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CHAPT^ 1,

HiTRODUCTIOM

Spectroscopic studios have played a nest important part in. tho 

investigation of molecular structure*  In the study of the short

lived species commonly called free radicals*,  spectroscopic 

techniques are perhaps especially valuable due to tho limited 

applicability of wore conventional chemical methode*  In tho first 

place, spectroscopic investigation is a sensitive naans of 

confirming tho existence of radicals whoso presence night be 

expected on other grounds, although, of course, the failure to 

detect a radical by its spectrum does not preclude its existence*  

Electronic spectra provide information on tho energy and symmetry 

of radicals, and in the case of simpler molecules, vibrational and 

rotational constants cay be obtained with considerable accuracy*  

If this latter information is sufficiently complete, it is possible 

to calculate tho thermodynamic properties of the radical*  The 

rotational constants can be used to derive bond angles and distances 

which are useful in tasting the predictions of quantum chemistry.

*Folleudui3'tho’'G3^ in his review of free radical

spectroscopy, a free radical will be defined as a short-lived 
molecular species, whether or not it has an unpaired electron*

1*
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Although the spectre of several hundred diatonic free radical 

have been observed, comparatively few polyatomic radicals have 

boon studied successfully* "his is largely due to the difficulty 

encountered in providing a means of oxcitation energetic enough 

to decompose the parent substance, yet gentle enough not to 

disrupt it into ions or into atonic or diatomic molecular fragment

Recently, Venkatcswarlu and Johannin-Gillesr observed the 

emission spectrum of the CF„ radical in a discharge through 

fluorinated methanes. Laird, Andreus, and Barro;; obtained many 

of the same bands in absorption under similar conditions. 

Although this molecule has yet to be studied under high resolution 

it was the first polyatomic radical to be identified positively by 

an analysis of its spectrums Venkat etr.zarlu’s partial analysis, 

performed under lew resolution, indicated that the ''adical is bent 

with different bond angles in ground and excited states* Ualsh 

lias made interesting theoretical predictions about triatomic 

molecules of this type, relating the bond angle to the number of 

electrons* A high resolution study of the CF? spectrum, including 

a precise determination of the bond angle, would therefore be 

particularly significant*

Accordingly, experimental work was undertaken in an attempt 

to rophotograph the CFp spectrum under high resolution, as well 

as to search for "mixed” radicals of the type CHF,CFC1, etc*, 

there being no apparent reason why their spectra should not bo 

equally accessible* This work is described in Chapters 2,3, and A 

of this thesis*



Unfortunately, no spectra due to such niisdn radicals were

observed# The CFg spectrum Tias observed in omission under Ion* 

resolution, as in previous work^-A ^ band system of the CCA

radical, however, was observed in emission and photographed under

high resolution# Rotational and vibrational analyses were performed#

The study of this spectrum constitutes the major part of the work

described in this thesis, and is dealt with in Chapters 5-10.



CHAPTER 2.

EXPERIMENTAL TECHNIQUES USEFUL III THE PRODUCTION OF ERIS

RADICAL SPECTRA

The spectra of polyatomic free radicals have bean discussed 

extensively in recent articles by Herzberg^. and by Eansay.^ 

This chapter is devoted to a brief account of the methods that 

have been used to produce free radical spectra. Aa only two 

species, OH and CS, have been ordained in the gas phase in the 

infrared or microwave region, this account is limited to electronic 

spectra. Most of the work on polyatomic species has boon done 

since 1950.

Probably the most useful technique for obtaining polyatomic 

free radical spectra has been flash photolysis, as developed by 

Hornish and Porter?, by Herzberg and Ramsay0, and by Davidson and 

co-workers. $ A very high concentration of radicals is produced 

for a short time by the photodissociation of a suitable gas with an 

extremely intense flash of light. This flash is produced, for a 

duration of several microseconds, by discharging a bank of con

densers through specially designed lamps. Immediately afterwards, 

a similar lamp is flashed to provide the source continuum needed 

to observe absorption spectra. A set of multiple reflection mirrors 

as described by Ehite^, is often used to increase the effective



absorption path length, These are concave mirrors, placed at either 

end of tho reaction vessel in such a way that the light traverses 

the vessel as many as twenty times, The absorption spectra.' of a 

number of polyatomic radicals, including hng, PH2, HCO, CU3, HS2, 

NCO, IICS, and CHg have been obtained by this technique.

Whan the intense excitation conditions of flash photolysis are 

not necessary, continuous photolysis with a lower intensity of 

exciting light lias been used to produce radicals, whoso spectra may 

bo obtained in absorption or fluorescence. Flame sources have boon 

used for emission spectra. For example, tho n<x-bands of ammonia" 

were observed long ago in ammonia-ojygcn flames, More recent high 

resolution studies, using flash photolysis, indicated that tho emitter 

of these bands is the NH« radical.

Purely thermal excitation has also been used, Margrave and 

Wieland**""* found the absorption bands of C?2 when they decomposed GF/, 

o
in a carbon furnace at 1900 K. The radicals C^ and SiGg have also 

been observed with this technique. Shock -waves have boon used to 

produce very high temperatures in gas mixtures, but only diatomic 

radical spectra have been obtained in this way.

The spectra of free radicals in the solid state have also boon 

investigated. Radicals cay cither bo produced in tho gas phase and 

then rapidly frozen, or produced in the solid state itself by some 

form of irradiation, A number of aromatic radicals have boon produced 

in frozen ether-pentane-alcohol glasses and their spectra investigated!

Large organic radicals can bo prepared by conventional chemical moans,
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encl arc stable in solution. For example, hexaphenylethane in 

xX^*'; solution gives rise to the triphenylmothyl radical but in 

liquid sulphur dioxide solution produces the triphenylmethyl cation. 

The spectra of those substances have been investigated in solution.

Although thoy have not been as useful as flash photolysis in 

the production of polyatomic radical spectra, discharge tubes have 

played a most important role in free radical spectroscopy in general. 

As discharge tubes wore used in the work described in this thesis, 

and since most previous work on the CF^ spectrum, involved gaseous 

discharges, this means of excitation will bo described in greater 

detail.

The uncondensed electric discharge between electrodes in a gas 

at loir pressure is frequently used. It is operated at a potential of 

5,000 to 15,000 volts and a current of one to ten milliamperes. The 

power is supplied by a suitable transformer operating off the A.C. 

supply mains. The behaviour of such a low frequency discharge is 

similar to that of a D.C. discharge in that the electrons actually 

pass from one electrode to the other. Positive ions produced by the 

collision of electrons and gas molecules arc swept to the cathode “where 

their impact causes the emission of more electrons, thus sustaining 

the discharge. Because of their relatively loir mobility, as compared 

to electrons, these ions build up a large space charge. As a result, 

the potential drop occurs in a small region near the cathode. Through

out the Eiajor portion of the tube the potential gradient is lower. 

The uniform visible glow excited in this region is called the positive 

12 
column.



7.

The particular type of discharge tube used in thio work was 

13 
designed by Schuler to excite the spectra of larger organic radicals 

without breaking then into snail fragments* It is illustrated in 

Figo 1. It differs from ordinary electric discharge tubes only in 

that the gas being studied is frozen out in the liquid nitrogen traps (C) 

before reaching the electrodes* This feature is intended to isolate 

the gas from the very high energy electrons in the immediate vicinity 

of the cathode which would be likely to dissociate the gas into atomic 

or diatomic fragments* An inert carrier gas, such as helium, which 

remains gaseous at liquid nitrogen temperatures, is added to the stream

ing organic gas to provide electric conduction between the traps and 

the electrodes*

This type of discharge is a fruitful means of exciting new spectra, 

especially those due to large radicals* For example, Schuler found 

that a certain spectrum was emitted by the excitation of about twenty 

different parent gases, including benzene, hexane, and acetylene* 

Callomon^' was able to show that its emitter was the diacotylene 

ion C^H^ *

Discharges excited by microwave or other high frequency radiation 

have also proved useful. The essential difference between such a high 

frequency discharge and a low one is that the period of oscillation 

of the exciting field is too short to allow the electrons to flew 

between electrodes before the direction of the field is reversed. The 

electrons merely oscillate in the gas with an amplitude loss than the 

15 
dimensions of the discharge tube* Since the chief limitation to the 

drift velocity of the electrons is collision with gas molecules, the 

transition from low to high frequency behaviour occurs when the
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frequency of the exciting field exceeds the frequency of electron- 

molecule collisions.

In a high frequency discharge the velocity of the electrons is 

o
90 out of phase with the accelerating field. That is, reversals in 

the direction of motion of the electrons lag behind the corresponding 

reversals of the field, with a delay equal to one quarter of the 

period of oscillation of the latter. The kinetic energy gained by 

the electrons is thus returned to potential energy in the field when 

th© latter is reversed. The electrons absorb no net power. If, 

however, the electron collides elastically with a molecule, it is 

deflected from its path, and its motion becomes partly random. The 

random component of its kinetic energy is not returned to the electric 

field, and net power absorption results,*  In this way the electrons 

gradually gain sufficient energy to take part in inelastic collisions, 

exciting or ionizing the molecules they strike,

*In an elastic collision, the electron loses only a negligible fraction 
of its kinetic energy, about 2 x (mass, electron)/(mass, molecule), to 

the molecule with which it collides, retaining the rest.

16
McCarthy has described the advantages of a microwave discharge, 

as opposed to a low frequency discharge, in the production of radicals. 

He stated that the yield o^ radicals par unit energy input is about 

ton times greater with high frequency than with low frequency 

excitation. This is perhaps due to the fact that in an ordinary 

electric discharge, a good deal of energy is lost as heat when the 

positive ions bombard the cathode, while in a microwave discharge, all 

the absorbed energy is used in the excitation or thermal agitation of 

the gas. He also stated that emission spectra from a microwave gio:;
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show wore esetensivo banded structure than the corresponding spectra 

from a loir frequency discharge* Several pieces of evidence none put 

forward for a Microwave discharge being a more efficient producer 

of radicals.

When air was excited in a microwave discharge, nitric oxide 

was produced. Under certain conditions, tho effluent stream from a 

discharge in flowing air gave off a faint yellow light for 30 cm. 

downstream from tho discharge zone. As the luminous particles were 

not deflected towards tho tube walls by powerful electric or magnetic 

fields, they could not be ionic. Those observations were duplicated 

in tho work described in this thesis. Furthermore, McCarthy found 

that when methane was passed through tho discharge, and the products 

were allowed to strike a liquid-nitrogen-cooled wall, significant 

quantities of othane and ethylene were formed.

Finally, something should bo said about tho relative merits of 

absorption and emission spectroscopy in free radical studies. 

Absorption has several advantages. One concerns the identification 

of the molecule giving rise to an observed spectrum. If on chemical 

grounds one would cacpect a certain molecule to bo present in high 

concentration, it is quite probable that it will give rise to any 

absorption spectra observed. In emission, however, the emitter of the 

observed spectrum is not necessarily one of tho major chemical species 

that might be expected to be present. Thio is illustrated by tho fact 

that a largo number of unrelated organic gases, when excited in a 

Schuler tube, all produced tho emission spectrum of the diacet’lone ion

Tho presence of a band system in absorption identifies the lower 

state of the transition as the ground state. On tho other hand, one is



u.

likely to observe additional transitions in emission which do not 

involve the ground state. The intensity distribution and its tempera

ture dependence in an absorption spectrum are useful aids in the 

assignment of vibrational bands, but this is not usually so in 

emission.

The chief disadvantage of absorption is that it requires a largo 

concentration of radicals in the ground state, which is difficult to 

produce except by Hash photolysis. It is true that Barrow observed 

the CFg spectrum in absorption, using a high frequency discharge through 

fluorinated hydrocarbons; however, both he and Simons and Zarwood 

found that this molecule has an unusually long ground state lifetime, 

of the order of one second, under the conditions of the experiment. 

Even so, a large bulb had to be used to inhibit the wall-catalysed 

recombination of the radicals, A large stationary concentration of 

radicals is not necessary in emission,

Another disadvantage of absorption is of particular importance in 

exploratory work such as is described in tills thesis. IThile spectral 

lines in emission are reasonably broad due to the Doppler effect, they 

can be very narrow in absorption at ream temperature, Herzberg 

pointed out, in connection with absorption studios of ilHg, that its 

spectral lines, which arc widely spaced, are so narrow that they 

would not be detected at all except with quite high resolution. 

However, it is very inconvenient to use high resolution instruments in 

preliminary exploratory work as a great many plates must bo token to 

observe the entire spectral region.
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GIlAPiLk 3.

EXPLOI2A7OKY EPSlLSgAL W? A S5A2GH EJSSIO;

SPECikA OF KES RADICALS IlCCIfED A DISCHARGE IIElOUGb 

FIALOCSIIAZIED IdSTIiAiiES.

In searching for the spectrum of 0?2, and that of any "mixed" 

2 
radicals, it was decided to folio;.' the lead of venkateswarlu and 

3
Johannin-Gillas and to study the emission spectra excited by a 

discharge in halogenated methanes# in addition to CF^ ^^ CGl^fg 

which those workers employed, CC1,, CCljF, CKCLgF, CHF^, and Cfrlf 

were used in the work described in this chapter# Both the Schuler- 

typo discharge tuba and a microwave discharge were usad# On the basis 

of tho arguments in the last chapter, omission rather than absorption 

techniques were employed#

It may be that better results could have been obtained by using 

other parent compounds# Although BarroW* merely reported having used 

"fluorocarbon" in his work on CF„, Dyno"^ has stated, on the basis of 

a private cormunicatioa from Barro;;, that tiiis substance had a carbon: 

fluorine ratio of 7:12 and contained many CF_ groups. Douglas 

observed CF^ in tho flash photolysis of fully fluorinated acetone# 

The methylene radical. Clip, was first observed spectroscopically in th 
' 20

flash photolysis of diazomethane (ui^ip)# " Previous attempts to pro

duce it from ketene (Ch^GO) failed, although CO bands appeared with 

considerable intensity#** i‘he Six? spectrum, howovor, was observed in
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a discharge through SiF^* Ths search for radical spectra described 

in tliio thesis was confined to the uco of halogenated methanes as 

parent substances.

Except for carbon tetrachloride, which was of reagent grade 

quality, all the halogenated ne thanes were gases at room temperature, 

and were supplied by the iiathieson Company in lecture bottles, -hose 

halogenated methanes are commonly called Freons.

The Schuler tube was identical to the one illustrated in Fig. 1. 

It was I./:- m, long and 7 cm. in diameter. In order to make use of all 

the light emitted in such a large tube, a single lens was employed to 

match tho optical apertures of the tube and tho spectrograph, .lultiple 

reflection mirrors, as described in Chapter 2, were also used.

The microwave discharge tube was constructed from IS-a. glass 

tubing and fitted with quarts windows. Reciting radiation was supplied 

by a Raytheon “liicrothorm” microwave generator, model CID^j delivering 

ICO watts power at 2A50 megacycles per second. The half-wave antonna, 

with a cylindrical parabolic reflector to focus radiation on the tube, 

was mounted 1 cm. from ths outside of tho tube. The visible gio:;, 

quite localised, was only about 5 cm. long® Eospito the fact that 

radicals are lost at the tube walls, a relatively narrow tube had to 

be used, as the microwave generator could not support a discharge in 

a large bulb. Barro;/’’ was able to excite spectra in a large bulb 

containing gas at low pressure, but ho v.sed a radio frequency source 

(1 megacycle per second).

Tho vacuum system used with both discharge tubes is illustrated 

in Fig. 2. Tho Freons ;;cro admitted at (A), and rosublimad at least 

three times between the U-tubes (B), (C), and (E), and stored in
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the bulbs (F). Helium, when used as an inert carrier, wac purified 

by Honing through the charcoal trap (H) which was cooled to liquid 

nitrogen temperatures.

Gases were flowed continuously through the discharge tube, 

and frozen out in the cold trap (G) before reaching the pump, The 

partial pressures of gases in the tube ware controlled by means of 

the needle valves (l^) and (Ng). The pressures at various points in 

the system were measured by Pirani gauges (D). The discharge tubes 

were viewed end-on by the spectrograph.

Spectra obtained in this preliminary work wore photographed 

under low resolution on a Bausch and Lomb 1.5 m. grating spectrograph, 

model 11, with a resolving power of 70,000 and a dispersion of 

15 A° /mm, in the first order. With Ilford HPS or Kodak 103a0 35 mm, 

film, exposure times were of the order of five minutes with a micro

wave discharge, and thirty minutes with the Schuler tube.

The design of the spectrograph was such that the regions 7400 - 

3700 A* and 3700 - 1850 A° were obtained in the first and second 

orders respectively on the same length of film, The overlapping 

first and second order spectra could be separated to a largo extent 

by inserting 2 mm, thicknesses of Chance Brothers’ glass filters 

0110 and 0X7 in front of the spectrograph slit. Those filters trans

mitted the regions 3600-25,000 A° and 24C0 - 4100 A° respectively. 

With these filters it was possible to record separately the over

lapping orders in the range 2400 - 6500 A° • The upper wavelength 

limit was set by the sensitivity of the film. The region from 

2400 A° to the onset of the vacuum ultraviolet at about 1900 A° , 

however, was absorbed by both filters, and it was impossible to work



■/ithout a filter because of intense impurity spectra in the overlap

ping first order region. Bromine gas and cobalt or nickel sulphate 

Q
solutions absorb core strongly between 3800 and 4800 A than they 

o 22
do between 1900 and 2400 A • The difference in extinction 

coefficient, however, was too small to permit the use of those 

materials as filters.

Preliminary studios were therefore restricted to the spectral 

region of 2400 - 6500 A° , and the possibility remains that interest

ing spectra could be found at lower wavelengths. Two band systems of 

CF, for example, have been observed between 1977 and 2240 A , ^ as 

well as a system thought to be due to Cd+2^,2° ^ the region 23^7 - 

o o
2434 A • Further studies, from 2400 A to the onset of the vacuum 

ultraviolet, might be facilitated by using an external pro dispersion 

apparatus to eliminate the overlapping first order spectrum.

A considerable amount of deposit formed on the Trails of the 

microwave discharge tube, and it created a serious problem in that its 

surface was very effective in removing free radicals. Ao more deposit 

formed, the intensity of omission of radical spectra decreased, and 

after about twenty hours’ use, the discharge tube had to be replaced. 

The deposit also formed on the Schuler tube -walls, but here, with a 

much larger tube and a less localised discharge, it was less trouble

some. Two types of deposit formed, one a thin white film, and the 

other a tarry brown substance. The latter outgassed strongly when 

heated, giving a scaly, black product, much like graphite. The vola

tile products of the discharge which were frozen out in the cold trap

included unused starting material and the appropriate halogens.
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Chlorine was identified by its odour, and bromine by its roddish colour* 

which disappeared upon the addition of styrene. Fluorine probably was 

o
formed as well, but, since it boils at -166 G, it would not be froaen 

out at liquid nitrogen temperatures.

Throughout tho work, tiro main objects were kept in mind. They 

were to reduce the intensity of emission duo to impurities, and to 

vary the conditions of the discharge in such a way as might favour 

the formation of interesting radicals, not only wore tho impurity 

spectra likely to obscure any weaker radical spectra, but also, if ex

cited preferentially in competitive reactions, tho impurities might 

prevent the excitation of other radicals. The impurity spectra trere

never completely eliminated, but they ware kept low in intensity, and

did not occur in the same regions as the spectra of the GG1 and OF-

radicals which wore observed.

In general, better results were obtained with tho microwave 

discharge. With it the impurity spectra were weaker, and tho G?2 bands 

stronger. It was also possible to excite tho CGI spectrum, ’which was 

not observed with the Schuler tube. Those differences wore wore likely 

due to improved experimental techniques used in the microwave work

24 
rather than to tho different nature of the discharge. Other workers * 

were successful in obtaining the CC1 emission spectrum by using low 

frequency electric discharges.

It was found that tho same radical spectra wore excited whether 

or not a helium carrier gas was used, although there ’..’ere differences 

in the spectra of impurities. It proved convenient to use a carrier, 

as there was then less tendency for the discharge to bo extinguished. 

Fox* example, with pure CF and no carrier, the GF bands did not
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bacons prominent, unless the pressure was greater than 0.1 ma. , but it 

was very difficult to maintain the discharge at such a high pressure 

of the Freon, Tho large concentration of GF. led to excessive foro 

ation of deposit on the trails as trail, and to excessive consumption 

of the Freon. The same spectrum could be obtained mare conveniently 

with helium at 0.1 and OF at 0,05 nun. partial pressures.
4

The intensity of impurity spectra was reduced by flaming the 

walls of the discharge tube to drive off adsorbed gases. It was 

thought that impurities were being released from the tube trails by the 

heat generated by absorption of the microwave radiation. The tubs tras 

cooled in dry ice, but with no improvement. It has been mentioned how 

the Freons were purified by re sublimation under vacuum. In order to 

check the efficiency of this process, CGI F_, purified in tho same 

manner, was analyzed gas chronatographically. Atmospheric impurities 

were present in less than 0.1# concentration. This ruled out the pos

sibility of the formation of an azeotrope between Freon and air which 

might lessen the effectiveness of the sublimations.

The pressure in the discharge tube was varied extensively, as was 

the helium : Freon ratio. A discharge could be maintained at total 

pressures as low as three microns, but only impurity spectra wore 

emitted. The intensity of radical spectra increased with increasing 

pressure of the Freons. The highest pressure at which a discharge could 

be maintained varied from 0.1 to 5 urn. for the various gases.

The exciting power was also varied. Tho Schuler tube was operated 

at from 3640 to 7300 volts, and from two to five milliamperes. At 

higher power levels, tho electrodes became hot enought to crack the
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surrounding glass. The microwave power output had to be limited 

to GO watte to prevent the heat absorbed by the glass from 

puncturing the tube walls. The only observed result of increasing 

the power levels within these limits was an increase in the in

tensity of emission.



Fi> 2. Vacuum System: A, Ereon inlet; B,C,E, U-tuboaj D, Plrani gauge heads; 1, storage bulbs; 
G, cold trap; H, charcoil trap; J, manometer; K, vent; 1, helium inlet; R, to discharge tube: 
Mpi^ n*®^ valves? °» ff^i discharge tube; P, to diffusion pump.
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Tho emission spectra observed in th© preliminary experiments ar. 

suranrized below, The same free radical spectra were obtained 

whether or not helium was used as a carrier gas, out different iL^pur- 

ity spectra, appeared at liigh ratios of helium to freon, kith the 

exception of the results described in section (f), obtained wen. 

OBrr was excited in a low frequency discharge, all the spectra des- 

cribcd below were obtained by microwave excitation.

(a) Four- clusters of double ‘-headed, violet-degraded bands, at 

o
2714, 27b0, 2850, and 2920 A , were observed in a microwave dischruy. 

through each of the chlorine-containing gases examined, Two continue 

with intensity maxima at 25C0 and 305b A , also appeared, Theeo 

features are illustrated in Fig, 3, The bands at 2714 and 2920 <t °

are much weakerthan the other two, and do not appear strongly in tho

figure. Tho four clusters of bands have been attributed io the ■hl

radical, ana the ccacmua uo a transition in the Clj

_ , 32,33 . .. 33 , . ,
molecule. Asundi, oingn, ane ^ishra observed two aauiuxonal

o
emission continue, with intensity .ussLa at 46CO and 3340 A , in a

low frequency discharge through GC1. , but these continue were not fem

with a microwavo discharges as used in tho work described in this

thesis, The above tliree authors assigned the latter two continua to

a transition securing in the decoBEOsitl.cn of U JI into CGI and c i

products.

20,

decoBEOsitl.cn


21,

(b) An csctensive system, consisting of forty-five violet- 

o
degraded bands between 237'0 and 3231 A , was observed when any 

fluorine-containing gas was excited* These bands have cany close 

heads, and are superimposed on a continuous background which extends 

from the short wavelength limit of observation (about 2400 A ) to 

3500 A° c The intensity maximum appears to be at 2650 A° , but 

actually may be at .lower wavelength , as the light emitted near 2400 A° 

was diminished in intensity because of absorption by the optical 

filter*

The discrete bands comprise all but the weakest features of the 

CF^ emission spectrum reported by Venkateswarlu and by Johannin- 

Gilles.^ Tliis spectrum is described in Table 1, and many of the 

observed bands are shown in Fig, 4* Because of the poor contrast with 

which these bands appear against the continuous background., it was not 

possible to record all of them in a single exposure. Different 

conditions of excitation and different exposure tires wore necessary 

to photograph the stronger and weaker features respectively.

The continuum described above possibly may bo identified with the 

34 
continuous emission observed by Gale and honk in a discharge through 

F_, These authors reported intensity maxima at 2600 and 2800 A ,

When CBrF^ was excited in the microwave discharge, the continuous 

background extended to longer wavelengths, ending at about 4400 A° .

An identical continuum was found when pure bromine was excited under the 

same conditions. This feature has been assigned by Venkateswarlu'’^ to 

transitions between stable upper and repulsive lower states of Dr,,, and 

is analogous to the transition giving rise to the CL, continua described 

in (a).



001 2714 2760 2350 2920 A °

2W 2600 2600 3000 A*

fi£sJb Cd Iranian Bauds mid Associated Continue . The weak bauds at 27U and 2920 A* can 
barely bo seen* Shay appear only with very long exposures.



23.

TABU 1.

JjAVjJgUGTHS ABD LiTZilsaES OF THE CF. BABB HEADS —--------- ——---------------- ------------------- -------- 2---------------- —

The heads from 2399.2 be 3249.5 A° xrore observed by venkateswarlu..

and the numbers in brackets are his visual intensity estimates. The

3
first five heads were observed by Johannin-Gilles. Those marked t/

4
wore also obtained in absorption by Barro:,'. The heads marked ••• ware

observed in the work described in this thesis.

2328 A0 2561.0 A*(4) *

2345 Ad # 2573.2 A’(4) *

2355 A* 2583.6 A*(3) *

2371 a" * # 2594.6 A*(9) *

2381 A° * 2594.96 A® (?)

2399.2 A*(0) * # 2606.7 A0 (2)

2409.4 A'(0) 2617.9 A* (3)

2428.3 A’(3) * # 2628.5 A* (9) *

2438.5 A’(2) 2652.4 A*(6) *

2457.6 A’ (7) * # 2663.4 A' (4)

2467.8 A" (2) 2675.5 A'’ (6) *

2472.3 A0 (2) * 2688.1 A'(5) *

2487.8 A’ (9) * # 2699.1 A° (3)

2502.6 A’ (2) * 2721.3 A°(9) *

2518.7 A"(9) * # 2736.4 A* (8) *

2530.0 A0 (2) 2749.1 A°(4) *

2541.3 A0 (3) 2761.2 A” (5) ^

2550.6 A* (8) * # 2774.2 A*(5) *



2787.1 A (3) *

2799.8 A° (8) *

2812.9 A°(2)

2839.4 A®(2) *

2852.5 A°(6) *

2866.1 A°(6) *

2879.7 A°U) *

2893.5 A°(7) *

2907.5 A°(3)

2921.3 A°(6) *

2935.2 A°(3) *

2949.8 A°(2)

2978.9 A°(2) *

2993.7 A°(2) *

3007.5 A°(3) *

3022.8 A* (5) *

3038.1 A*(5) *

3053.7 A^) *

3069.6 A°(3) *

3084.6 A°(2) *

3164.6 A°(l) «

3181.0 A°(2) *

3197.5 A0(4) *

3212^.1 A°(6) *

3231.1 A°(2) *

♦ 3249.5 A°(l)
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CO 2665 2833 2977 3134 A0

I 7 1 I

/----- 1_____ I_____ I I
2200 2600 3000 A0

Fig. 4* OF? Emission Bands and Impurity Spectra, 2400 - 
3200 A®. A contact print, rather than an enlargement 
is shown in order to produce the best contrast.
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2 2(c) The (0-0) band of a ^ - 77 transition of’ Gli was 

o 5 j
observed at 4315 A when hydrogcn-ccntaining Freons were excited*

*Ths impurity spectra wore not usually as intense as in figs* 3,
4, 5 and 6, Those photographs wore overexposed in order to study 
the impurity omission*

As tliis spectrum has been thoroughly investigated by other workers, 

it was of no further interest.

(d) The spectra of several impurities, CO, Cg, and CN, wore 

excited by discharges through the Freons. These spectra are described 

in Table 2, and illustrated in Figs, 4 and 5a  They Wei's identified 

36

**

by comparison with the spectra described by Pearse and Gaydon*  The 

intensity of the C? bands increased with higher partial pressures of 

the Freons, and became especially intense when tho discharge tube wall; 

became heavily coated with a graphite-like deposit after prolonged use. 

Undoubtedly the carbon molecules were fomod by the decomposition of 

tho Freons*  Carbon 1sonu3d.de is frequently excited as an impurity in 

tho positive column of discharges, being given off by the glass walls 

36
of tho tube. its spectrum, increased in intensity at lower total 

pressures*  The Cil bands appeared only when helium was being used, and 

were reduced in intensity when tho helium was purified by passing it 

through a charcoal trap at loir temperatures to remove nitrogen impuri

ties.

The visible glow given off by the discharge was entirely due to 

these impurities, as the CF^ and CC1 spectra are found in tho ultra

violet, At high partial pressures of tho Freons, this glow was 

bluish-white, becoming whiter as tho total pressure was lowered.

1sonu3d.de
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TADLS 2.

H-^URITZ SPECKS OBSERVED E! DISCHARGES THROUGH FREOHS

CO Third Positive and 58 Bands: These arc violet-degraded bands, each 

with five close sub-heads. Heads were found at the folio-.ring wavelength

2665.3 A° 3134.4 A°

2833.1 3242.1

2977.4 3305.7

CO Angstrom Bands: The heads of these violet-degraded bands were found 

at the following wavelengths:

4510.9 A° 5610.2 A °

4835.3 6079.9

5198.2

Cn Swan Bands: These violet-degraded bands had heads at 5635.5 and 

5165.2 A°.

CH Violet-Bands: The heads of these violet-degraded bands were found 

at the following wavelengths:

3861.9 A° 4181.0 A°

3871.4 4197.2

3883.4 4216.0
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TABE] 3.

OBSERVED ATOgC WES OF lELZlTi

2723.3 A ° 3867.5 A° 4437.5 A°

2763.8 3838.7 4471.5

2829.1 3964.7 4713.1

2945.1 4009.3 4921.9

3187.7 4026.2 5015.7

3705.0 4120.8 5047.7

3732.9 4143.8 5875.7

3819.6 4387.9
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TABLE 4.

SaftESXSKCTli^

GO First Begativo Bends: These are red-degraded bands with heads

at tho following.wavelengths!

2419*4 A° 2557.7 A° 2722.4 A°

2445.2 2607.2 2752.9

2474.2 2638.8 2785.8

2504*6 2672.4 2820.8

2550.3

C0_+ Bands: Two very sharp band heads are
feund at 2883 and 2896 A°.

N_+ Bands: In addition to violet-degraded bands with heads as listed

below, a nuriber of close linos ’Jere observed between 3050 and 33 00 A •

Pearse and Gaydon show these same linos :in their reproduction of

-b
tho B^ spectrum.

3914.4 A° 4236.5 A° 4554.1 A°

4166.8 4278.1 4599.7

4199.1 4515.9 4651.8

Sodium Atonic Lincs: These lines appeared as close doublets.

6160.8 A° 5153.6 A ° 4668.6 A 0

6154.2 5149.1 4664.9

5895.9 4982.8

5889.9 4978.6



Fig. 5* Impurity Spectra, 3700 - 5700 A° ♦ (a) CF^ in helium, (b) Pure helium.



CO First iterative

L_,5 tiilllto_____ it JI

h2

HE 2537 A 0 Ke

CO?

! I 1 *

2500 2700 2900 3100 A*

Fi&sjS. Impurity Spectra in Pure HoHum, 2^00 - 3300 A°.
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(e) JJhen the ratio of helium to Freon in tho gas mixture being 

excited was very high, or when pure helium was excited, the '.risible 

glow took on a rose colour. This was duo to several very intense 

. . 37
emission lines of helium. The observed line spectrum of helium is 

listed in Table 3, and shown in Figs, 5b and 6. Ko linos of the 

ionized helium atom were observed.

At high partial pressures of helium, different impurity spectra 
36 

were found. The spectra of C^ and CM disappeared, as they depend 

on the formation of carbon in the decomposition of the Froons. Tho 

new impurity spectra were due to the ionized species CO* 00^ and b*. 

Atomic lines of sodium were also observed, the sodium having come from 

the glass walls. These spectra are described in Table 4 and illustrated 

in Figs. 5b and 6.

The excitation of ionic impurities at high partial pressures of the 

carrier gas is due to the fact that the lowest excited states of helium 

arc met astable and lie at unusually high energies. The lowest is

3 b'
19.72 eV above the ground state. Under those conditions almost all 

the collisions of the electrons are with helium atoms, and few electrons 

are able to lose energy until they can excite helium. Tho excited 

helium atoms cannot return to the ground state by emitting light. In 

their metastable states, they can lose energy only by collision. As 

the ionization potentials of CO, CO , and h‘ are of the order of 

15 eV, ^ collision with these impurity molecules load to ionization. 

On tho other hand, at higher partial pressures of the Freons, most of 

tho electrons collide inelastically with Freon molecules, and never 

gain sufficient energy to excite helium atoms. This effect is demon

strated by a sharp decrease in the intensity of the helium line spectrum.

when Freon is added to tho discharge, (Compare Figs. 5a and 5b.)
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(f) Ths spectrum observed in the microwave excitation of CBrF~
3

differed from that obtained with other fluorine-containing eases

only in that a continuum due to Br appeared. as described in section

(a). Quite different results, however, were obtained with the low

frequency excitation of this Freon.* The visible glow was a butter

yellow. Continuous emission, with intensity maxima at 2650 and 5700 A ,

was found throughout the entire observed spectral region, (2400-6500 A°).

The short-wavelength portion of this continuum is identical to that 

observed in the microwave discharge through this gas. [^eo section (a)J. 

The higher wavelength portion, with its very intense maximum at 5700 A°,

could not be explained. It was thought that it might have been emitted

by the bromine which was formed in the discharge; however, when pure

bromine was excited under the came conditions, only the lower wavelength 
35

continuum duo to Bug , and a system of red-degraded bands between 5100

and 6400 A° due to BrJ * wore observed. Continuous emission duo to the 

40
recombination of bromine atoms is knoxrn, but not at wavelengths greatc

than 5100 A°. It may be that 5700 A° continuum is duo to the dissocia

tion of the CBrF^ In any case, the results obtained in the low

frequency excitation of CBrF_ show that different conditions of excitation

can lead to different spectra.

The result of this preliminary work is that the emission spectra of

the CGI, CH, and CF radicals were observed under low resolution. Ho 
2

•“■The low frequency excitation was studied in the same tube used for 
microwave work, with external olectodes connected to a high-voltage 
transformer. The same yellow glow appeared under these conditions, 
with the Schuler tube, and with Tesla coil excitation. With the 
Schulei' tube, however, there ware very intense impurity spectra. The 
intensity of emission with Tesla coil excitation was too low to 
photograph.



discrete spectra arising from other free radicals xroru observed* A

number of other spectral features ware found and wore of sone interest

in considering the nature of the excitation processes* These processes.

however, are very complex, and are not well understood at the present

timec
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/dialysis of tie cci zjssiolj cpkctruii; iiitroluctiok /j-d

IgSTORICAL REVIEW

The reminder of this thesis is devoted to the detailed study 

made of the emission spectrum of the CC1 radical. It has al ready been 

described how this spectrum was photographed under low resolution. 

Succeeding chapters describe how the two more intense groups of bands, 

, o 
at 2780 and 2850 A , were photographed under high resolution, and 

how rotational and vibrational analyses were performed. The present 

chapter describes previous investigations of this spectrum by other 

workers. 

27
Jevons in 1924 studied the emission spectrum of flowing CC1, 

vapour in an uncondcnsed electric discharge, and observed violet- 

degraded bands at 2788 and 2777 A° , as well as other bauds due to CO

and Cg.

Repeating the experiment in 1937, Asundi and Karim found the 

prominent features reported by Jevons, and in addition weaker clusters 

of bands at 2714 and 2850 A° • They also reported a number of continua, 

most of which wore due to Cl^, but two of which they thought mi,girt be 

33
duo to the decomposition of the CCl^ molecule. These continua were 

discussed in Chapter 3. On the basis of the doublet structure of tho 

41 
three clusters of bands, and by analogy to tho spectrum of SiF, 

2 2
these workers identified the bands obtained in CC1, with a £ - IT 

4

transition of the diatomic CC1 molecule. They arranged the observed 

band heads in a vibrational scheme.

35.
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29

Tiro years later Horie, using a condensed dis churro in CC1,,

observed tiro additional band heads at 2920.7 and 2927.5 A • Ha

2 2
agreed that the spectrum resulted iron aS- 7T transition of CC1

but proposed a somewhat different vibrational analysis.

30
Tho CGI spectrum was further investigated by Vonkateswarlu,

using a 21 ft. grating spectrograph for the more intense bands, and

a smaller instrument for tho weaker features. He reported seeing

rotational structure, but with insufficient resolution to parfora a 

rotational analysis. Lilis Horio, he considered that the four clusters 

of double-headed bands at roughly 2714, 2780, 2850, and 2929 A° 

wore the (v*  - v”) = 1, 0, -1, and -2 sequences*  respectively of a 

2 2

*A sequence is a series of bands for each of which tho difference 
(v» - v”) of initial and final state vibrational quantum numbers

is constant.

21 - 7T transition of CC1. Within these clusters, however, he found 

several new band heads which did not fit into previous vibrational

analyses, and he proposed a new interpretation.
24,31

Finally, in 1959, Kusyalrov and Tatevskyi examined this 

spectrum with higher resolution and performed a partial rotational 

analysis of the most intense bands at 2780 and 2850 A° • They pointed 

out several inconsistencies in Venkateawarlu’s vibrational analysis, 

and proposed still another. They, too, attributed tho system to a 

2 2
X - IT transition.

It should also be noted that the more intense CC1 bands have been

observed in the internal cone of the Hamo of some halogenated organic

42 
compounds burning in air or ozygon, and in an electrical discharge)

26
through CHCI3, CCI3CHO, and C^H^CCl^.
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26 25
Barrow and Kuzyakov and Tatevskyi observed another 

band system in an uncondensed discharge through CCl^. It 

consists of red-degraded bands in the region 2332-2446 A0, 

with ail intensity of about one tenth that of the system 

described above. Unlike the previous system, it doos not have 

a double-headed structure. It is thought to be due to a 

2 2
£ - £ transition in CC1, or a singlet-singlet transition 

in CCl^ • The latter workers favoured the ion as the emitter, 

on the grounds that the occurrence of the spectrum is favoured 

by relatively severe conditions of excitation. They arranged 

the band heads in a Deslandre’s table, but no rotational anal

ysis was performed. This system was not found in the work 

described in this thesis, as all the more intense bands lie 

outside the spectral region which could be investigated.



CHAPTER 6.

PRODUCTION AMD KEASUREHEHT OF THE ELUSION SPECTRUH OF CGI 

UNDER HIGH RESOLUTION

It was soon in Chapter 3 that the scission spectrum of CC1, 

consisting of four clusters of bands at 2714, 2720, 2850, and 2920 A°, 

could be observed when any chlorine-containing Freon was excited in 

a microwave discharge# This chapter describes how the two most intense 

bands, at 2780 and 2850 A° , were photographed under high resolution#

A rose-coloured glow was excited in helium flowing at 0.1 mm# 

pressure through the microwave discharge tube described earlier, and 

just enough CCl^ vapour was added to the streaming gas to change the 

colour of the discharge glow to a bluish-white. Under these conditions, 

an average exposure time of four hours was required to photograph the 

bands on Kodak 103a0 glass plates, although this period lengthened 

with the ago of the discharge tubo. An iron arc was used to provide 

a comparison spectrum#

The high resolution studies were performed in the second order of 
43 

a 20 ft# Ebert grating spectrograph. Attempts to obtain better 

resolution by working in the third order failed because of the very 

high grating angle required. A rectangular stop, with razor blade 

edges, was placed between the spectrograph and the discharge tube to 

match their respective optical apertures, and thus eliminate unwanted 

stray light# Since resolving power depends on the area of the grating, 

it was desirable to illuminate evenly the entire ruled surface. The 

stop was Just large enough to do this.

38.



39.

The theoretical socond-ordev resolving power of tho spectro- 

graph was 300,000, which moans that in the 35,500 cm. ~ region which 

was being examined, it should bo possible to resolve lines with a 

separation of 35,500/300,000 = 0,12 cm. In practice, lines 

separated by 0.15 cm. were resolved, indicating an actual resolv

ing power of 240,000. The frequency of each line was calculated to 

— 0.001 cm. , a precision not warranted by the resolution obtained, 

but in the final results proper allowances wore made for errors and 

uncertainties.

The plates used in the analysis wore measured on a travelling 

microscope. Each plate was measured once in each direction, and in 

each run three independent measurements of the position of each line 

were made. The resulting six values were averaged. Wavelengths of 

44 
the iron arc calibration lines were taken from the IHT Tables, using 

wherever possible lines whose wavelengths had been determined intorfor- 

omotrically.

The wavelength dispersion of the spectrograph, that is the relation 

between wavelength in air and position on the plate of a given spectral 

line, was not quite linear. A correction formula, discussed by 

CaHomon^ and based on the geometry of the spectrograph, was used to 

allow for this nonlinearity. The wavelengths in air thus obtained 

were converted to 'wavelengths in vacuum using Edicts tables.

Finally, tho vacuum wavelengths were converted to vacuum wavenumbers. 

These three operations x;ere combined to give a direct conversion from 

position on the plate to vacuum wavenumber, A small correction, which 

-1
did not exceed 0.7 cm. , was added to a linear equation connecting 

the two variables. The linear equation was based on the positions of
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only two iron arc lines, but the correction was co designed as to 

account for tho deviations of tho other iron arc linos from the 

linear equation.

Tho high resolution spectrograms are shown in Fig. 7. ilicro- 

densitometer profiles of these spectrograms arc reproduced later in 

this thesis.

Very small differences in temperature warp tho steel casing of 

the spectrograph, shifting the position of tho plate during an exposure 

and broadening the linos. For this reason, ths spectrograph was 

heavily insulated with fibreglass, and the laboratory was thermostat- 

ted to i 0.1 C. Fluctuations in atmospheric pressure can also 

destroy tho resolution by changing the refractive index of air. To 

check for possible effects of this sort, adjacent iron arc spectra wore 

photographed on the same plate at intervals of four to twelve hours.

Since no shift of the lines was observed, it nay be assumed 

that such temperature and pressure effects were negligible.



Fi&!—Z* High-Resolution Spectrograms of the CC1 Spectrum at (a) 2780 and (b) 2850 A°



CHAPTER 7.

ROTATIONAL ENERGY I£VLL3 AND SPECTRA Of DIATO2JC IIOLlCUIZS

IN DOUBLET STATES

This chapter ^ves an account of the rotational energy levels of 

a diatomic molecule, end a description of the transitions between 

these levels, with special reference to the GC1 spectrum# The material 

47 
discussed has been dram chiefly from the work of Herzberg,

48 49.50 51,52
Johnson, Llulliken, Van Vleck, and their co-workers#

I. ROTATIONAL ENERGY LEVELS IN HUND’S CASES (a) AND (b);- The 

energy of a molecule is the sun of electronic, vibrational, rotational, 

and translational contributions. The latter need not be considered if

internal coordinates attached to the molecule are used. The vibration

al energy can be treated separately# Hero the electronic and 

rotational energies are first discussed, and the effect on those ener

gies of interactions between rotational and electronic notions is then 

introduced.

Classically, a rigid body has rotational energy

E = P? /2T + ?! /2L +■ P* /2I (1)

y v

whore P. and I. are the components of angular nomentuu and moments of 

inertia respectively about the three Cartesian axes x, y, and z, with

the origin at the centre of mass# In a diatomic molecule, with z along

the internuclear axis, I a I >S I , since I is due entirely to

electrons# The molecule is thus a prolate symmetric top and is shown

in Fig# 8# J is a vector representing the total angular nomontum of 

tho molecule. Its component H, perpendicular to the molecular axis,

42.
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represents the angular momentum duo to notation of the nuclei about 

their centre of maos. Hence, N = P + P = <T^ p4 , and the energy 1 
2 o ~

E - (J - C )/ 2V ^/2Iz’ (2)

According to quantum theory, tho angular momenta J and P aro 

quantised. The magnitude of J is (h/27T) Vj<jT"l), and the magnitude 

°£ P > the component of J along the molecular axis, is (h/2IT) ? , 

where J and P^ are quantum numbers.* Thus, if B= h/87T~cZ_, and 

C= h/o cis, tho energy in cm. is

F =E/he -B |j(J+l) - P^J + CP,^. (3)

Thas semi-classical treatment yields tho same energy expression as a 
47 * 

solution of the wave equation for tho symmetric top.

The vector P represents electronic angular momentum; hence, 
z -

tho final term in equation (3) may be included with the electronic 

energy. For a non-rigid rotator, the energy becomes

F(J) = By [j(J+D - p/J -DVJ2 (J+1A (4)

As rotational energy increases, the inter-nuclear distance is lengthened 

by conhrifugal forces, and the tern in Dv accounts for the correspond

ing change in moment of inertia. The subscript v indicates the 

vibrational level for which the rotational constants B and D apply.

Th© mean square of the internucloar distance, from which the moment of 

inertia is calculated, increases with increasing vibrational energy, 

and hence B and D differ between vibrational states.

The origin of the electronic angular momentum P^ about the inter- 

nuclear axis must now be considered, in an atom, the total angular 

momentum due to orbital notion of the electrons may be represented by

■^Underlined symbols are used to denote vectors. The same symbols, 

not underlined, denote their associated quantum numbers.
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a vector L which, neglectins tho effects of electron spin, is a veil- 

defined constant of the notion. In a diatonic molecule, the electric 

field in which the electrons cove loses tho spherical symmetry of the 

atom and becomes axially symmetric about the internuclear axis. In 

such a field L precesses about the internuclear axis. The velocity 

of precession is so great that L io no longer a constant of the ration, 

and only its component M along the internuclear axis remains well 

defined.# As this results from electrostatic interactions, there is no 

energy difference associated with opposite directions of precession, 

that is with opposite signs of l^. Thus .A : | IL. | replaces L as a 

valid quantum number, and states with jL"^ o are doubly degenorato.*# 

Electronic states are designated £ ,Tf, /I > etc. when _A_ - 0, 1, 2, 

etc. respectively.

A vector S describes the total angular momentum arising from the 

spins of unpaired electrons in the molecule. In CC1, which has twenty- 

three electrons, one, or possibly three, of them are expected to be 

unpaired, giving rise to a doublet, or possibly a quartet, electronic 

state. That the observed CC1 spectrum involves doublet states is 

apparent from tho double-headed structure of the bands shown in Fig. 7. 

Tliis discussion is therefore limited to doublet electronic states, and 

tho quantum number S - 4.

#The timo-avoraged magnitude of the component of L perpendicular to 
the internuclear axis is sero.
**It must be noted that two such degenerate states do not in fact 
correspond to opposite directions of precession of L. A solution 
of the waver equation fox* the system yields tiro eigenfunctions,
^ G) and ‘K (-), belonging to tho same eigenvalue and corresponding 

to opposite directions of precession of 1. Any linear combination 
of those two functions, however, is also""a valid wave function.

Thus the two degenerate states must be considered as having eigen
functions J 2 “ ^ W + ^ (-) and£ 2 -VW -'t'(-) , and neither 

stato^^ay bo associated exclusively vrith a givon direction of procession
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An interaction between the magnetic moments due to S and to -A~ 

causes S to precess about the internucloar axis with a component 

z.= ±W21T) along that axis. Since tho interaction is magnetic, 

there is an energy difference between states in which-^ and E_ are 

parallel or antiparallel. As shown in Fig. 9, -A- and E_ add to form 

-A. , and the latter vector is identical to P of Fig. 8. Tho rotational 

energy of the molecule is thus given by

, F(J)zBv (J(J+1) -A2] -DV«J2 (J41)2+ iA-4. (5)

where J-JL ,J1 + 1, etc. The final term is the energy of interaction 

of JL and-A^, A is called the spin-orbit coupling constant, and the 

factor -^ is the quantum number £ • According to this model, a doublet 

electronic stato with-Ai 0 has two sets of rotational levels. Levels 

with the same J have a separation of Aj. • The two sub-states are 

designated by a subscript showing the value of jjLlz/, for example

IT A and *^2/2 * ^ ^SU^ar states where A is positive, tho sub

state with the lower value of pL+l|is lower in energy. In inverted 

states A is negative, and the order of the levels is reversed.

In a £ state, where jL = Q, S cannot be coupled to the molecular 

axis, and the quantum number K. is not defined. Hore, levels of the 

same J are degenerate.

The model just presented is valid only if there is no appreciable 

interaction between nuclear rotation and electronic motion. Such an 

interaction modifies the way in which the vectors are coupled. It 

is convenient to discuss those modifications in terms of idealised 

limiting cases called Hundts coupling cases.

In Hund’s case (a) it is assumed that the interaction between 

nuclear rotation and electronic motion is negligible, while L and S
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are each strongly coupled to the internuclcar axis* In othex' words, 

the above model is a valid description, and equation (5) gives tho 

correct energy* As noted above, a £ state cannot belong to case (a)*

The opposite assumptions are rads in case (b)* Hore the rotation 

of the nuclei is considered to be core rapid than tho precession of 

S about the internuclear axis* 3 is uncoupled from the internuclcar 

axis and X is no longer defined* Fig* 10 shows houJL, and II fore 

a resultant K which is loosely coupled with S to give the total angu

lar momentum J* The quantum number K takes on the values^ ,_/{.+ 1, 

etc* In this approximation there is no magnetic moment in the direction 

of K with which 3 may interact, and therefore levels of equal K are 

degenerate* The energy may be derived by the sane argument that led 

to equation (/J, and is given by

F(K)= ^[kU+D -A 2 J ^^(K + I)2. (6)

Case (b) is th© appropriate model for a £ state* For states in 

which./, ^r 0$ case (a) provides a valid description at low J values, but 

as the rotaional energy increases, and S is uncoupled from tho inter

nuclear axis, case (b) assumptions become rare appropriate*

Hill and Van Vlock have derived an egression for tho rotational 

energy of a diatonic molecule with any form of coupling intermediate 

to cases (a) and (b)* Starting with case (b) assumptions, they 

introduced the coupling between S and -A. as a perturbation* Their 

expression for a doublet stat© is

where YzA/Bv* The two expressions, F^(J) and ^(J), are obtained
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by using the upper and lower signs respectively. The first gives

the energy of rotational levels in which J = K4 ^ and the second is

used for the levels in which J - K-g.* For the lowest value of J

(i.o, J=j{ -2), there is just one state, since, in case (a), tho

loxzest value which J nay talcs isJl » For this one level, the ex

pression F, is used for 24^4+cP , and tho expression F for 

-oo 4 y 42°

In Fig. 11, a correlation is made between the rotational energy

levels of a △ state as Y is varied from large positive to large 

53
negative values. This change in Y corresponds to the transition

"^ ^U’^ ^’^ ^^V The correlation diagram shows

how case (b) levels of equal K are approximately degenerate, while

case (a) levels of equal J have a constant separation. The order in 

which tho various levels lie for any degree of coupling, that is for any 

value of Y, is also shown.

In Appendix I it is shown how tho Hill and Van Vleck expression 

(equation 7) reduces to the case (a) and case (b) expressions, given by 

equations (5) and (6) respectively, if appropriate assumptions are made 

as to the relative values of Y and J, Equation (7) is also reduced to 

forms suitable for a description of the energy levels observed in CGI.

Other coupling cases have been described^*^ in which S and L 

are more strongly coupled to each other than to the internuclear axis, 

or in which -A- is not defined. The latter situation arises chiefly 

in hydrides where the deviation of tho electric field from tho spherical

•”’In case (a), K is not defined. Which of tho two energy expressions 
is to be used for a given rotational level must then bo dotermined 
by mailing a correlation between that level and tho corresponding 
case (b) level, with the aid of Fig, 11,
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synoetiy of ths wilted atom is not pronounced. Casos (a) and (b), 

however, are adequate for a description of tho CC1 spectrum. Case (d) 

is mentioned below in connaction "ith^ -type doubling •

II. SPIN DOUBLING IN CASE (b) STATED:- It lias been assumed thus far 

that in a ^_ state, case (b) conditions apply exactly, and that 

levels with tho same K are degenerate for all values of K. Actually, 
47,52 

thero are small interactions which remove this degeneracy. The 

rotation of the nuclei about their centre of nass causes a distortion 

of tho precession of L, such that the velocity of precession is not 

uniform. The tine-averaged magnitude of tho component of L perpendiJ 

cular to the internucleai* axis therefor© does not vanish, and a small 

magnetic moment io set up in the direction of K. To this is added a 

Sidell magnetic moment in the sane direction due to the rotation of the 

charged nuclei. Tho latter is only a small fraction, (mass, electron)/ 

(ciass, nuclei), of the magnetic moments which arise from electronic 

motion. These two moments interact with S to produce a splitting of 

levels of coral K as follows:

FnU) = fUH^Yk
F*(K) .F(K)~^(K+1) (8)

where F(K) is tho energy given by equation 6, and Y is a very e-mail 

constant.

This spin splitting can also occur in case (b) states iiith./.^ 0, 

but it is a much smaller effect than the splitting of levels -A^w^ 

case (a) tendencies.

Ill _X-TIPE DOUBLING:- jL -type doubling is tho removal of tho two

fold degeneracy of all states in which-/.^ 0. The_4_-type doubling of
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a case (a) or (b) state my be thought of as a slight tendency to- 

/ x ^7,51
wards case (d) coupling.

In case (d) it is assumed that L is coupled only weakly to the 

internuclcar axis, but that there is a strong interaction between L 

and N. These tiro vectors combine to form K, which, as in case (b), 

is the total angular momentum apart from spin. K and S add to form 

J as shown in Fig. 12. Tho rotational energy is given to a first ap

proximation by

P(N) = Bv N(U + 1). (9)

Each level with a given II is split into 2L + 1 components, oach of

which is further split into two close levols corresponding to the tiro

orientations of S, Since -A- is not defined, a case (d) state is

characterised by a constant value of L, rather than by a constant value

of Jt . If an adiabatic correlation is made between a case (d) state

with L—1, and a case (a) or (b) state, the single case (d) state goes

over into a L and a7]" state, corresponding to the two possible values

°f M Such a correlation is illustrated in Fig. 13. It can be

seen how a slight tendency towards case (d) removes the tiro-fold degen

eracy of oach rotational level of the IT stato.

-typo doubling and the spin splitting

described in Section II may bo thought of as arising from perturbations 

by neighbouring electronic states. Tho magnitude of the splitting 

produced by either typo of doubling increases as tho energy separating 

tho perturbing and perturbed states decreases.

50
Herzberg and Kulliken and Christy have discussed the magnitude 

of^-type doubling in different electronic states. In ~JT case (b) 

states it is small, and increases quadratically vioh J. In II ; case
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(a) states it is comparatively large, and increases linearly tiih J. 

In IT 3/,, case (a) states it increases with tho third power of J, 

but for moderate J it is much smaller than in tho corresponding 

2 /7f ! sub-state. J -type doubling is negligibly small in A states.

IV. SELECTION RULES AND ALLOWED TRANSITIONS.*-  The allowed transition: 

which give rise to the observed spectrum of a molecule are limited by 

a number of selection rules*  The first four rules listed below are 

perfectly general.

*These rules refer only to electric dipolo transitions. Other types 
of transitions give rise to much weaker spectra.

(i) A J ~ “1, 0 or + 1. Spectral lines arising from these throe 

types of transition form respectively’- the P, Q, and R branches which 

make up a band.

(ii) A _A- 0,1 1, This rule forbids transitions of the type 

^ “A • A further provision states that if A _A - 0, transitions 

with A J= 0 are weak. Thus, for example, in a 7T - 7T transition only 

the first few lines of a Q branch would appear with appreciable intens

ity.

(iii) Positive states combine only with negative ones, and vice 

versa. Each rotational level is classified as positive or negative 

according to whether its total wave function is unchanged or changes 

sign by a reflection at tho origin. In states withJL4= 0, the tiro 

JL -type components differ in this symmetry classification. It is 

shown in Fig. 14 how this fact limits tho number of spectral linos 

which arise from the doubling of the levels. If both initial and 

final states havcj,^ 0, oach line in the spectrum is doubled. If one



54.

3.5

1.5

2.5
3/2

2.5

J/2
151/2

Fin. 14* -4- -typo Doubling in Q_ and P^ linns



55.

state is a £ state, there is no doubling of the lines, but transi

tions giving riso to certain branches terminate on one set of_y[_ - 

components, and transitions giving riso to other brandies terminate

on tho other set,

(iv) ^ S s 0, Transitions between states of different multipli

cities are therefore forbidden,

(v) In case (a)-cace (a) transitions, where tho quantum number 

L is defined in both initial and final states, tho rule A £- 0 applies.

2 TT 2 .
As a result transitions such as // ; - A ^ are forbidden, and, 

neglecting J\_ -type doubling, only six brandies (two P, two Q, and 

two R) are allowed in transitions between doublet states.

(vi) In case (b)-casc (b) transitions, where K is defined in 

both initial and final states, only transitions for which A K-0 1 1 

are allowed, and transitions for which. A K ^ A J ore of low intensity. 

Again neglecting tho effects of_A_ -type doubling, only six brandies 

appear with appreciable intensity* Four additional satellite branches, 

for which A K-^ A J can appear, but their intensity decreases rapidly 

with increasing K.

In a case (b)-case (a) transition, neither rules (v) nor (vi) 

apply. Neglecting j[_ -typo doubling, twelve brandies are now possible, 

as shown for a typical transition in Fig, 15. The size branches P-, 

^1* $1’ ^2* ^2* ^^ $2 are ^^ ^^Ln branches which are allowed in (a) -

(a) transitions. The four satellite brandies Q. 1’

havo △ K^A J, and are of low intensity in (b) - (b) transitions.

These branches closoly parallel four of tho wain branches, the position 

of corresponding linos differing only by tho splitting between levels 

of equal K of tho case (b) state. Often those satellites arc rot
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□oparatoly resolved. The two satellite branches Plo and R^ ^^ 

A K=^2 and arc allowed only in (b) - (a) transitions. Tho in

tensities of tho six satellite branches increase as the difference 

between the coupling in initial and final states becomes more narked. 

In the limit of a ’’pure case (b)” - "pure case (a)” transition, all 

twelve branches are equally intense.

Formulae are given in Appendix H for the frequencies of tho 

lines in each of the twelve branches shown in Fig. 15. It is shown 

how, in a ”pure case (b)“ - case (a) transition, the lines follow 

parabolic formulae. In a ’’near case (b)” - case (a) transition, where 

tho case (b) state shows tendencies towards case (a) coupling, the 

low-J linos of each branch deviate from parabolic formulae. These 

irregularities are called “low-J deviations” throughout this thesis.

The structure of a band can bo illustrated by a Fortrat diagram, 

in which the frequencies of the lines are plotted against J for each 

branch. Four such diagrams are shown in Fig. 16. ’’Pure case (b)“ - 

case (a) and “near case (b)” - case (a) transitions are illustrated 

in Figs. 16(a) and 16(b). Other typos of transitions which might be 

expected , in the CC1 molecule are shown in Figs. 16(c) and 16(d). 

The bands illustrated in Fig. 16 are all degraded towards higher fre

quencies, indicating that the internuclcar distance is greater in the 

lower than in the upper state. (See Appendix II). The directions in 

which the “low-J deviations” occur depend on the order of the energy 

levels of the case (b) state. The “low-J deviations” of Fig. 16(b)

correspond to the order shown in Fig. 15.
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CHAPTER fa.

ROTATIONAL ANALYSIS OF THE 2780 A° BAUD OF THE CC1

♦MOLECULE

I. ASSIGNMENT OF THE TRANSITION:- Ac described in Chapter 6, the 

intense spectrum emitted at 2780 A° by a discharge in CCl^ vapour 

was photographed under high resolution. A microdensitomotor profile 

of the prominent band in this region is reproduced in Fig. 17. Tho 

simple double-headed structure of this band shows that the emitter is

a diatomic or linear polyatomic molecule with an odd number of electrons. 

It may be assumed that this emitter contains chlorine, since the 

spectrum was excited in a number of chlorine-containing Freons, but not 

in chemically similar, chlorine-free Freons. The rotational constants 

obtained in the analysis below are consistent only with the CC1 molecule

being responsible for the spectrum.

The band in Fig. 17 consists of two sub-bands, separated by about 

140 cm. ^ , with two prominent heads, labelled (^ and P^, degraded to 

higher frequencies. Two other intensity maxima can be seen which are

the heads of an underlying band, Within each sub-band, four intense

branches can be picked out. They

The presence of two

are labelled ^12* ^2* ^2* "2’ ^1* 

widely separated sub-bands indicates

that the transition involves a case (a) doublet state. The presence of a

fourth intense branch in each sub—band indicates that tho other state

must have case (b) coupling. The eight intense branches listed above 

correspond to eight of tho branches shown in Figo. 16(a), (b) for a 

doublet case (b) — doublet case (a) transition. A total of twelve

60.
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branches occur in such a transition, but as explained in Chapter 7>

four of the satellite branches are not expected to be separately 

resolved. In Figs. 16(a), (b) the branches P^ and P^ fora heads at 

high values of J. Mo such heads appear in Fig, 17 because, at such 

high J values, the intensity of emission is very low.

The lines of the observed branches do not follow parabolic formu

lae at lower values of J. These ”low-J deviations'1 indicate that the

case (b) state has some tendency towards case (a) coupling, and 

therefore cannot be Z • It can be seen from Fig. 17 that low J 

lines of the Q^ branch are bunched together, giving a head-liko appeal

ance, while those of the corresponding R^ branch arc moro widely spaced, 

and extend almost to the Q^ head. The Q? branch is closely paralleled 

by its less intense satellite ^i ^^ most of the R^ lines are not 

separately resolved. Wear the sub-band origin, however, the nlow-J

deviations’1 occur also in the head-forming branches Q^ and P^, Eavia

tions in the latter are in such a direction as to diminish the spacings

between lines, and none of the (^ lines are resolved. In tho P^ branch, 

the deviations tend to increase the line spacings, and a number of low-J 

lines are resolved. The loW effects described above arc tho same as 

those predicted in Fig. 16(b), In section IV below, these effects are 

considered quantitatively when the separation. £ ’ (K) between the two 

case (b) suo-states is determined.

Two of the intense observed branches are of Q type, with 4 J - 0.

The Q branch is distinct from its satollito R at low J values 
2 12

Q lines appear strongly between the more widely spaced R linos

and

high intensity of the head in tho Q^ branch cannot bo ascribed to tho 

accompanying satellite branch P^ , since it can bo calculated that the
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latter would form a head 1 cm. to lower frequencies, and such a head

does not appear with appreciable intensity. It follows that A J_ - t 1

for the transition,
2

The electron configuration of CC1 requires a IT ground state 
54 55r°° 57

Electronically similar molecules, such as SiF, CF, and LO, all

2 / X
have Ji case (a) lower states for transitions observed under

similar experimental conditions. If it is assumed that the lower state

2
of CC1 is also of this type, the observed transition must be ZJ case (b)-

H case(a).
" reg

This assignment is confirmed by the -A. -type doubling

effects described in Section VII below. In Section IV it is shown that 

tho -A state is inverted.

31
In their rotational analysis, Kuzyakov and Tatevskyi assigned

2 2
the CGI spectrum to a ^ - K transition. Tho evidence presented

above for a 2a upper state depends on a comparison of the spacings of

low-J lines in corresponding branches of the two sub-bands. Signifi

cantly, Kuzyakov and Tatevakyi analyzed only one of tho sub-bands. In 

the analysis described in this chapter both sub-bands were used, and 

all attempts to analyse tho spectrum in terms of a £ - <1 transition 

failed.

II. TIE CO'EIhATIOA PRINCIPLE:- The frequencies of all tho observed

lines are listed in Appendix UI. The remainder of this analysis is

based on six branches, P^, Qg, :,, P^, U^, and E , in each of which

a large number of lines were resolved.

In principle the rotational constants of the tiro states could be 

determined by fitting tho observed line frequencies to tho formulae for 

the branches given in Appendix: II. In practice it is moro convenient 

to use tho combination principle. Relations called combination
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differences are set up in which the difference in energy of fr.ro ro

tational levels of the same vibronic state is expressed as the difference 

in frequency of two lines of different branches. Tho combination 

differences used in this analysis are given in equations (10) to (14). 

They can be derived from the formulae for the branches in Appendix II. 

The necessary energy'' level expressions are derived in Appendix I from 

the general Hill and Van Vleck expression [equation (7) of Chapter ?] * 

All approximations made are justified in Appendix I.

*Tho superscripts ’ and " denote upper and lower—state quantities 
respectively. The introduction of effective rotational constants is 
explained in Appendix I,

To use the combination differences, it is necessary to know the 

correct numbering of the lines in each branch. In cost spectra this 

numbering is determined readily by inspection. The origin of each sub

band is indicated by a central gap, corresponding to certain missing 

lines, and the numbering begins at that origin. In tho CGI spectrum, 

the "low-J deviations" obscure the central gaps, and the numbering must 

be determined by other means.

HI. LOWER STATE COHSTAIHS AMD IFdEBERIHG OF THE HIES:- Equation (10) 

and (11) below give the effective relational constants, (BeffJ/S of the 

2 IT 2 -rr
H 3/2 and 1/ y sub-states respectively.'^

B2(J-1) - Q2(J) : F2»(J) - F2»(J-1) = 2<Be£f)2”J. (10)

^(J-l) - P^JU) = ^"(JH) - Fj»(J-l) ; UB^p (Jfi). (U)

These combination differences, if evaluated from correctly numbered lines, 

involve only separations between lower-state rotational levels. If thoy 

are evaluated from incorrectly numbered lines, the resulting expressions



»

are then functions of the levels of both electronic states, and do not 

have tho analytical fora given by equations (.10) and (11). Such in

correctly evaluated expressions do not vanish for J“0 or ((Jt^^O 

respectively, and are not quite linear in Jo Wie non-linearity is 

due to the inclusion oi‘ the quantity ll(<l)3 which is defined in 

Appendix Io K(u) occurs in the upper-state energy level expressions, 

and accounts for the tendencies of that caoo(b) state towards case (c) 

coupling. To a first appreciation, Il(J) is inversely proportional to 

(J + ^)o It is cancelled only if equations (10) and (11) are evaluate'’ 

from correctly numbered lines.

The numberings of the four branches which appear in the above 

combination differences were varied systematically. For each numberx. 

scheme the combination differences were evaluated and fitted tc a 

linear expression by the method of least squares.#

The results of this procedure are given in Table 5* The constant 

and linear coefficients, a and a, respectively, of tho least-squares 

equations are given in the fourth and fifth colums. As shown above, a,- 

is ejected to vanish if, and only if, tho numbering of the linos is 

correct. The quantity V is the sum of the squares of the residuals 

obtained from the least-squares treatment. It is a measure of ho:; well

■^Th© combination differences for each value of J were fitted to tho 
power series y(x)- a 4 a-|X+ a^xd-.., whore x - J or (J+jj)« The 
coefficients aj and uheir standard deviations wsre calculated 
according to the least-squares i^thod of dirge. ° In Appendix: I,
centrifugal stretching terms and certain other contributions to 
rotational energy were neglected. These contributions would have 
appeared in equations (10), (11), and (13) as quadratic or higher 
coefficients of x. In the fitting of these equations, with the 
correct numbering, quadratic and higher coefficients were s.rllci’ 
than the standard deviations of the linear coefficients. Ibis is 
further justification for tho approximations of Append!:: r.
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rxW ?.

RESULTS OBTAINED FROM EQUATIONS 10 AIS) 11 WITH VARIOUS

HUMBERIEG SCHEMES

Tho numbering schemes are indicated in the first tiro columns by 

the frequencies of tho lines whoso assignments are indicated. Tho 

correct schemes are marked #• The errors quoted are standard devia

tions. Only for the numbering schemes marked ft arc the coefficients 

a$ less than their standard deviations.

Combination Difference 110}: Evaluated from J - 4.5 to 33.5.

B^J-l) - ^(J) -- 2(B^P2»= ^t^a.

R2(9.5) Q (9.5)
2

V a0

-1 1
35890.49 cm. 35875.36 cm. 0.982 -0.155 cm.

35892.79 35875.95 0.575 0.879

35892.79 35876.64 0.349 0.440

35892.79// 35877.37 0.231 (-0.005 (1.39012

10.08 ) t0.00192) cm.

35892.79 35878.13 0.257 -0.517

35894.97 35878.94 0.354 0.321

Combination Difference (11): Evaluated from J- 5.5 tc> 27.5.

HjW-l) - Ppj + l):£ ) 11
eff'l

(JI y X aQ+ a^J.

Px(9.5) ^(9.5) V a0 *1

-1 •1 -1
36007.01 cmi. 36O1O.5O cm. 0.821 —0.881 cm. 2.80158 cm.

35981.04 36009.30 0.231 1.02 2.77324

35981.04# 36003.12 0.298 ( 0.026 (2.75569

-0.04 ) i 0.00404)

35981.04 36007.01 0.249 -0.992 2.73648
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the observed data fits a linear equation. For the correct numbering

scheme, with which the non-linear term H(J) is cancelled, V is exacted

to be a minimum.

For the correct numbering of the Q_ and R branches, V is a mini-

mum, and a~ of equation (10) vanishes, as predicted. The correct

numbering of the R^ and P^ branches was taken to be that for which

of equation (11) vanished, although V is not a minimum for this number

ing. The magnitude of V, however, is not as sensitive a criterion of 

non-linearity in equation (11) as it is in equation (10) where the slope 

is only half as great. The numbering of the R^ and P^ branches was 

confirmed by an additional test. Approximate values of B” and (Y”-2) 

quoted in Appendix I can be used to show that (B^^)^” -(0.99- 

x (Be^)2"> from which it follows that tho linear coefficient a^ of 

equation (11) should fall withiii the limits (2.7524- 0,0056) cm. This 

condition is met only for tho numbering scheme already taken to be

correct.

The effective rotational constants (B _„) ” were obtained from tn 
efl i

coefficients a^. The true rotational constant Bq” is the mean of the

two effective rotational constants, and is given in Table 6.*

Two independent combination differences give the separation of the 

2 2
sub-states and 7T i# as shown in equation (12).

3/2 S

£ ”(j) - P^J) - P^U) - ^(J) - MJ) = F/CJ) - Fl” (J)

= B0"(I"-2) + [(Beff)2” - (Ba£f)i"J J(J+1) (12)

*The band on which thio rotational analysis is being performed is 
shown in Chapter 9 to be the (0-0) band of the system. Tho subscript 
v, in the symbols for the rotational constants, is thus 0.

L



ihc mt-jcrinj Qi th© Pj and . .. branohes is known fro:. above. For a 

unique jiuaberiiq; of the F^g md :^1 branches, tiie two cor-binstioa 

diffcrancoo above agreed Fop all values of J. iha r.u barirc of 

all six brandies unad iu visa analgia ms therefore deteralned.

The co:-bimtion differences of equation (12) vero evaluax'u 

ever the rance J? 6.5 - 3-4.5, end the following icasx-cqmreu 

equation was obtained:

3 "(J) = (133.5'71 0.13) + d(0.0158* 0.0142)

-+ J2(o.U&55- 0.6335) cku~x (12a)

The constants I* and A” were calculated frot: tho constant term, 

end aro quoted in Table 6. bif ilu the standard deviations elven, 

the coefficients of J and J* in equation. (12a) £ivo tho value 

K^eff^o" “ ( W*’}?”} ' 0«006 c&»“ obtained fror; ccfoS’iation 

differences (IQ) and (11).

IV. ^££t^Lili£^^ -he folloirinc coJoinalion difference ci

11-,% the upper-state rotaticrwl consvant, indeparrhntlF of the 

quantity H(d);

HxG) - MJj+M^+lUd-l) - Qg(J) - t2U-1) 

r^U^D^gtCJ+l)] - [ifU-D Ig’U-l)] 

= &V (d + ^jo (13)

It ms evaluates frou ■ = A«> to 26.5, and a least-eq; re 

treatment .save th? value of ?m quoted in Table 6.

Iha cabirxtion difference below elves the separation of 

levels Ox equal h an the ^ otcia.

uharc^lfCP-^) -^A* * - - - ^ 1®*®r ^ uppwv®**** 

quantum; numbers respectively. It can be verified fix .. ?i> 15

of Chapter 7 frat u=J+..



This combination difference was evaluated using the J :l values of 

the least-square equation (12a) • A computer prograame was set up to 

give the difference between observed values of / J, and values calcu

lated using an arbitrary cA , for each value of K froi. 2 to 24. A

-1
cdLnimuic residual deviation of 0.138 cm* van obtained fores- = 57.>b.*

It follows from the discussion in Appendix II that equation (14) 

is valid for the (J»= 1.5, K» ~ 2) level of the ‘"A state only if that 

state io inverted (i.e. X? ^ 2). If X* ^ 2, this anomalous level is

described by the F * rather than by the F ’ energy expression, f or a 
2 1 2

regular A state (i.e. Y’ •/ 2) the frequencies of the lines originat

ing from this level do not obey the general formulae given in Table 9

of Appendix II, but ore shifted to lower frequencies, /f(E = 2) is

decreased by ths sane amount. flic shift is given by IM(<J»- 1.5) 

- F * (J» = 1.5) - -23* (4+^ )~ z -11.1 cm. Of the five lines 

which involve the anomalous level, only too, PO(2.5) and C (1.5), were

resolved. Those lines do obey the general formulae of appendix II,

-1
and there is no evidence of a shift of 11.1 cn. to lower frequencies.

2 A
It uay therefore be concluded that ths A state is inverted. Of the

2
two values of Y’ which are roots of Y»(Y’-4)_^, /4=-o^ = 57.9t, the 

one ratifying the condition Y* ^ 2 was taken and is given in Table 6.

V. O^ILIL^^^ The originV0(2) of the "4 - ^ /■>

sub-band was determined from a least-squares treatment of tho following

combination relation:

■~in equation*n(]j^77 & tcum -^\Kfi^^ have been added to account 
for spin splitting. Compare equation (14) and equation (30) of 
Appendix I. This effect, however, is not expected to be large for 
a A state. If tho term, in T is significant, it would be esttcetcd 
that the differences between observed and calculated values of j * 
would vary linearly with K. These differences were found to be quite 
randoms thus the neglect of tho term in ^ is Justified.
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TABLE 6,

ROTATIONAL CONSTANTS FOR THE (O-O) BAUD OF THE CGI SPECTRUM

Errors are quoted as standard deviations.

Upper A case
inv

(b) State:

T0»(v» - 0) = V Q(l) - 36,000.92 - 0.25 cm."1

Bq« - 0.70533 10.00062 cm.

rQ* - 1.635461 0.00073 A®

Doublet Splitting; Y» - -5.87

A’ ; Bq»Y» - -4.14 cm."1

Lower tt case (a) State: 
1/ reg

2 1
l’0“( 7T3/2, v« = 0)tB0"(Y«-2)~ 133.5710.13 cm.

Tn"^ v“ " 0); 0 cm. “

° -1

(B ) » - 0.68692 - 0.00101 cm.
eff 1 i

(B „J " = 0.695061 0.00096 cm."

Bo” - 0.69199 10.00069 cm.

r0” - 1.6511510.00081 A®

Doublet Splitting: 1“ - 195.0310.19

A” s B uyn =134.961 0.13 cm."1

Sub-band Origins:

"V (1)- 36,000.92-0.25 u.

V 0(2) - 35,867.35- 0.12 cm.
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Il2(J-l) 4-Pu(J H) -- 2 Vo(2) +B0>/2 - 2(Beff)a"

2J(Jfl) [bq. - (Beff)2"J . (15)

It was not possible to use a similar relation to determine Vo (1),

since lines, close to that origin , were not resolved, and serious

errors of extrapolation would be introduced. Greater precision was

obtained using the relation

^(i) ' ro(2) +V (y" ■ 2) (W)

which follows from the definitions of the origins in Appendix II.

VI. SUMMARY OF MEASURED QUANTITIES FOR THE 2?£0 A °BAUD:- Tho

results of the rotational analysis are given in Table 6.

The quantities T are tho energies of the vibronic states, 
2 0

red to 71 T (v”eO) as zero. The distinction between vibronic

refer-

and

rotational energy, which is necessarily arbitrary, is described in

Appendix I.

The internucloar distances r in each state are obtained from the

rotational constants by the relation 
2 £

ry (h/sTT o>Bv)- (17)

where/c is the reduced mass of the atoms. In calculating/a it is

12 35
assumed that the emitter is tho species C Cl ,

The constants D were too small to measure accurately. As shown 

-6 —1
in Appendix I, they are of the order of 2 x 10 cm. in each state.

As a check on tho analysis, tho frequencies of all the observed 

lines were calculated from the formulas of Appendix II and the constant 

given in Table 6, The observed and calculated frequencies agreed i/ith- 

in the limits sot by the accuracy of measurement of tho linos.

VII. FINE STRUCTURE: Many of tho lines listed in Appendix HI could

be resolved into two or more closely-spaced, components. Linos of the
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2 2A - TT ^/^ sub-band have two components, a and b, as sho:m in 

Fig. 18(a). Tho separation of these components docs not vary with J,

—X 
within the limits of observation, and amounts to about 0,27 cn.

Linos of the A - TT : sub-band have three components, d, e, and f, 

as shown in Fig. 18 (^). The separation of the outer two components, 

d and f, increases linearly with J, varying from about 0,3 cm, ^ at 

very low J to about 0,7 cm. at J - 30.5.

2 2
The occurence of three components in tho A - 17* .? sub-band, 

and tho constant separation of tho two components in the other sub

band, are not consistent with-A -typo doubling effects, as described

in Chapter 7. It was therefore assumed that the two components in the 

sub-band arose from some other offset. >4. -type doubling

is not expected to be appreciable in this sub-band. Tho fine structure

of tho A - TT , sub-band was assumed to result from a superposition 

of the doubling described above and_4.-type doubling, The four compo

nents thus expected wore only resolved into three, with the centre one

being more intense. The observed linear increase with J of the total

line width is that expected for the appreciable -A -type doubling in a 

7T ' sub-state. The relative magnitude of the _/(_-typo doubling in

2
tho two sub-bands serves to confirm the assignment of tho transition

made in Section I.

In the first kind of doubling (i.e. the kind not attributes to

-4_-typo doubling), the second component cannot bo one of the satellite

lines which closely parallel lines of the main branches, since tliis doub

ling appears in the ? and ? branches which have no accompanying 

satellites. Heithor is the second component likely to be a line ;

37
CC1 molecule, since the spectrum oi this isotopic species would



r
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35
only a third as intense as that of tho tore abundant CCL /dso, the 

separation of lines due to Ura isotopic species does not recoin con

stant with increasing J. The small posies a’, b’, and c in Fig. It

probably are linos of the CC1 spectrum. Again, since they appear

in the P.. and P

analysis of these

branches, they cannot be satellite lines, io

isotopic lines was attested, since they appear on

original spectrogram in very poor contrast, and cannot be measured

accurately.

The doubling may possibly' bo a spurious effect, arising fro..

faulty spectroscopic technique. In such a case, however, a brcacining

of the lines, rather than a splitting into two components, would be

expected. In Chapter 6 it is described how tomporaturo and pro

effects, which might cause such a broadening, wars investigated and

found to be negligible,

A Zeeman effect, caused by the magnetic field of the microwave 

radiation, may have caused the doubling. In case (a) states, the mag

netic moment in the direction of J is space-quantised, and each 

rotational level is split into 21+1 components by an external magnetic 

field. The total width of the multiplet decreases in inverse propor

tion to (d+l)^ and for high values of J tho splitting is negligible. 

In case (b) states, tho angular momenta associated with S and K are 

often uncoupled by external magnetic fields, and each is independently 

□pace-quantised, Lach rotational lovol is split into two caeponeiXs, 

corresponding to different orientations of S to tho external field. 

Lach of these components is further split into 2K+1 components, cor

responding to different orientations of K. The latter splitting, 

however, is negligible at high K, as ic the splitting of each J level.
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in case (a). In CC1, each rotational level of the case (b) state 

would thus be split effectively into tw components., with a separation 

independent of J and of K* Ko appreciable splitting would occur in 

tho case (a) state except at very low J. The doubling of tho lines 

vrould therefore bo emplakcd,

The doubling could also be attributed to quadrupole interactions 

47
of the chlorine nucleus* The observed doubling, however, ie very 

snail, of the order of the resolution , and only speculative conclu

sions may bo made ao to its origin*



CHAPTER 9.

VIBRATIONAL ANALYSIS OF THE CC1 SPECTRUM

A microdensitometer profile of the entire observed CC1 spectrum 

is shown in Fig. 19* It was taken from a low-resolution spectrogram, 

similar to Fig, 3, but more heavily exposed in order to bring out the 

weaker features, A second microdonsitometcr profile, in Fig, 20, shows 

under high resolution the band heads in the 2S5O A° region. The fre

quencies and vibrational assignments of the observed band heads are 

given in Table.7•

According to the rotational analysis, each band in this system
-1

may be identified by a Q^ and a P^ head, separated by about 140 cm. 

In calculating the positions of tho vibrational energy levels, the

frequencies of the sub-band origins, rather than the frequencies of 

the heads, should be used. The exact head-origin separation in a given 

band, however, can be determined only from a rotational analysis of 

that band. Since this was done for only one band, the frequency of 

each band is taken to be the mean of tho frequencies of its Q and P
1 2

heads. The separation of these two heads is almost equal to tho separa

tion of the corresponding sub-band origins.

The identification of tho Q and P heads in each band is compli- 
1 2

cated by the head-like appearance of the low-J lines of tho Q^ branch, 

A coinparison of Figs, 18 end 19(b), which are high and low-resolution

profiles respectively of the same part of tho spectrum, shows how the

intensity maximum labelled Q?(0-0) could easily bo mistaken for a true

76.
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head, indicating the presence of an additional band*
24,27-3!

Previous vibrational analyses of the CC1 spectrum were

made under lower resolution than was usod in the work described in this

thesis. The ”low-J deviations” which cause the appearance of a spur

ious Q head wore not recognized, and incorrect assignments of the bands

resulted. Also, the two closely-spaced bands at 2850 A° , labelled

(0-1) and (1-2) in Fig. 20, were not separately resolved. For these

reasons, tho new vibrational analysis described in this chapter was

necessary.

The energies of the vibrational levels of each electronic state 

• u 47 
are given by

G(v)» «ve(v+i) - cu^ (v±£)2 + ... (18)

where v is the vibrational quantum number. The constants ^e and ^x 

are the vibrational frequency and the anharmonicity constant respect

ively, both referred to the minimum of the vibrational potential curve. 

“%» tv x@ > 0. To a first approximation, tho vibrational levels 

are equally spaced, with a separation tv • Terms in quadratic and higher 
* e

powers of (v+^) account for the fact that higher vibrational levels 

become more closely spaced, because of the anharmonic nature of the 

vibrational potential curve.

A given band is designated by the upper and lower-state quantum 

numbers, v* and v" respectively, of the vibrational levels involved in 

the transition. For example, the designation (0-1) indicates that v’= 0 

and v" = 1. A series of bands in a given system for which 4 vx (v» - v”) 

is constant is called a sequence. The separation between different se

quences is of the order of tu , while the separation between the bands 

within a given sequence is much smaller, of the order of ( ^ 0’ - ^J’).
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Fig. 20. A High-Resolution Micro densitometer Trace of the 
CC1 Band Heads at 2850 A°. *
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TABLS 7.

raEQUEiiCES AMD ASSIGIEIEHTS OF BAUD HEADS ADD BAPPS

Sequence Head Frequency Doublet
Separation

«1-P2

Band Frequency

(Qi+Pj/2 
—

«1 p
"2

A v ' ^ 

(2714 A*)

36836 36700 136 36768 (1-O|

A v= 0 35992.2 35854.1 138.1 35923.1 (0-0)

(2780 A’) 976.3 837.8 138.5 907.1 (1-1)

35134.2 35001.8 132.4 35068.0 (O-l)i

130.9 000.1 130.8 65.4 (l-2)i

(2850 A° ) 128.2 34995.7 132.5 61.9 (0-1)

124.6 993.9 130.7 59.2 (1-2)

Av--2 34284 34147 137 34215 (0-2)

(2920 A° ) 34246 34098 148 34172 (2-4), etc.

Frequencies are given in cm. ~ Bands of CGI arc designated by the 

symbol i.



The spectrum in Fig. 19 consists of four clusters of bands, sopor 

ated by approximately equal intervals of 860 cm. The bands within 

each cluster form a sequence. Since tho inter-nuclear distances in the 

upper and lower electronic states differ by only 14, it was assumed 

initially in accordance with the Franck-Condon principle, that the 

most intense bands, occuring at 2740 A0 , form the △ v = (v? - v’!)=O 

sequence. The bands at 2714, 2450, and 2920 A® arc thus tho Av-1, -] 

and -2 sequences respectively.
47 

According to empirical rules stated by Herzberg, ths vibration

al frequencies, tw 5 and u>» in tho upper and lower states respectively 

do not differ greatly if the corresponding internuclcar distances are 

not very different. Tho separation between the sequences indicator

-1
that both vibrational frequencies arc of tho order of 460 cm.

37
Bands due to CC1 arc expected to appear with appreciable intu

ity, and with nearly the same separation of Q^ and P heads found in 

35 . .
the more intense CC1 bands. The frequency shift between bands of 

the two isotopic molecules may be calculated from the approximate vi

brational frequencies given above. A negligible shift is expected in
-1

the A v iQ sequence. In the A v - -1 sequence, an interval of 6 cm.

is expected between band heads of the two molecules, with uhe CC1 

heads at higher frequencies. Appreciable shifts are e:poctcd in the 

other two sequences, but as the intensity of these sequences is so low.

37
it is unlikely that CC1 bands would be observed.

The isotopic shifts predicted above for the various sequences

37
were observed. Hoads due to CC1 are shown in Fig, 20. The shifts 

in the bands labelled (0-1) and (1-2), both lumbers of the △ v= -1 

sequence, are 6,1 and 6,2 cm, ^ respectively. In the A v = 0 sequence
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at 2750 A0, I'tac a negligible shift is predicted, no CC1 heads 

are observed, as they lie beneath tho intense CC1 heads. The 

observed isotope effect confirms the assignment of sequences made 

above.

Under the experimental conditions used, electronically excited

molecules undergo collisions, even during their short mean lifetime

X -8 47
(/IO seconds) in the upper electronic state. These collisions

tend to restore a Boltzmann energy distribution by removing tho

excess vibrational energy of the electronically excited molecules. 

Thus, almost all the electronic transitions responsible for the 

observed spectrum originate from the few lowest vibrational level* 

of tho upper electronic state.

The two intense pairs of heads observed at 2780 A thus 

belong to the (0-0) and (1-1) bands, and the two pairs at 2550 A° 

belong to tho (0-1) and (1-2) bands. Which pair of heads in each 

sequence belongs to which of the two expected bands for that sequence 

is not immediately apparent.

Equation (18) can be used to show that

(W) - (1-1)] - [(0-1) - (1-2)]’2 “%">o. (19)

Tho separation; of the A v*0 sequence bands is 16.0 cm. , while 

the separation of the Av*-1 sequence bands is only 2.7 cm.”^ 

It follows that equation (19) is satisfied only if tho higher- 

frequency band at 2780 A° is (0-0), and the lowor-frequcncy band 

in the same sequence is (1-1). Tho (0-0) band is the most intense 

of the entire system, as would bo expected from the Francis- 

Condon principle and from the arguments above.
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Equation (20) predicts the frequency of the (1-0) band.

(1-0) = (1-1) + (0-0) - (0-1)

^<36,768.3 cm.if (0-1) " 35,061.9 cm.^1

" *36,771.0 cm. if (0-1) = 35,059.2 cm. J ' (20)

Two frequencies uro given, since it has not yet been determined which 

of the two bands at 2850 A° is the (0-1) band, A band was observed at 

2714 A , with a frequency of 36,768 cm. Thore was no evidence of a

-1
band at the alternative frequency of 36,771 cm. Tho band at 36,768 

cm. ^ may thus be assigned to the (1-0) transiton. The assignment of

the two A v s -1 sequence bands at 2850 A* follows from tho agreement 

between the first frequency (36,768.%) cm. ^ calculated above for thr 

(0-1) band, and the frequency actually observed for this band.

The predicted frequency of the (0-2^ band is

(0-2) - (1-2) i (0-1) - (1-1) = 34,214.0 cm. U

The 2920 A* band is weak and complex, and its features cannot be identi

fied with certainty; nevertheless, a pair of heads is observed, as 
~ -1

shown in Fig. 19 with a mean frequency of 34,215 cm.

The bands identified thus far involve the v« = 0, 1, and 2 levels 

of the lower state, and the vs - 0, and 1 levels of the upper state. 

Their frequencies give the lowor-state vibrational constants of Table 8,

-1
as well as a value of 845 cm. for tho separation of the first two upper

state vibrational levels.

Two peaks at 2714 A*, yet unidentified, appear at 34,246 and 

-1
34,098 cm. They have the correct separation for a Q^ and a Pg head, 

but cannot be assigned to the (1-3) band, since they are care intense 

than the .heads of the (0-2) band already identified. Also, this assign

ment would give 887 cm. ^ for the separation of the v” = 3 and v” = 2



E4.

lower-state levels, implying negative anharmonicity. However, if 

-1
(JU Tx 1 is given the plausible value of about 7*5 cm. , it can 

e e

be shown that the heads in successive bands of the A v 5 -2 sequence 

will themselves converge at the observed head frequencies, and that 

this type of convergence trill not occur for successive bands in other 

sequences. This accounts for the relatively high intensities of the 

two heads labelled (2-4) etc. in Fig. 19, and is consistent with the 

rest of tho vibrational scheme.

The results of the vibrational analysis are given in Table. 8.

The quantities D are the dissociation energies of each electronic state 

measured from the minimum of the potential curve. They are calculated 

from the following extrapolation formula:

D = Uj2/4 o x . (22)
e e e e

This extrapolation is based on the assumption that the energies of 

all the vibrational levels are given exactly by equation (18), without 

the addition of terms in cubic or higher powers of (v+i). Such 

additional terms make a negligible contribution to the energies of lower 

vibrational levels, but can become very significant near the dissociation 

limit. Thus, the extrapolated values of D^ given in Table 8 are

probably accurate only as to order of magnitude.



TABLE 8.

laSASURED VIBRATIONAL CONSTANTS OF CC1

Upper A State;

o 7 z 260 cm. “ 
e
x’ = 7.5 cn.”^

© e
D’ = 24,7000 cm."1

Lower J! State:

e" x 875.1 cu.

-1
Cv x” z 7.0 c®, 

e G
D" * 27,300 cw.' 

e



CHAPTER 10

Discussion OF RESULTS OF THS CC1 AifALYSZS

2
The IT lower state of tho observed transition is almost certain

to be the ground state of CC1, arising from the electron configuration: 

• •• (IT) ( ^ ) ( TT )• The bond length of 1,65 A* in this state lies 

between the approximate values of 1.72 and 1.63 A for C-Cl bonds 

59
adjacent to double and triple bonds respectively. Similarly, 

55
Andrews and Barrow found that the ground state internuclear distance 

for tho GF radical is 1.27 A° , slightly less than the 1.32 A° found 

in QF groups adjacent to a double bond. The ground-state dissociation

energy, D^", of GC1 is 3*34 e.V.# As expected, it is less than the GF 

value of 4.96 e.V.

The splitting between the multiplet components of a case (a)

state is expected to increase with the number of electrons, as doos

the analagous splitting of atomic multiplets. The doublet separation

of the Tf lower state of GG1 is 133*57 cm. KO and SiF, which also

2
have twenty-three electrons, have IT lower states with similar doublet

-1
separations of 121 and 160 cm. respectively. The CGI doublet separ

ation is larger than the 77 cm. “ of GF, and smaller than the 207 cm.”“ 

47
of SiCl, which have fifteen and thirty-one electrons respectively.

Tho difference in energy of the dissociation products of the two

observed electronic states of CC1 is

△ E’T0»+ DQ« - Dq» - 4.5+3 - 3.34 = 4 e.V. (23)

^D- is the dissociation energy measured from the v-0 vibrational 
level, and is slightly loss than D , as defined in Chapter 9.

86.
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Most probably, tho lower-state dissociation products of CC1 arc 

3 2the normal C ( P) and halogen ( p) atoms, as was assumed by Andrews 

55 2
and Barrow for OF, The upper A state of CC1 can correlate with 

either: (i), the same normal atomic states, C cP) and Cl ( P), as 

in the lower state; (ii), the states C (2f D^) and Cl (^P)^ or, 

(iii), a large number of excited states of both the carbon and chlorine 

atoms, or their ions c"* and Cl • The AE values required by the first 

and second possibilities are 0 and 1,2 e.V. respectively, Tho possib- 

; 60
ilities (iii) require aA E value of 7 e.V, or more. Although the

D^ values given in equation (22) are the results of drastic extrapol— 

ations, it is unlikely that they are so inaccurate that the true 4 E 

value is 0 e.V,, or greater than 7 e.V. The upper-state dissociation 

products (ii) are thus the most likely, 

4 2
Tho electron configuration •••("#) (^) ( ^ ) is a reasonable 

one for the △ upper state of CC1, Mulliken^ has predicted that tho 

2 A 
state arising from this configuration has a narrow doublet sopar- 

2 
ation, as was observed. The configuration , . • (IT ; (e) ( £ ) io

unlikely. One of the dissociation products of tho molecular state 

arising from this configuration must be an atom with a d electron, and 

the dissociation products of lowest energy which meet this condition 

are C Od^D^) and Cl (^P), requiring a 4 E value of 9,7 e.V.

Finally, both the internuclear distance and the vibrational fre

quency in the upper state of CC1 are smaller than the same quantities 

47 
in the lower state, in apparent violation of the empirical rule, 

2
r u =. a constant for a given molecule, (29)
e c

The product above, however, is expected to bo constant only within t $J.

1
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The products obtained for the two observed states of CC1 differ by 

, 54
4.5>>o Eystcr specifically mentions having obtained similarly poor 

agreement in applying equation (2.^) to doublet states of the SiF 

molecule.
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Tho general hill and Van Viced expression Tor the rotational

energy levels of a doublet state with coupling intermediate to

cases (a) and (b) is given in Chapter 7 and is written below in a

i^odificd form.

^ ^'^^ ^ ’ + /^^^aM^^

Centrifugal Dtrotcliing terms have been neglected* tho constant 

DL is given approxliaately^^ by l&f/uf' , whore u/ is tho vibrational 

frequency* Approxiiiiato values of By-0.7 cz»‘"- anduu= £60 c-."^ 

in both states may be obtained respectively fro-.; the spacing of 

rotational linos, and fro;:, tho separation of the sequences. Thus, 
Dy-a x 10”^ ca. and tho centrifugal stretching terr; for Jz: 36.5, 

ths highest J value used in tiie analysis, is DVJ^- 3.6 c-.”^ This 

is a significant contribution to tho energy; however, the largest 

centrifugal stretching teni appearing in the combination differences 

is Dy«P = 0.1 ca.", and the largest such term appearing in the 

formulae for the branches is (Dy’ - D ”)<!•• which io even smaller. 

Dinco the measure;-out of tho frequencies of tho lines was accurate 

to only 0.15 a :.”--, tho centrifugal stretching teres were ignored.
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For ease (a) conditions it io assumed that

?> [o+ i)2-±2j» and tiie square root irmy be expanded as follows:

The energy levels oey then be Witten

that tho final term in square brackets in (27) and the difference 

between the two effective rotational constants, (3^ ,.)^s arc 

negligible, this expression reduces to equation (5) of Chapter 

7, which was thrived directly from cose (a) assumptions* Ths 

term ^3V in equation (27) aces not appear in equation (5), but 

it iray be considered an part of eno vibronic energy# •’' The 

term ByGLt -)"' above corresponds to B^Sl^ in equation (5).

mquatiori (27) lay be used to represent tho energy of the 

^]f.,e- case (a) lower state of CC1 if the effective rotational 

constants are used, and if tho final tern in square brackets 

is ignored. The observed separation of tho two sub-bands Kal- 

calcs an nppmwJr.ete v:.?Am ■•f ItOllO c..."- fx- thw o,j.C.lt.' 

Bl(a-2) in the lower state# This value, and the approximate 

value quoted above for Dv, ray Ixj used to she;; that the filial
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term in equation (27) does not exceed » 0.05 cnu"^ for J^36.5o 

It is convenient to write the energies of th© rotational levels 

of the TF state as follows:

(27Fx component): F^CJ) = (B^)! J(J*1) (28)

(21T3/2 component): F2(J) = By(Y-2) + (Bof£)2J(J1-1)

All terms independent of J and of £ have been considered part 

of tho vibrcnic energy. Since the ^ 1 (v =0) state is the 

lowest observed vibronic state of CC1, its energy is taken as 

zero.

For case (b) conditions it is assumed that (J + i)^°* , 

where ** ' Y(Y-4) -A?/4. The square root in the Hill and Van Vleck 

egression can thus be expanded

(J + £) [1+-</(J 02^ ^ (J + i) + -/2(J+£P ...(29)

If the spin splitting described in Chapter 7 is included, and 

the appropriate substitutions of K for J arc made (i.o. J-KI-y 

for F^ levels and J= K-^ for F2 levels), the case (b) energy 

levels become

(^kD * Bv L^ «- ^ -Vi4 M^X+ ^ ^

where H(J) « [^KU + lbB^Ufi) * ...J 

* By [ v^j>i)2^ -(j41)] ^r <jf i)o

If the terms H(J) and (-O ) are sufficiently snail to be 

neglected, equation (30) is identical to equation (6) of
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Chapter 7 which was derived directly from case (b) 

assumptions.

If all terms independent of J (or of K) and of the orien

tation of the spin are considered part of the vibronic energy 

Fq, referred to the same zero as in equation (27) > the case (b) 

energy levels are conveniently written in terms of J as 

follows:

Fi(J)2 Fo + m^xj*^) “ H<J> , .
U (31)

F2U) ~ fo* Mj+^Xj+3/2)*h(j)



II . FORMULAE FOK TIE FREQUENCIES OF THE LUES II! A

2 CASE (b) - 2lTr,c CASE (a) TRANSITION

Neglecting tho effects of-A_-type doubling, twelve 

branches are expected for a transition of this type* As shown 

in Fig. 15 of Chapter 7, each branch is defined by the A J and 

A K values of the corresponding transition. The symbols P, Q, 

and R designate A J values of -1, 0, and 1 respectively. Except 

for transitions involving the J - 1.5 level of the 2 A uppoi* 

state, it is possible to write the frequencies of tho lines of 

each branch in tho folloxring form, using the energy expressions 

given by equations (28) and (31) of Append!;: I:

V = [F^» (upper state J value) - F^11 (lower state J valued J 
(32) 

where i - 1 or 2, and where the superscripts ♦ and n designate 

upper and lower-state quantities respectively. The numerical 

subscripts in the branch symbols give the value of i. For ex

ample, the symbol R9 (or R^) indicates that is 2 (or 1) in 

both states. If tiro numbers appear, as in Rgl# they indicate 

respectively the value of i in the upper and in the lower state.

Tho twelve branches are listed in Table 9, along with tho 

A K and 4 J values w^ch define them, and with formulae for 

the frequencies of their linos. The origins of the two sub

bands, 2A- 2]fi and 24-2TJ3/2, arey0(l)-Fq* and-^(2) 

z Fq’ - B^'Cl”^) respectively, The linos in each branch aro 

designated by the J value of the lower-state level of the 

corresponding transition. The J value of the first line of

93.
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’(I 4f)H 4. ^0 V +

r ^(^^-iMJ+C*^ V^ *(^)°A3 - (r)uT<i - (i+r)/j =A 

*(l4P)H -gf'S 94
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(CT) (5*0)
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each branch is given in brackets below the branch symbol. Tho 

branches are listed in pairs, one from each sub-band, and tho 

correct frequencies are obtained by talcing the value indicated 

for the symbol i.
2

The A(J =1,5) level has the energy F-^0.5) for Y?> 2, 

and Fg’ (1.5) for ¥’< 2. Thus, the general expression of 

equation (32), and hence the formulae of Table 9, cannot be 

used for lines involving this anomalous level. The lines which 

must be treated separately are P91(2.5), P2(2.5), QgfCl.S), 

Q2(1.5), and R2i(O»5). For I*< 2, the formulae of Table 9 nay 

be used for these five lines; for P > 2, the correct formulae 

are obtained from those of Table 9 by changing the sign of H(j).

Except for the term H(J), which accounts for a tendency 

towards case (a) in the case (b) upper state, the formulae for 

the branches are parabolic. If the tendency towards case (a) 

is large, the deviation from a parabolic form is quite marked 

at low J values, as illustrated in Fig. 16(b) of Chapter 7.

The parabolic or near-parabolic form of the branches 

indicates that some of them will form heads. Which ones are 

head-forming depends on the sign of AB^. The Fortrat diagrams 

in Fig. 16 of Chapter 7 correspond to A D^> 0. This in turn 

implies that the intornuclear distance is greater in the lower 

than in the upper state, bands in which heads are formed on 

the low frequency side of the band origins are described as

being ’’degraded to higher frequencies” or ”violet-degraded”.



ffijJ®l®£^
LIMES I?J ^ 2780 A°

BAUD OF CGI

Tho folloxring table lists the frequencies and rotational 

assignments of the observed lines in the 2780 A* bond of CGI. 

If fine structure appeal’s in a given line, the frequency quoted 

is the mean of the frequencies of the fine-structure components.

The numbering of tho lines of the P12* $2* ^f ?1> aV 811(1 

^21 branches is discussed in Chapter 8. Observed lines of other 

branches vrere identified by a calculation of their frequencies 

from the formulae of Appendix II and the data of Table 6.
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TABLE 10

VACUIM EAWaiaS Aim ROTATIONAL ASSlGISSigS FOR THE 2780 A° BAND OF CCt

<2A - ^ P <2/3'2 //3/p

J R21 R1 P1 H2 *12 $2 P2 P12

1*5 35998.93 35876.64 35865.60 35872.96

2.5 36000.10 878.66 866.57 873.34 35869.63

3.5 601.29 8SO.6C 867.69 873.80 868.75

4.5 002.43 35988.98 882.45 8'68.75 874.38 867,41

5.5 003.56 987.46 884.36 869.63 874.90 866.57

6,5 004.71 985.92 886.33 870.63 875.36 £65.71 35851.97

7.5 005.59 984.31 888.43 872.04 875.95 864.88 850.25

8.5 007.01 962.6? 890.49 876.64 864.17 £48.49

9.5 00b. 12 981.04 892.79 877.36 863.54 £46.81

10.5 009.30 979.45 894.97 878.13 862.73 844.94

11.5 010.50 977.79 897.20 878.94 843.52

12.5 011.68 976.28 899.41 879.75 841.64
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