 10 em and 103 em at pressures ranging from 
. . -

20 p. s.-1. to 2500 p.·s.i. In the study of liquid nitric oxide 

path lengths of 1.1 em. end 7. 7 om were used; the temperature 

of the liquid was -160 ±. 2 °0 •· 

In Figure 8 a comparison is made of the absorption 

profiles of gaseous nitric: oxide at three pressures, 150 p.s.i., 

1060 p.-s.i. and 1750 p.s.i. The intensity scal.e is adjusted 

for· each curve to give the same area under each of the three 
.. 

contours. It can be seen that there is no significent change 

in the shapes of the contours wi.thin experimental error·. 

In Figure 9 is shown an observed. contour of the 

second overtone rotation - vibration band with the theoretical 

intensities for the rotational lines, at 296 Ox, which were 

calculated from the molecular data of nitric: oxide given in 

the 1i terature (12), the band origin is indicated by 1) 
0

• 

Because of its electronic configuration nitric ox:L4e has a 

doublet ground state ~1;2, 3;2 ; the two states being seperated 

by 121 cm-1 • All the rotational lines in this band are therefore 

doublets; the solid and broken lines in the theoretical ftne 

20 
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structure indicate transi tiona in ~1/2 and 21(3/ 2 states 

respec.ti vel;y. The length of each line in the calculated fine 

struo:ture is drawn to be proportional to the transition 

probabili t;y of the corresponding rotational transi tiona. Since 

the ground state of the nitric oxi.de molecule is not a Z: state, 

rotation - vibration bands possess a Q branch as well as P and 

R bra.n:ches. However, the intensi t;y of the Q branch is ver:r weak 

compared with the intensities of the other branches thus gi.ving 

the observed absorption contour the appearance of a Bjerrum 

double band wi. th a missing Q branch. This has been. veri;fied 

b;y various investigators who have studied the fundamental and 

first; and second overtone bands of nitric oxide at low pressure 

(9, 16, 17) .. 

For a Bjerrum double band, the separation of the 

peaks of the P and R branches are dependent on the temperature; 

with increasing temperature the intensity maxima of the two 

branches move outward. If in an unresolved band the maxima of 

the P and R branches can still be recognized and their separation 

measured a value for- the rotational c:onstan.t, B, ma;r be 

obtained if the temperature is known. The separation of the two 

maxima is given by 

where 

= 

B is the rotational constant of a molecule 

k is Boltzmann's constant 

T is the temperature in °K 

h is Planck' s constant 

and e is the velocity of light. (12) 

23 
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From the contour in Figure 9, the separation of the P and 

R branches was found to be 55 cm-1 at a temperature of 298°K, 

thus giving the rotational constant, B, to be 1.8 cm-1. The 

rotational constant, B, calculated for the second vibrational 

state is 1.66 cm-l (12). The slight deviation of the observed 

value from the theoretical value is probably due to the shift 

of the R branch toward shorter wavelengths because of the 

denserdistribution of the rotational lines for higher J values 

in the computed R branch than in the P branch. This is 

partially compensated for by the shift of the R branch 

towards longer wavelengths by the presence of the Q branch. 

The total intensities of the P and R branches are also com-

pared. The sum of _the intensity of the theoretical rotational 

linea in the P brm1ch is compared with the sum of those in 

the R branch. The ratio between the two sums is found to 

be 1:1.16 for P:R. Two areas under the absorption contour 

above and below the band origin 1} 0 are measured separately 

in order to make a co·nparison. The ratio between two areas 

is found to be 1:1.17 for P:R. This seems to indicate that 

the intensity of the Q branch affects very little the 

geaeral appearance of the band. It is important to note 

that there was no indication of the presence of any other 

branches which might be expected as a result of pressure 

induced absorption. 

It was Lnpossible to observe the second overtone 

24 
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rotation-vibration band of nitric oxide in liquid due to 

the presence of a very strong continuum which was observed 

in this region (l.80J-L). 

The nature of this continuum will be discussed 

in the next Chapter. 

In Table I are given the observed 1ntegrnted 

absorption coefficients, [cx:.ciV, of gaseous nitric oxide at 

various densities. The integrated absorption coefficient 

is plotted against the density of the gs.s, f NO' in Figure 10. 

From the plot it can be seen that the curve exhibits a 

fairly close linear relationship but it also indicates a 

second order deviation. It has been found that the absorp

tion of an act·.1al gas at high pressures does not in general 

obey Beer's law but follo~the relationship, 

Ja:dv 
2. {0~ 

= OCo f + OC 1 f + OCz l + · · · · · · 

where(X" 0 ,(X'" 1 , and<X 2 are constants anctf is the density of 

the pure gas. The first term indicates absorption which 

is due to the intrinsic transition of t~e molecule; the 

second and the thira term are due to the binary and ternary 

collision induced transitions respectively. Therefore, in 

order to determine the constants £X" ~,<Xl, etc. the speciftc 

integrated absorptioa coefficient JocdvifNo is plotted 

against fNo~ in Figure 11. From the plot it can be seen 

that a straight line is a good approximation in representing 

the relationship. The intercept of the straight line with 
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Table I 

ABSORPTION COEFFICIENT OF THE 
SECOND OVERTONE BAND OF NITRIC OXIDE 

AT VARIOUS GAS DENSITIES 

fNo fcc dv FNO fcx. d J) 

(Amagat Un1 ts) (cm-1/cm) (Arnagat Units) (cm-1Lcm) 

2.30 .1031 9.92 .453 
2.33 .0821 10.45 .447 
2.94 . 108 10.7 . 385 
3.43 .158 11.0 . 508 
3.59 .137 15.0 ,642 

4.14 .159 20.2 . 853 
4.21 .165 25.4 1.02 
4. 81 . l97 33.9 1.41 
5.30 .248 40.8 1.64 
5.40 • 232 4 8 1. dd 3 . 

5.46 . 231 44.9 1. 93 
6.02 .244 48.7 2.11 
6.ll .265 57.8 2.56 
6.62 .289 61.1 2.68 
6.73 .292 64.d 2.71 

6. dO .202 70.2 3.15 
7.25 .328 84.8 3.35 
7.37 .321 97.4 3.88 
7.47 .360 99.0 4.74 
7.91 .300 115.8 5.23 

8.52 .391 118.0 4.92 
8.65 .403 130.0 6.11 
9.15 .415 144.7 7.17 
9.29 .424 166.6 7.82 
9.74 .452 

26 

- -· --- - -- ·- - - ... -·- ·. ·----·---



~ 

I 

-E 
() 

' 
E 
u -
~ 
"0 

Lts "'\ 

80~ 
I 

4.0 

SECOND OVERTONE BAND OF NO 

h 

40 120 

I 
I 0 

200 

DENSITY (AmaHt unltl) 
Figure 10. A plot of the integrated absorption coefficient of the second overtone 

rotation - vibration absorption band of nitric oxide against gas density. 



I 
·~ 

x 1 o-2 ..-----------=-----------

-· -~ SECOND OVERTONE ROTATION 
-VIBRATION BAND OF NO 

I I t 1 J j . I j I I I 

40 80 120 160 200 

DENSITY (Amagat units)· 
Figure 11. A plot of the specific integrated absorption coefficient of the second overtone 

rotation-vibration absorption band of NO against density 



the ordinate gives <X: 0 = 4. 0 x 10-2 cm-1/cm/ Amagat unit 

and from the slope one can determine that0(1 = 4.9 x lo-5 

cm-1/cm/(Amagat unit)2. Therefore, one can derive the 

intensity relation at the present range of densities as 

follows: J C( J )I = "f.O IC 10-2. fNo + 4. q X /0-S r:a 
where [crJ')) is expressed in cm-1/cm and P NO is expressed 

in Amagat units. 

Higher order terms which might exist in the 

relationship were not observable in the present pressure 

range. From the intensity expression the ratio between 

the intensities due to intrinsic transitions and pressure 

induced absorption may be computed at any given pressures. 

According to calculation, even at the highest pressure which 

was obtained in this investigation, 2400 PB1 , approximately 

80% of the total absorption is still due to intrinsic 

transitions. It is therefore concluded that the study of 

pressure induced effects on this absorption band cannot be 

carried out unt~l the density of the gas reaches at least 

800 Amagat units. At this density the intensity due to 

intrinsic transitions becomes approximately 50% of the total 

absorption. It is therefore very regrettable that the 

a.bsorption band in liquid ni trio oxide was unable to be 

observed. 
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CHAPTER III 

THE ABSORPTION OF LIQUID NITRIC OXIDE IN THE 

VISIBLE AND NEAR INFRA..CffiD REGION 

Experimental Procedure ·--------·-
The absorption spectru,u of ltq:lid nitric oxtde in 

t~e visible and near infrared regtods was studied ustng the 

ltqutd cells and cry ostat descrlbc~d i... r1 ~he prev :totl.8 chapter. 

In this study the visible and near infrared regions 

were studied using a Hilger constant deviation glass.spectro-

graph. In Table II, the spectral slit widths, types of 

plates and comparison spectra which were used in this inves-

tigation are shown. 

Table II 

SPECTROGRAPHIC DATA 

Spectra.l Comparison 
Optical Region Type of Plate Slit Width Spectrum 

3,500 - 6 ,6ooi Kodak Super 7.0 cm-1 Iron Arc 
Panchromatic (4000 i) 

6,600 -· 9, ooo.R Kodak 1-N 7.1 cm-1 
(7ooo R> 

Neon disc harge 

- 12 ,oooi 1-Z (2) -1 Mercury 9,000 Kodak 9.1 em 
(9000 i) and Neon 

.Arc 

discharge 
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Tne Kodak 1-Z (2) plates were hyper-sensitized with a 1.2% 

ammonium hydroxide solution immediately before they were 

used. 

The optics.l arrangement used with the spectrograph 

is shown in Figure 3. Light from a source, R, is focused 

on the entrance window, W, of the cell by means of lena L, 

the light from the exit window is then focused by means of 

lens, L2 , onto the slit of the spectrometer, S. 

A 750 watt projection lamp operating on 60 cycle 

power supplied through a Sorenson vottage regulator served 

as a light source. 

The absorption contours obtained on the photo

graphic plates were reduced using a Hilger recording micro

photometer. The intensities were calibrated by means of a 

Hilger stepped sector. 
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Results and Discussion 

It was found in the study of liquid nitric oxide 

that there appeared to be complete absorption in the region 

where the second overtone rotation-vibration band would 

occur. In preliminary investigations this absorption was 

found to extend throughout the region between A. 1. 2 jJ- and 

Al.80fL, thus obscuring the observation of the second 

overtone rotation-vibration band. The investigation was 

therefore extended into the visible and near infrared regions 

in order to study the behaviour of the continuum. 

In Figure 12 is shown the absorption profile of 

the red cutoff position of tl~ continuum obtained by 

absorption cell with a path length of 1.1 em. The ordinate 

in this plot represents Percent Absorption which has been 

estimated in comparison with the background spectrum. It 

can be seen in Figure 12, that the absorption starts at 

A 8,6oo.R and complete absorption begins at A.. 9 ,300.i and 

extends towards longer wavelengths. The continuum extends 

at least up to A 1. 2p, this has been verified using the 

infrared sensitive photographic plates. Therefore, the 

continuum which starts at A8,6ooR is found to extend to 

A. 1. 80}'\ The behaviour of the continuum beyond "}... 1. 80 J-l 

has not been studied since the glass optics were used in 

the present investigation and thus preventing observation 
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of the spectrum at the wavelength beyond ~l.S)L. In the 

visible region another continuum, which starts at A4140 i was 

found; the absorption profile of the cutoff of this continuum 

is shown in Figure 13. This violet continuum starts at A4140 R 
and at A4070 R there seemed to be complete absorption extending 

towards the shorter wavelength region. The above vio1st and red 

continua were also studied with the absorption cell of "Oeth 

length 7. 7 em. With this long :path length cell it was found 

that the exposure time in photographing the spectrum was 10 

minutes, as compared with an exposure time of 2 seconds for 

the background spectrum. This seemed to indicate overall 

absorption throughout the visible and near infrared regions, 

thus preventing the accurate reduction of the absorption profiles. 

With the spectrogram obtained using the lon<s exposure time (10 

minutes), it was found that there was a significant increase 

in absorption, in the red , starting at approxim8.tely A. 6600 ~ 

and extending toward the infrared, and in the violet starting 

at approximately A4200 R and ext~nding toward the ultraviolet. 

Vodar observed similar continua in liquid nitric oxide 

in the visible region using an absorption path length of 2 em 

(27), and his re~ilts were later interpreted as being due 

to the presence of associated (N0) 2 molecules (2). 

Bernstein and Herzberg have also studied the continua using 

a path length of 3 em. Accordin g: to their resuJ.ts the violet 

continuum ste.rted at ;\4000 R and the red continuum started 
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at ~5,60oi (2). Their investigations covered only the 

visible and the ultraviolet regions. Although the present 

observations were in general agreement with the results 

obtainbd by the above investigators, it appears that the 

cutoff wavelengths of the red continuumin the present inves

tigation and in their investigations do not agree as well as 

those of the violet continuum. For nitric oxide gas at 

pressures up to 2,500 p.s.i. Stevenson (25) has observed 

the absorption spectrum of nitric oxide in the visible and 

near infrared regions using a path length of 10 em. He 

found that the violet continuum starts to appear at pressures 

as low as 300 p.s.i. The cutoff wavelength of the continuum 

changes with pressure; being ?\3,830i at a pressure of 300 

p.s.i. and reaching A4,lOOi at 2,500 p.s.i. It is also 

interesting to note that the cutoff wavelength of the violet 

continuum for the gas at 2,500 p.s.i. agrees very well with 

that of the liquid. The red continuum was not observed in 

the gas by Stevenson. In the course of the investigation 

described in the previous chapter, the spectra of the com

pressed gas at pressures up to 2,500 p.s.i. were examined 

in the region between 1.80fL and 1.2~. This investigation 

also indicated no significant absorption which could be 

attributed to the continuum similar to that observed in the 

liquid. However, it is worthwhile noting that an indication 

of an absorption band was found at 1.4fl which could not be 

36 

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



explained in terms of any known impurity band; it is also 

found that the intensity of this band at a given pressure 

was not consist~t for the different experiments. It is 

therefore concluded that the red continuum is absent in 

gaseous nitric oxide up to a density of approximately 150 

Amagat units. · 

The nitric oxide mole~ule has a permanent dipole 

moment similar to that possessed by an oxygen molecule. 

It has been suggested that liquid nitric oxide is almost 

completely associated as (N0} 2 molecules (19} and a si~ilar 

postulate has been made for liquid oxygen (14). Judging 

from the above suggestions, one might expect anomalous 

behaviour of absorption bands of nitric oxide in liquid as 

well as in high pressure gases since some anomalies have 

been found in liquid and high density gaseous oxygen 

spectra (7} • 

The above two continua in the infrared, red, and 

violet regions cannot be explained satisfactorily. Especially 

for the red continuum, it is hard to comprehend a mechanism 

of absorption in terms of the known behaviour of molecules. 

The absorption is definitely present only in the liquid and 

not in the gas and the extent of the absorption seems to be 

strongly dependent on the path length of the liquid. 

Although the information with regard to the window materials 

used in the absorption cells of previous investigators is not 
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available, the cutoff frequencies of the red band· do not 

agree with the present results. It seems to indicate that 

the experimental conditions were also a determining factor 

for the extent of the absorption. Therefore, one may con

clude that some impurity which is present only in liquid 

but not in gas, such as N2~, could give rise to the absorp

tion. It could also be suggested that the continuum is a 

series of unresolved bands which can be ascribed to transi

tions of (N0) 2 molecules similar in nature to the "combina

tion bands 11 of liquid oxygen, although the "combination 

banda" of oxygen have also been observed in compressed gases. 

However, one must postulate, then, the existence of electronic 

states of loosely bound (N0)2 molecules. 

One could assume that the violet continuum may 

be ascribed to the dissociation of (N0) 2 complexes; the 

dissociation energy of (N0) 2 molecules in liquid NO could 

be computed from the frequency of the lower limit of the 

continuum. Taking the lower limit of the continuum to be at 

4140i, the dissociation energy was computed to be 3.0 electron 

volts. 

In order to understand the nature of these con

tinua fully, the following aspects must be emphasized in 

future investigations. 

1. The study of the absorption in gaseous 

nitric oxide at higher pressures. 
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2. The study of the absorption in liquid NO 

using a very short absorption path length. 

3. The entrance windows of the absorption 

cells may be changed to allow ultraviolet radia

tion into the cell to find the effect of this 

radiation on the red continuum. 

4. The study of the absorption spectrum of 

N20,; which exist only below 3.5°C. 

5. The study of the absorption spectrum of 

liquid NO introducing various degrees of impurity. 

39 

. ----- - ---- - ---- --- ---- - -- -.;---· ; ··-- · - -:·:·:, ' - --- -: -~---- -:-:-:~:_:;::-r·: ··-: :-::: ···_.~ •• : 



APPENDIX 

A STUDY OF 7620i BAND OF OXYGEN 

IN LIQUID OXYGEN-ARGON MIXTURES 

Experimental Procedure 

The absorption band of the 0-0 transition of the 

"Red Atmospheric" Bands of oxygen was studied in liquid 

oxygen-argon mixtures. The absorption cell, which was used 

in the present investigation, has been described previously 

(4); the details of its construction are shown in Figure 14. 

The cell consisted of a glass cylinder 60 em long and 7 em 

in diameter with two glass crossarms, A, B. The vertical 

section, designed to contain the liquids, was sealed at 

the bottom with a circular flat aluminized pyrex plate M, 

which served as the reflecting mirror of the cell. The 

two crossarms, A, B, were fitted with brass lens housings, 

G, H; these lens housings held convex lenses tor collimating 

and focusing the -radiation. Vacuum seals between the 

lenses and the lenshousings were obtained by means of 0 -

ring seals. The two mirrors, M1 , M2 , which were carried 

by a brass support,C, were suspended at the height of the 

crossarm. The support, C, and the adjustins screws, D, 

were brought out through the braes fitting, E, on the top 

of the cell and sealed by 0 - rings. The fitting, E, was 

attached to the top of the cell by plastic tape. 
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The cell was equipped with a stirrer, K, which 

consisted of two thin brass rings; the stirrer was suspended 

from, E, by a glass rod sealed by an 0 - ring. The cell was 

placed in a vacuum flask, F, containing liquid air. The 

optical path through the cell is shown by the dott.ed lines 

in Figure 14. The radiation from a light source, R, was 

collimated by the lens, L1 , and after reflection by the 

mirrors M, M1 , and M2 , was focused by means of the lens, L2 , 

onto the slit of the spectrometer, S. 

A Perkin-Elmer model 12-C recording infrared 

spectrometer with a dense flint glass prism was used in the 

present investigation. The spectral slit width used was 

8 cm-1 . The detector employed was an infrared sensitive 

photomultiplier tube, Dumont Type 6911; the optical arrange

ment for the photomultiplier tube is shown in Figure 15. 

The photomultiplier tube, A, which was housed in the brass 

light shield, B, was attached to the side exit window of the 

spectrometer, C, through an aluminum coupling, D. A light

proof seal of the photomultiplier was obtained by using black 

plastic tape on the outer wall of the photomultiplier tube 

and at the junction between B and D. The photomultiplier 

tube, A, was inserted in a socket contained in an enclosed 

circuit box, E. 1,400 volts DC from a John Fluke Power 

Supply model 400 BDA was applied between the anode and the 

cathode of the tube, A. The side exit window of the spectra-
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meter, on which the photomultiplier was mounted, faces the 

exit slit of the spectrometer; no other alteration was made 

in the internal optics of the spectrometer. 

After the cell was evacuated, oxygen gas from a 

commercial cylinder was condensed into the cell; prior to 

condensation the gas was passed through a trap at liquid 

air temperature which served as a drying trap. The mixtures 

were made by allowing argon gas to condense into the cell 

containing liquid oxygen. The concentrations of oxygen were 

calculated by taking the ratios of the volumes of pure 

oxygen to the volumes of the mixtures. In order to obtain 

accurate values for the volumes, cathetometer readings of 

liquid levels were taken from both sides of the cell and 

the average of the readings were used. After the liquids 

were mixed the stirrer was kept above the level of the 

liquid to avoid inaccuracy in the measurement of concentra-

tion. 

A 750 watt projection lamp, operating on 60 cycle 

power supplied thl .. ough a Sorenson Volta,ge Regulator, served 

as a light source. For wavelength calibration a neon dis

charge spectrum was used. The integrated a.bsorption coeffi

cients were found by the measurement of areas under the 

aesorption contours; the e.bsorption contours were produced 

by plotting absorption coefficients,((, against the 
-1 

corresponding frequencies in em . 
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Results 

The study of the 0-0 "Red Atmospheric•• band of 

oxygen in liquid oxygen-argon mixtures was carried out as 

a complimentary work to the investiga.tion which has been 

conducted at the University of Toronto. The main purpose 

of this investigation was to find the effect of the dilu

tion of liquid oxygen on the integrated absorption coeffi

cient of the band. In this investigation it was hoped to 

make more accurate measurements of the absorption coeffi

cient of the band since the recording spectrometer was 

used for the present study while previous investigations 

were carried out with a spectrograph for which very high 

accuracy in intensity measurement could not be claimed. 

In Figure 16 is shown normalized contours for 

pure liquid oxygen and for 9.5% oxygen in liquid-argon 

mixtures. It can be seen that there is a marked change in 

the shape of the contour; the half width for the pure oxygen 

contour being 129 cm-1 and that of the diluted oxygen being 

58 cm-1 . 

There is also a shift in the peak of the band in 

the diluted oxygen from that in the pure liquid. The shift 

was Qbserved to be approximately 7 cm-1 . The values obtained 

with respect to the half width of the bands are in good 

agreement with the previous results of Cho. However, the 

change in the position of peaks is somewhat smaller than it 
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is observed in the previous study {14 cm-1) {4). This dis

crepancy could be explained as due to the wider spectral 

slit width used in this investigation (8 cm-1 for the present 

and 1.5 cm-1 for Cho's). 

In Table III is given a selection of experimental 

data for the band in liquid oxygen-argon mixtures at various 

concentrations of oxygen. In Figure 17, JO<.d')) If o
2 

is plotted 

as a function of the partial density, f o2 • The partial 

density or oxygen is computed by multiplying the concentra

tion by the density, in Amagat Units, of the pure liquid 

oxygen at liquid a.ir temperature, -188° C. In Figure 17, 

the previous data obtained by Cho {4) is also shown as a 

comparison. The graph shows that the integrated absorption 

coefficient is more or less proportional to the square of the 

partial density of oxygen at higher oxygen concentration; 

there are deviations from the square law a.t lower oxygen 

concentrations. 

The integrated absorption coefficient can be 

expressed in general as a function of the partial density of 

oxygen by {4) r (X J V = A' f 02 + B' f 62 + D' {J 62 

where A', B', and D' are constants. Using the partial density 

of foreign gas, fF , which can be approxima.ted as: 

r; =((';)puRE f f & ~ 
one can determine the relationship (~~)P~~E 
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Table III 

INTENSITY DATA FOR THE 7620i BAND OF 
OXYGEN IN LIQUID OXYGEN-ARGON MIXTURES 

Concentration Partial density of o2 

ot o2 (%) p 02 (Amagat Unit) 

100. 818. 

100. 818. 

100. 818. 

89.1 729. 

80.5 659. 

70.7 578. 

67.1 549. 

43.4 355. 

29.7 243. 

9.50 77.8 
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Integrated absorption 

coefficient (cm-1/cm) 

23.7 

25.8 

21.6 

18.4 

15.1 

12.3 

12.0 

7.06 

3.31 

0.75 
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with 

fcxJv= Afo2 + Bf~2 + 0 Po2fF + n'f d2 +······· 

A' • A + C ( ~)pure 

B' : B - C ( f..l r:r• 
( fo2 ~ure 

In these expressions ( f 02) pure and ( f F ) pure represent the 

densities ot the pure liquids and A and B are constants. 

Following the same procedure as is given by Cho (4) the 

coefficients A', B', and D' are obtained: 

A' = .90 X 10-2 

B' = 2.3 X 10-5 

D1 
: .9 X 10-8 

These values are in very good agreement with the previous 

results. 

50 



SUMMARY 

The second overtone rotation-vibration band of 

nitric oxide has been studied in pure liquid and in compressed 

pure gas. Although the band was not observed in liquid nitric 

oxide, due to the presence of a strong absorption continuum, 

the band was observed in the compressed gaseous nitric oxide 

at pressures ranging from 1 -150 atmospheres; it was found 

that the shape of the band did not change within this pressure 

range. The appearance of the band was very similar to the 

Bjerrum double band. The rotational constant B was calculated; 

the observed value of the constant B was found to be in v~ry 

good agreement with the known va.lue. The integrated absorp-

tion coefficient of the band varied nearly linearly with the 

density of the gas, however, a small quadratic term, which is 

supposed to be responsible for the pressure induced absorption, 

was also observed. 

The absorption of nitric oxide in liquid nitric 

oxide was also studied and two absorption continua were 

observed; one starting in the red region of the spectrum and 

extending toward the infrared region and the other starting 

in the violet region of the spectrum and extending toward the 

ultraviolet region. Assuming that the violet continuum was 

due to (N0) 2 complexes the dissociation energy of these 

complexes was calculated from the cutoff frequency of the 

violet continuum; this dissociation energy was found to be 
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3.0 ev. There was a strong suspicion that the red continuum 

arises from N2o
3 

impurity in the liquid nitrix oxide, however, 

this assumption should be checked in future investigations. 

In the course of this research a short study of 

the 7620i band of o2 was made in liquid o2 -A mixtures as a 

complimentary work to the investigation which had been carried 

out at the University of Toronto. The results obtained in 

this investigation were in very good agreement with the 

previous results. 
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