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Abstract»

An interferometric method for the resolution and
evaluation of tho rotational fine structure of tho ultrn-
violot absorption bands of slmplo polyatomio molecules,
initiated by Drs. Poolo, Staco and Roynoo, has beon
further devolopod. [In particular, nearly all tho timo-
oonsuming work din tho conversion of fringe measurements
into frequencies has been speeded up by electronic
computer operations, replacing weeks or months by hours
of work* Further, the calibration procedure has been
greatly simplified and programmed for an electronic computer*
In tho calibration of the spectral region 3370 % to 3670 X,
standard i1ron linos havo been measured to a precision of
0*002 cm and better, and the agreement with the inter-
national frequencies is of tho same order.

Several vibronic bands in the near ultra-violet system
of formaldehydo (JICHO and DCDO) have boon photographed.
Four bands havo boon examined in detail} the individual
frequencies are known to about 0.0035 cm*1, and a practical
resolving limit of 0,085 cm has been observed* Computer
programmes have boon written for most stages of the analysis
of the bands, including calculations of asymmetric rotor

enorgieo and intensities, and least squares fitting of



molecular constants to tlie observed frequenciesj a

novel technique lias been successfully developed for the
assignment of frequencies to their respective sub-branches
replacing most of tlio usual desk procedure by a computer
operation. Very acoxirato rotational and centrifugal
distortion constants have been obtained from the analyses,
end, 1n particular, the ground state constants derived from
combination differences from threo of the bands are
probably more accurate than those obtained from the micro-
wave spectrum (by other workers and also, with probably
better numerical methods, by the present author).

In the course of this work, a hitherto unsuspocted
typo of porturbation ha3 boon identified iIn the excited
state of formaldehyde, between rotational levels of the
two members of the inversion doublets. The theory of the
interactions involved, (recently published by another worker)
has been extended to render i1t applicable to rotational
levels affected by the asymmetry of the molecule. Some
other perturbations of possibly a different type have been
found and mapped. In addition, the published treatment of
centrifugal distortion has been modified, the new treatment

being superior when applied to the numerical analysis of

actual systems.
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CHAPTER 1

INTRODUCTION



1.1» The structure of vlbronlo band».

Early in the history of speotrosoopy it was noticed that
the opeotra of many compounds in the risible and ultra-violet
regions of the speotrua consisted of a series of discrete
bands» and there existed certain relations between the
band centres for some of the simpler molecules. After the
development of quantum theory» 1t has become evident that
the bands of a moleoule are due to transitions between the
disorete vibrational energy levels of two different
eleotronio states» one of wUioh is usually the ground
state. The relations between the band centres are due to
the more or less regular spaoings of sets of these levels.
Each set corresponds to auooessive quanta of one of the
normal vibrations of the molecule» the energy levels being
given roughly by (v+&)h 9 » where h i1s Planok®s constant
(in appropriate units)» 9 1i1s the fundamental vibrational
frequency» and v the quantum number taking all positive
integral values including zero. The transitions themaolvoe
are governed by various selection rules whioh limit greatly
the number of possible transitions.

Deviations from the harmonlo behaviour indioated above
are caused by the non-ideality of the ohemioal bonds of
ths aoleouls, by the effects of a non-uniform environment
(in the ease of solids)» or by interactions between different

vibrational levels* Such effects may be studied with the aid



of so-called medium dispersion instrumenta, either prism,
or coarse grating spectrographs. Analysis of the frequencies
obtained from band centres sometimes leads to a unique
assignment of the bands to transitions between recognised
vibronic levels of the moleaule. More often, inconsistencies
arise i1In the analysis which cannot be solved without
reference to information from another source,

Such a source for gases and readily vapouriaable
compounds i1s found iIn the rotational fine structure of
#ach of the vibronie bands. Using spectrographs of high
resolving power, this structure shows as a large number
of olosely spaced lines, and is the result of transitions
between different rotational levels of the two species
involved in the vibronic transition. The energies of the
rotational levels are related to the momenta of Inertia
of the molecular speoies, hence analysis of the fine structure
yields information about the geometry of the species. This
is often, in i1taelf, a good guide to vibrational assignment,
detailed analysis also yields the true vibrational origins
of the bands concerne!, and It i1s this quantity rather than
the band centre which should be used iIn the vibrational
analysis. The rotational selection rules art governed by
the symmetries of the two oorabiaing vibronio levels; their
eluoidation therefore, i1s often very useful, Sometimes,

the rotational levels of one vibration are perturbed by the
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levels of a different vibration; this nay fix the position
of the perturbing level even though actual transitions
involving it may not be observed in the spentrum. Finally,
ths centrifugal distortion constants which emerge for saoh
vibrational level from a detailed analysis, should oorrelate
with foroe constants derived from the vibrational frequencies
It oan be seen therefore, that a thorough rotational
analysis of the vibronio bands of a gaseous molecule not
only provides information on the molecular dimensions

(this 1s often, of course, the most valuable information),
but 1a an iIndispensable part of a rigorous vibrational
analysis.

Electronic spectra are studies either in absorption
or In Ffluorescenes. In the former, the transitions result
from an intalce of energy by the moltoule to excite it
from a level in the ground electronic state to a level 1iIn
an excited electronic state. At low temperatures, most of
the molecules are in the vibrationless level, the population
of the level« being governed by the Soltsaann distribution
law. fhe absorption bands, then, mainly arise from this
one level; this feature simplifies the assignment of euoh
bands. At higher temperatures (depending on the energies
of the lowest lying vibrations of the aoleoule) hot bands
appear, originating from higher vibrational levels of the
ground state. Unless these bands are specifically of interest
their appearenoe is best avoided as far as possible by

keeping the temperature down.
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Phe fluoresoonoe spectriy is obtained b excitation of
-« A - -V .

5 = s M

the moleculee to an electronically excuted state by external
means, usually a discharge* the opectrura 10 then observed aa
transitions from vibrational levels iIn this state to levels

iu a lower electronic state, usually the ground state. It is
gehéfally mdéhimgfé ao%plex than the absorption spectrum and
often suffers from overlapping of neighoouring bands, making
rotational analysis difficult.

In the present work, the absorption apeotrun of
formaldehyde vapour has been studied, and all the bands
examined in detail arise from the vibrationless ground
state, Prom these oands we obtain a largo amount of
information on the rotational energy levels of the
vibrationlesa ground state, after eliminating the vibronically
excited?ggausing combination differences. At the present
time, accurate structural information on the ground state
ca usually obtained from the pure rotational transitions in
the microwave region, where frequencies can be measured with
very high aoouraoy, however, iIn certain oases, and foraaldohydi
i; oqg«of them, the %?%unt o;ﬂbptggaﬁtéon gPtalngbf ELET’;he
pure rotational spectrum Is somewhat restricted since most
of the frequencies lie outside the range covered by present
day i1nstrumentation. The ultra-violet spectrum (and possibly
also the iInfra-red speotrum) 1iIs then the best source of
information, especially i1f the frequencies are accurately

known. Part of this thesis will be oonoerned with a
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comparison of the two means of obtaining ground state
rotational constants for formaldehyde.

For molecules with sevex*al atoms or a few heavy atoms,
the principal momenta of inertia are relatively large, and the
spacing between their rotational levels i1s correspondingly
small, Thus, when studying larger and heavier molecules, it
bsoooes increasingly difficult to resolve the finely spaoed
rotational structure* It is therefore necessary to employ
instruments with very high resolving powers. Such instruments
used at the present time are discussed in the next eeotion.
A3 a corollary to their use for high resolution, one is able
to measure individual frequencies to high accuracy| indeed,
in the present work, a serious limitation on the acouracy
of the frequencies obtained llea In the uncertainties iIn the

standard frequencies used for calibration.

ir2. High Resolution. Instruments

_ _ resolvifior
Two main types of high dispersion instrument are at

present in general use, grating spectrographs and the olasa
of instruments known as iInterferometers. The eohelle designed
by Harrison (1), which combines some of the properties of
both, does not seem to have fulfilled i1ts early promise and
does not seem to be used much at the present time. The
echelon grating invented by Miohelson (2) has also not

become widely used due to the great difficulty of its

manufactures 1In any case its properties restriot its
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usefulness to a very abort frequency range, so that i1t would
be useless for the type of spectrum here considered.
Gratings have been used for many years to resolve
molecular spectra due to their relative ease of operation, and
the é;mpI|C|ty of deteﬁglggqg fre?yenC|es from the‘fpeggrg
Present day ruled gratings have extremely fine rulings,
gratings up to 60,000 lines to the inch are now readily
available, and can be biased to deliver most of their output
in any desired low order, at a particular wavelength, binoe
the theoretical resolving power of u grating is given
approximately by the product of the number of lines used
and the order of the speotrum, high orders are preferable
from the point of view of high resolution. However, the
efficiency of biasing drops at high orders and the intensity
of the spectrum falls sharply. The actual resolving power
attainable depends on the quality of the rulings and at
high orders, the effects of i1mperfections become more marked.

- 4 P f.. Y

A high quality tlng spectrograph built at Ottawa, employs
< | jkﬂ%

a 35 ft conoave grating ruled with 30,000 lines to the iInch
and 1s blazed for the first order at 7000 A. It has been
reported (3) that a resolving power of 400,000 has been
obtained wﬁen used In the seconaporder at 5000 2, which is

about 80$S of the theoretical resolving power. Oignifioant

u, r e -m_. -l nx;, w*
further increase 1In resoIV|ng power is very dlfflcult to
if m . - 15:° 5

aoheive even with present day ruling techniques, though olaias

for higher performance have been made. N
5 iR V =



14

Interferometers hare been need for many years when very
high resolution and high accuracy hare been needed in the
field of atonic epeotra* Wavelength standards are now always
determined interferonstrieally, and the fine otruoture of
atomio linee has been studied at revolving powers of several
millions. In these applications however, relatively few lines
are examined in the apeotral regions concerned and there is
I1ttls difficulty iIn determining their frequencies. With
aoleoular speotra, many hundreds of lines ooour within a
space of 10 1 or so, and the problem becomes compHeated by
the neoeesity to sort them from one another, as well as by the
need for frequency evaluation over a considerable range* This,
and the difficulty of frequency determination compared with
grating instruments, has dsterred iInvestigators from employing
interferometers for molecular studies until quite recently.

Two types of interferometer have proved useful to spectral
studies, the etalon introduced by ?»bry and ferot in 1897*

*nd the hummer Plate devised by hummer in 1901. Both use
multiple refleetione to produoe successive coherent beams
differing in phase by virtue of their different numbers of
reflections. When brought to a focus, the beams interfere to
produce an iInterference fringe array, the properties of whioh
depend on the wavelength of the radiation* The etalon oonsists
of two plane plates, usually mounted parallel to one another,
with an air gap between them (sometimes the instrument is

evacuated)= The two Inner surfaces are coated with seme highly
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refleotlng substance but which also allows some transoission
of a small percentage of the light. Radiation from an extended
souroe falling on the plates» undergoes multiple reflections
before being brought to a focus by a agitable projection lens.
The main factor limiting the performance of the etalon iIs the
reflectivity of the inner surfaces. This must be high enough
to permit a large number of reflectlone before the intensity
falls to a minimum, but the absorption must be low enough
to permit transmission. Since the two factors are related In
a oomplioated way, a compromise must be reached. The compromise
is most favourable for thin silver films, iIn the visible region
of the spectrum, but falls off rapidly for this metal below
4000 A. Although not as good as silver in the visible,
aluminium films are superior in the ultra-violet region and
are usually employed there. The absorption is still quite
high and this has a deleterious effect on the useful resolving
power of the instrument. Multilayer dieleotrio coatings have
recently been employed with great success to replace aluminium
fliras 1n the/ultra-violet.

The hummer iflate makes uae of the high reflectivities
of a transparent aubstanoe at near the critical angle of
(internal) 1incidence, correspondiné to near grassing emergenoe.
A Tull description of the plate and i1ts properties iIs given
by Tolaneky (4)» Stace (6), and Haynes(6), and a summary 1is
given In chapter 2 of this thesis, Zt has been overshadowed in

reoent years by the etalon) until the present projsot, probably
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the last major research undertaken with the Lumaer Plate

was In 1952 by von Klt\ber(7). An important property of any
interferometer is its free spectral range (the fre”uenoy
interval between two iInterference fringes,in adjacent orders,
which just overlap)* ttaynes demonstrated that a free spectral
range of about 1 cm"1l was desirable in molecular work, and
the free apeotral range of the hummer plate employed by him,
and used In the present work, was about 1*1 cm*l« The etalon
has the advantage over the liummer plate iIn that i1ts free
spectral range may be altered at will by varying the air gap
between the plates* £olan«ky has pointed out however, that

iT the two types of iInstrument are constructed to have the
same free apeotral range, then the Summer plate has the better
resolving power due to the superior rofleotanoe/abaorption
balance of i1ts surfaces, and this advantage increases greatly
on moving into the ultra-violet, I°his comparison, however,
was made with the metallised etalon, before the i1ntroduction

of dielectrio coatings.

1.7* Molecular Applications of Interferometers*

Apart from the present projeot (8), the only reported
oase of the use of an iInterferometer to resolve the ultra-
violet spectra of a molecule is that of hadesh, i1i1oldenhauer
and Lilians (9), who employed a ?aory Perot etalon, crossed

with a 21 ft grating, to resolve the ultra-violet bands of
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the diatomic molecule thalloua chloride. Although giving
little experimental detail, they stated that they were able
to measure the frequencies of rotational lines to an accuracy
of 0.01 cm"1* Interferometers are now, however, being widely
used In the iInfra-red region.

fthe use of interferonetera in ultra-violet work poses
several problems. Firstly, the instrument should be capable of
resolving the structure of vibronio bands. As already iIntimated,
interferometers poseas a greater potential In this respect
than other high diepereion instruments. Then, the frequencies
should be determinable over a wide range of frequencies) a
typical absorption band may extend over a range of 300 onTl
and a band system may extend over several thousand cm*“l.
Clearly, to minimise the not inoonsiderable labour of
calibration of a spectral region, as many bands as possible
should be covered with one setting of the optics. The
oalibration should be adequate to obtain frequencies to high
aocuracy, OFf the order 0.001 cm”1, since fringes themselves
can be measured to this order of precision. Finally, the
problem of overlapping orders must be overcome; this is muoh
more of a problem with molecular spectra than i1s the oase for
atomic fine structure studies. In addition, the continuous
background employed i1n absorption must not be allowed to blur
out the absorption fringes.

Work has been carried out at University College, London

sinoe 1953» which has successfully overcome the problems
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outlined above. Using an interferometric technique developed
by Poole, Stace (5)» and Eaynes (6) and a method of reduction
devised by Poole and Haynes (6), rotational frequencies have
been measured in several bands of the near ultra-violet
spectrum of formaldehyde to an aeouraoy (in favourable oases)
of about 0.003 on'™*, and better# ®B* e problem of overlapping
orders has been overoome by making use of channelled apeotra,
the occurrence of which was first noticed by Uehrke and
P_.eiohenheim (10), and whioh have been used somewhat 1Infrequently
since then (7)*

iStace found that suitable channelled spectra could be
obtained 1n the 3000 X region by crossing a quart* hummer
plate of free spectral range about 1.1 cuf\ with a two-priam
hittrow spectrograph whose resolving power was of the order
75,000. He photographed the Ag band of formaldehyde, (3260 X,
the band notation is described on p, icq) and measured eome
150 fringes. He found that good resolution was obtained even
in the congested central region of the band. Although the
theoretical resolving limit of the Lumraer plate iIn the region
of the A2 band is 0#04 oa‘“\ ths closest lines resolved by
Staoe were about 0.1 cm”* apartj the discrepancy was attributed
to toe natural line width of the lines themselves. He
calculated that their Uoppxer width at 20°0 was 0.07 cm“* and
that the width due to pressure broadening was OP13 cm“* at
20 mm pressure. In addition, there was some contribution

to the line width from the grain of the photogrphio plate.



19

Together with the instrumental line width, these effects give
a resolving limit of a little over 0.08 cm*l which agrees
well with that observed experimentally (in the present work,
lines 0.085 a™'ly“tave been resolved). He also estimated that
the lines themselves could be measured to an accuracy of
0.02 and concluded that the limiting factor was his
inability to control the temperature of the hummer plate to
within the 0.05°0 which he considered necessary.

Haynes refined the instrumentation and in particular was
able to aohieve a degree of temperature control well within
this limit. He photographed the formaldehyde spectrum over
a much greater range than Staoe was able to, from 5286 2 to
5085 £» and calibrated the region using 15 standard iron
lines spread over the range. Although he obtained absorption
spectra suitable for measurement of eight bands, B®, A2, C?,
B B2* An, ?0 and Ey he made a detailed investigation on
only one of them, the A" band. He measured about 4200 fringes
in this band, from which he obtained 789 frequencies. For
those frequencies for which five or more fringes were
measured, 568 of them in all, he made a statistical analysis
of the standard errors and found an almost normal distribution
with the median at 0.00550»~1] he took this figure to give the
average accuracy of the frequencies he measured. This claim
has sinoe been substantially justified In the rotational
analysis of his frequencies, largely accomplished manually

by Poole and concluded, with the aid of an electronic computer,
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by the present author* This work is reported later in this

thesis*
1.4. The uee of computers iIn spectroscopy.

The iIncreased availability of high speed eleotronio
computers has» In recent years, greatly increased the scope
of spectroscopic investigations over that envisaged some
twenty years ago* At two extremes of application, it Is now
possible both to process large amounts of data (frequency
measurements etc.), and to attempt large scale calculations
of a, strictly theoretical nature. In the present work, the
first type of application has been widely used, while certain
theoretical i1nvestigations of medium complexity have been
programmed. A survey of the uses to which a Ferranti eMercury*
computer of the University of London Computer Unit, has been
put will lllustrate the applicability of computing techniques
to tfo.experimental side of spectrosoopio studies! the
theoretical possibilities are too diverse to be disoussed
here.

The TfTirst application of computing techniques to a
spectrosoopio investigation is in the conversion of
measurements iInto frequencies* In the rotational structure of
ultra-violet or iInfra-red banda, there are usually large
numbers of frequencies to be processed, and, although the
conversion formula may be quite trivial, the work soon becomes
arduous. In the present work, tens of thousands of fringe

measurements have had to be processed using a calibration
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formula that is quite complex* Even so» work which would
have i1nvolved many months if attempted manually, hae needed
only a few hours actual computer time. This makes possible
the detailed investigation of many more bands of a spectrum
where before, aeleotion of the bands more likely to be of
interest had to be made* The possibilities of computational
errors are, at the oaue time, greatly reduced*

Once the list of frequencies of any one band has been
obtained, they must be analysed* A full scale rotational
analysis of a vibronio band of an asymmetric rotor is greatly
facilitated using the computer* The procedure found to be
highly suooessful with the bands of the prolate, near-
symmetric rotor, formaldehyde, i1s as follows. After a
preliminary rough analysis of the baud, approximate values
for rotational constants may be obtained. The spectrum may
then be computed using these constants and the c&loulated
frequencies compared with the observed speotrum* If the
constants are not to»poor, it is a simple process to analyse
the rest of the band by noting the deviations between the
two sets of figures. If the deviations
should fall on smooth curves when plotted against a suitable
coordinate, and any singularities which may oocur due to
perturbations are readily reoognised. When the band hae been
completely analysed, 1.e. when the assignments of the
frequencies havt bsen completed, those frequencies that are

singly assigned (and are therefore moat suitable for
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numerical analysis) comprise a Hat of data now used In a
programmed leaat squares procedure to derive refined rotational
constanta. The two computing operations have been

successfTully programmed and are discussed at length later

in this thesis. Both involve calculations of a fairly complex
nature; iIn particular, both call for the computation of

energy levels for an asymmetric rotor involving diagonalisation
of matrices whieh, though relatively simple, con be of order
20 or so. The second process mentioned involves, further, the
inversion of a matrix of order up to 25. It would be almost
impossible to attempt either of these operations without
access to a computer. As an aid to analysis, asymmetric rotor
intensities have also been computed and these require
operations of similar complexity. A final step iIn suoh an
investigation, although not attempted in the present work,
would be the determination of molecular geometries from the
rotational oonstants derived from the analysis.

As a long term aim there remains the possibility of
almost complete automation of rotational analyses In an
analogous manner to that already achieved in the field of
X-ray crystallography. Several steps in the chain have already
been accomplished, of which the present work contributes a
part. The Tfirst requirement would be the automatic scanning
of the spectrum and recording the results 1In a convenient
form for input to the computer, i.e. on paper tape. This

has already been accomplished i1n certain fields, notably in
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in the far infra-red work developed at the National Physical
Laboratory (11), where the output from u continuously
operating iiichelson interferometer is recorded automatically
and processed by ?ourier transformation to deliver the
rotational frequencies. Similar work is being developed by
Jaoquiaot and oo-workera (12) for use In the visible and
ultra-violet regions. Complete analysis and constants
determination in one continuous processhaa already been used
for simple diatomic molecules. On extending this to more
complex molecular spectra, the prograjnraec would have to be
generalised to a large degree to take account, for example,
of all possible perturbations, but einoe such a processoan
be performed manually, 1t must also be possible to programme
it for a computer. In the present work it is performed in
two stages ao discussed earlier, with a relatively trivial
Intermediate analytical stage, performed manually. A similar
technique has been programmed by Broderuon and .Richardson
(13) "or miloh more simple case of the aymaetrio rotor,
fhe present work is believed to be the furthest advanced
computational treatment of the analysis of the rotational
structure of vibronic bands of a slightly aayuaetrio rotorj
it should however be applicable up to quit®© a high degree of
asymmetry.

A survey of the literature on the application of
ooaputiag techniques to spectroscopic calculations shows

that a great deal of duplication has already been made. Aa
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un example, there are at least six papers dealing with the
computation of reduced energies for a near-symmetric rotor.
I"hey all perform essentially the same function and differ only
ali htly in approach. In faét moat of them are concerned with
the calculation of coefficients In a series expansion tnat
has only a limited application In any case * for a molecule
witn an asymmetry parameter b, as small aa-0.007 (as is
found, for example, for some of the formaldehyde levels), the
various series expansions are useless over a large part of
the J,K field. Since computers are so readily available

now, 1t would seem obvious to allow the computer to perform
the complete calculation in the manner described later in
this thesis.

There i1s a case for some standardisation of programmes
of general applicability to spectroscopic problems, as has
been partially achieved in the field of l1l-ray crystallography.
The main obstacle to this i1s the wide variety of computers
in use, and the diversity of their programming languages.
Some progress is being made in devising a comprehensive
language and, i1f such a language can achieve international
acceptance, it should help to keep wasteful duplications

to a minimum.
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1.5. Rotational «nalr... of polratomlo nol.oul.«

Tho highly complex nature of the rotational structure of
vibronic bands of polyatomic molecules has deterred workers
from attempting thorough analyses until quite recently. Indeed,
since the first such analysis by Dieke and Kistialcowsky (IKk)
in 1935» of the near ultra-violet transitions of formaldehyde,
no work of comparable complexity was reported until the work
of Xngold and King (15) and of Xnnes (16) in 195*»t on the
2500 ft system of acetylene. A review of the early work on
rotational analyses was given by Sponer and Teller (7)) while
Robinson (13) has reviewed the field since then and up to
quite recently (i960). A brief review of some of the more
interesting analyses from the point of view of the present
work is given below. A detailed review of the formaldehyde
spectrum, which is the subject of the present work, is deferred
until chapter *,

By far the largest number of polyatomlo molecules studied
have been triatoraic molecules. Besides those that are stable
under normal conditions, several molecular i1ons and free radicals
have been studiedj many of these are isoeleotronlo with more
s&gble molecules and seven$l interesting corrglation% have
been found (see ref* 18). Since the arrangement of atoms In a
molecule i1s largely determined by the electrons forming the
bonds, sxoltatlon of an electron from one orbital to another
of a different type can have a radical effect on the arrangement
of the atoms, and can, iIndeed, alter the overall shape of the

molecule. The first molecule for which tills effect was postulated
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was carbon disulphide (Lieberman (19) ) where the molecule

vac believed to change from a linear structure to a symmetrically
bent one on electronic excitation. Since then the phenomenon

has proved to be relatively common, at least for the smaller
polyatomic molecules, A similar offset was demonstrated for
hydrogen oyanide (Her«berg and Xnnes (20) ). The reverse

effect» I1*e. from bent to linear on sxoitatlon, has been
demonstrated for the radioale NH® (Ramsay (21) ) and HCO (Hsraborg
and Ramsay (21) )-

Of the more complicated molecules, with four or more atoms,
formaldehyde was the first to be subjected to detailed analysis
(14), as detailed above. Subsequent investigations on the
epeotrum by Brand (23) and Robinson (2h) have demonstrated, on
purely vibrational arguments, that the tnoleoule changes from a
planar structure iIn the ground state to a pyramidal one in the
first excited statet this invalidated certain of hieke and
Klstlakovsky®s assumptions in their paper. Rotational analyses
of some of the formaldehyde bands by Robinson andf%iorgio (25)
and (26) have been referred to, but as yet few details have been
given] however, an interesting part of this work is that the
transitions to the triplet exoited state have been investigated
in detail, and this eonsiltues the first analysis of such a state
in a polyatomic molecule.

The 2100& to 2500& system of aoetylene was investigated

under medium resolution by Ingold and King (15), and under high
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resolution by lIrines (16). Both concluded that the molecular
configuration changed from linear In the {»round state to a

trana bent structure iIn the excited state. The iInteresting
*

molecule propynal, H»C»C*CHO, which boars a resemblance to both
acetylene and formaldehyde, has recently been studied by Brand,
Callomon and Watson (27) f in its spectrum, all twelve fundamental
vibration« appear and give rise to typs A, B, and C bands. Some
of the bands are being investigated under high dispersion at the
present time (28).

The ammonia spootrum in the vacuum ultra-violet was studbd
by Benedict (29), who concluded that the excited state was
planar. A recent, more detailed analysis by Douglas and Hollas
(30) of six perpendicular bands in fie region li»00X to 1689X. has
confirmed this conclusion.

Several, large molecules with a benzeneid structure have
recently been i1nvestigated under high resolution. For benzene
Itselt* the true 0-0 band of the 260051 system is forbidden end
does not appear in the vapour spectrum. The false origin of the
spectrum, which has one quantum of a planar carbon bending
vibration in the excited state, i1s being studied at the present
time by Callomon, Dunn and Mills (31). The large m&aa of the
molecule causes the rotational constants to be small, and
therefore ensures that a large number of rotational energy levels
are populated (J and K up to 80 and more). Consequently, a
band oonslsts of a very large number of transitions, (20,000 or

more) restrioted to s relatively short frequency rang# (@bout
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80 cm"1) bo that the task of identifying individual transitions
becomes impossible. The prooedur® for analysis is, therefore,
(in common with that for the rest of the molecules listed below)

one of computing the expected band contour using assumed

rotational constants, and comparing this with the observed
spectrum. The computation involved has boon programmed for an
elaotronio computer by* Mills (31)Ff this has been facilitated by
the fact that benzene is a symmetric rotor.

A similar approach is being made to the molecules mono-
and para di-fluorobenzene by Dunn (32). Sine® both molecules
have quite a high degree of asymmetry, the computation of energy
levels and intensities is a much more oomplioated procedure than
for benzene, andean only be done on a computer. Aprogramme
written by the present author (described in more detail on page
20g of this thesis) to calculate the frequencies and intensities
of the transitions involving J and K < ko (the present linmit
of the programme), and another which, computes the frequencies
only, up to J and K < 100 > hava been used in this work« The
computed material has bean, and is being, sorted manually by
or* Dunn, to plot the band contours.

The spectrum of naphthalene vapour was studied by Craig,
Hollas, Kadies end Wait (33)» under high resolution and they ware «K
able to determine the direction ofthe transition moment by oomparises
of calculated and observed band contours« As a final example of the
rotational analysis of the epeotrum of a large molecule, the near

ultra-violet spectrum of the molecules pyreaine» pyrimidine and
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pyridazine have recently been studied by Innes and co-workers
(34#35)# with a high dispersion instrument*

The technique of analysis used for those last few moleoulos
depends on comparison of the detailed computed bond contours
with the observed contour* Clearly# the more detail that Is
resolved in the spectrum# the easier will be the task of fitting
a computed spectrum to the structure* Thus, although 1t may
be impossible to resolve individual lines with a high dispersion
instrument# no matter how high the resolution# mors and more
detail should become evident at very high resolving powers. The
potentialities of interferometric techniques to this problem are

obviouse

1. 6. Aim of the »resent woi:k.

The suoceas achieved by Staee and Raynes in the resolution
of some of the bands in the formaldehyde spectrum has encouraged
further work in this field# The instrumentation was set up and
used successfully by the two earlier workers and has been taken
over by the present author# Apart from a few minor improvements#
the main contribution of the present work on the practical side
has been the reconstruction of the apparatus on a much more stable
base# and its total enclosure with a highly insulating material*

The formaldehyde spectrum has several features which
encourage a complete rotational analysis of as many bands as pos-

sible to be made# In the first place# some deubt has been cast

on the vibrational assignment of some of the bands (37 )# and
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rotational analysis is the only means of setting these points.
Secondly, sinoe the excited state of the electronic transition
has been shown conclusively* (23) and (I]), to be pyramidal
with a low potential barrier to inversions, it affords the
opportunity for study of the effect of such an inversion on the
rotationul energies of the molecule* Also* sinoe the rotational
constants of the ground state cannot be determined adequately
from the microwave spectrum (soo chapter k of this thesis), the
ultra-violet spectrum is the best source of this information
at the present time. The bands themselves are quite well
separated from one enother, and the individual frequencies are
resolvable with a high resolution instrument, suoh as that used
in the prosGilt work, Vorkhaa therefore proceeded on some of the
bands.

The continued development of the interferdmetrio technique
for investigation of moleoular spectra is important* sinoe it
is in this field that the largest advances in resolution are
expeated to lie. The Luramer Plate used in the present work has
a resolving power comparable with the best of present~daygratings*

therefore represents a first stage in the attainment of very
high resolution. Further advance will probably be made with an
interferometer of different design from the Luramer Plate,
probably with the etalon coated with suitable multi-layer coatings,
or perhaps with some new design of interferometer. In the

meantime, until suoh instruments become available, the present
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and previous work (6) and (6), baa shown that the high
resolution of, and the high accuracy in measurement attainable
withy an interferometer aan be applied with great success to the
study of molecular absorption spectra.

Finally, the technique of analysis of such spectra, from
measurement to extraction of constants, lias been almost completely

programmed for the computer as outllnsd in the preceding section.
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FIGURE 2.1.

SECTION THROUGH THE LUMMER PLATE

SHOWING SUCCESSIVE INTERNAL REFLECTIONS OF A

SINGLE INCIDENT LIGHT RAY
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2. 1. Introduction.

This chapter is largely a summary of parts 1 and 3 of
Paynes* thesis (6), together with an account of some recent
improvements to the instrumentation* Haynes discusses in
detail« the optical properties of the Lummer plate« and the
background to fringe formation* Here, only those aspects are
discussed whichgrzlevant to accurate frequenoy determination

in tho interferogroina which Illustrate this chapter*

a. g. The Lummer Plate Interferoineter*

The interferometer Is the basis of the experimental
technique* It consists of a thin,parallel sided slab of
quartz, of dimensions 20om x 2*7 cm x 3*U mm, cut with the
optic axis in ths surface and perpendicular to the long edge*
It is mounted in a container FTitted with levelling screws,
the whole being surrounded by a massive brass housing which
is lagged to aid further iIn temperature stabilisation* High
quality quartz windows allow light to snter and leave the
interferometer while preventing too muoh circulation of air
round I1t*

Consider parallel light entering the plate by an optically
contacted quartz prism, ABC in the seotlon shown in Ffig* 2*1*
After successive internal reflections, light of on# particular

frequenoy con be considered to emerge as a series of parallel
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ooherent ribbons or light, differing in phase due to thelr
different paths through the plate, when brought to a focus
these ribbons interfere, and, when the path differences
between successive beams is ait integral number, n, of
wavelengths reinforcement will occur producing an interference
fringe] n. i1s termed the order of the fringe. Between
adjacent fringes, whose destructive interforenco occurs, the
intensity* folia to a low (though non-ssero) value. The
sharpness of the fringe in relation to the regions of low
intensity at wither aide, and also therefore the resolving
power obtainable from the instrument, is dependent largely

on the number of Interfering beans combining to form the
fringe, 1In a way disoussed in detail by Tolansky (I»), Staoe
(5) and Haynes (6). The bummer Plate employed in the present
work allows 33 internal refleotiona before the end of the
plate is reached. Since, however, the euooeseive beams arising
from these reflections are of gradually diminishing intensity,
depending on the reflection 00efficient of the quarts to air
surfaces, the equivalent number of equal beams used is 28
(th*ae figures relate to the region about 3500& )* Using this
figure, Haynes calculated that the resolving of the
interferometer (on the Hayleigh criterion) at 3500X, would
be about 0»04cm**~, that is the resolving power la of the
order 7(7/0, 000. The faot that absorption lines of formaldehyde
differing by lees than about 0,085 omdﬂ-could not be resolved
is largely accounted for by their Doppler width and by the

effeots of pressure broadening. In tHi respect, formaldehyde
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Is not a flood teat for the possibilities of the techniquee

In order to separate tho fringe arrays of different
frequencies, the system is focused on the slit of a secondary
instrument whose dispersion is in tho horizontal direction* in
the present instance, this is the two-prism Littrow spectrograph
described by Staoo (5)» The fringe systems of two very close
frequencies are then dispersed vertically by tho interferometer
and horizontally, to a smaller extent, by the Littrow. Tho
situation is shown in fig. 2.2, which is a™>rint from a spectrum
of the i1ron arc in the region of 3kk5 The Littrow dispersion
is of the order 0.02 mm /arClon tho plate (nhote the print is an
enlargement of some 16 x linear magnification), while the
Interferometer lias a dispersion of about 17 ran-/ond* ¢shown on
the print are two very closely spaced doublets at 3kki) X. The
two members of each doublet are separated by about 1/ka N D
while the spacing between the doublets is about 1/2 iﬁ 8I;grly
the horizontal reéf%ﬁ%?gn between the two doublets oould be
improved by decreasing the slit width used* iIn the ease of
fig, 2.2, this was 50yU, ¢¢uoh improvement is effected down to
slit widths of the order of iQyu * lower than this, the effects
of diffraction round the slit edges vitiate any further
improvement. Prints similar to fig. 2.2 are used for
measurement of the iron fringes where wide fringes are desirable*
However, in an absorption band, some 500 to 600 frequencies
may bo present in the are®»"-covered by fig. 2.2, so there, a

slit width of 10,., 1is used. How, at these small slit widths,

and when tho resolving power of the Littrow is
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sufficiently large to separate fringes lying beside one another
In successive orders, continuous radiation will produce a aeries
of near vertical stripes, or channels, separated by uniLlaminated
lines. Bach channel represents a continuous frequency speotrum
associated with a particular order of interference, while one
channel 1s separated from the next by the free spectral range of
the interferometer, iIn this case at 3500 2, about 1.13 om«lo The
channels are seen as the background to fig. 2.3 (which is also a
16 x linear enlargement from a plate). An absorbing substance
placed in the optical train results in a series of holds iIn the
continuous channels, and appear in a positive print, suoh as Tfig.
2.3, ns grey fringes in white channelse The technique thus
succeeds in completely separating the neighbouring orders of a

complete band.

The bittra.w Spect ;JW\MItIUL1

The quality of the prints used for measurement depends
to a great extent on the optical quality of the Littrow spdectro-
graph. Its design is indicated in the diagram, fig. 2.5. The
dispersion system consists of a Cornu prism in series with the normal
Littrow prism, the optics being traversed twice* The resolving
power obtained in this way, about 75,C00, allows resolution of
suooessive orders making possible the formation of channels* Light
entering at the slit is deflected along the spectrograph by the
total internal reflection prism, and is collimated by a quarte

lens into the prism system. The slit width of 10 o used in the
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3500X region, allow, use of the full aperture of the lone to be
made, here /30, by diffraction »umd- the slit-ed”a*. Such a
condition is important when the maximum possible resolution of the
instrument 1s required, as is the case hero. The dispersed light
emerging from the prism system is brought to a focus at the camera
by the quartz lens now used as camera lens. The plates are bent in
the camera so that they take up as far as possible, the curvature
in the focal fiold of the oamera lens, in fact, some six to eight
oms. of the spectrum can be brought to a sensible focus. The
optics were designed to minimise lens aberrations and to provent
multiple image formation due to the polarising properties of the
crystal quartz optics. In this connection, the inter-priem angle
has been calibrated, and is set to the optimum value for the
wavelength range under consideration. The other adjustments of
ths spectrograph» prism-table orientation, focusing, and oamera
tilt, are all adjusted photographically. in this way optimum
adjustment can be obtained, in fact the focusing can be adjusted to
well within the standards of the manufacturer of the original
Littrow spectrograph.

in order to minimise the effect of flaws, in the optics,
the prisms and quartz lens have been examined in all possible
positions, so to determine the best optical path through them.
Sinoe a band of some 20mm. vertical height is used through the
prisms, and the prisms themselves have a usable height of 50mm.
there are about five positions, differing in vertioal height by

about 5mm., through which the optical train might paes. a
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graticule consisting of a series of fine horizontal lines ruled
on a piece of perspex, was placed as close as possible to the
slit and used to examine the quality of the vertically focused
image, while channels were used to study the horizontally
focused image*

In the first place, certain aberrations oould be seen
which were directly attributable to the particular path through
the optios, that is they moved up and down with the path. The
position of optimum quality was determined by permutation of all
possible variables, the vertical height, rotation of the quartz
lens, and finally, inversion of the Cornu prism and its replace-
ment by a similar prism* The optimum was found with the optical path
traversing the middle of the prism system. This result might have
been expected since iIn this position, the optical path Is passing
through the lens In a path as nearly symmetrical, geometrically,
as Is possible in such a train. However, a less symmetrical path
might well have been found to be the best sinoe the optics were
worked to the best possible quality in the visibls. (green light
la used for testing) thus ignoring inhomogeneities significant in
the ultra-violet but not in the visible. The effect of differen%
orientations of the quartz lens was found to be of minor iImportance,
though two optimum positions were found differing by TT .

A second discovery arising from this work was that the
system had different horizontal and vertical focus positions. ry
taking a foousing traverse, the best horizontal and vertioal focus
positions aoross the plate oould be mapped with;the result shown

dlagrammatioally in fig. 2.4a. The ordinate here corresponds to



FIGURE 2.4
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the sotting of the focusing screw. In previous work, the spee®uui

was focusod and the camera retilted until the optimum horizontal focus
position was obtained, the broken line in fig. 2.4a. It was noted

by Raynes that his two reference lines, the 0 and Q lines seen in
figs. 2.2 and 2.3, wore focused much better at one end of the plate
than at the other. This effect is now explicable by the two distinct
types of focus. In subsequent work, the camera has been tilted to
give a better compromise, shown as the broken line in fig. 2.4b. This
results in slightly better focused o and Q lines, while not seriously

affecting the quality of the channels.

2.4 The External Optios.

The experimental arrangement of Lummer plate, auxllliary
spectrograph, source and lenses i* similar to that described by
Tolansky (4) and called by him, -the external parallel beam
mounting- e A diagram is shown in fig. 2.5. The source S is
foeussd on a diaphragm, D, with horizontal Jaws, by means of a
plano-convex quartz lens. In the earlier part of this work, the
light source used was a 350 watt, 2 atmosphere»non are and was
started with a tesla coil. Recently, a 500 watt,* 4 atmosphere
lamp has been used giving a corresponding increase in light output.
A high frequency starter has been incorporated in the circuit for
usa with this high pressure lamp. The quartz lens L,, ia positioned

*» that an image of the source, enlarged 1.5 times, is obtained on

that only
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from the relatively stable central portion of the arc i1s used, A
water filter and a Kodak 18B filter aro usually used between the
source lens and the diaphragm, the first to remove infra-red light

and the second to reraove visible from the light entering the Lummer

- <
plate.
The light is then oollimated by a quartz-ttourito aehromat,
RZ* so that parallel light enters the Lummer plate housing* On

leaving, the coherent beams are foouaod on the Littrow slit by a

4 ~ 5 N
fused silica-lithium fluoride projection lens, L~, also an aohromat*
4 m -y

Throe diaphragms are used on the Littrow slit for various
purposes. One allows a continuous range of slit lengths to be
employed end is used when many spectra are required on the same plate |
fn particular, for the alignment operations such as focusing, etc*,
The second has a vertical slot which coincides with tho slit, aoross
which are stretched horieontally, two very fine quarts fibres, some
8 can apart. They are mounted as close as possible to the slit and
when photographed, they produoe the shadows across the plate which
are used as reference lines (called the 0 and Q lines), seen in figs.
2.2* add 2.3. The third diaphragm holds a perspex graticule which
consists of a strip on which several finely ruled lines have been *
ruled. It has been mentioned earlier in connection with the deter-
mination of vertical fooust an account of its more Important use is,

however, deferred until the next chapter.
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until recently, the Littrow, end the optical benches

holding the external optics Including the hummer plate, were
mounted on separate wooden tables, Inevitably, those moved
from time to time and the movement disturbed a critical line-
up, sometimes during the exposure of an important plate. The
apparatus has just been rebuilt* in a muoh more stable condition.
The external optical benoh (previously there were two) has been
bolted firmly to the Littrow spectrograph, preventing relative
movement in both the vertical and longitudinal directions. These
two arras are mounted iIn three places on thro®© concrete blocks,
the latter being held firmly«»gather by angle iron. The
external optical benoh contains all the external optics as far
oe the source lens* the whole optical train Is thus held rigidly
in position, A framework has been built round the apparatus and
has been so designed that It le completely independent of the
critical part of the apparatus which i1e therefore isolated and
protected from mechanical shocks* The framework has been eovered
with a ® inch layer of polyserene foam, so that the whole
apparatus is insulated from small fluctuations iIn the temperature
of the surroundings, The region around the Lumraer plate housing

been doubly insulated since it le here that atrlet temperature

control le most important.

This part of the work has beon done in conjunction with
Mr, D* c, Lindsey.
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Lining un the Apparat.ua.

uealignment of the optical components should be carried
out before a oritiocJL series of spectra Is taken so tli&t optimum
conditions uay be obtained) 1in particular, so that maximum
light from the source is obtained in the spectrograph to keep
exposure times to the minimum. A major realignment has reoontly
besn undertaken*] the general principle governing such a
procedure will be given now although it is, to some extent,

mi empirical procedure.

The 1/ittrow must first be adjusted so that green light
is obtained In the centre of the camera field when the ellt
io illuminated by white light* by placing a small light bulb
at this position in the oamera, a cone of green light emerges
from the ellt. The external optieal bench may then be aligned
»inn;? the axle of this beam with the aid of the projection lens,
while a final adjustment may be made by altering the orientation
of the total internal reflection prism behind the slit of the
Littrow, so that the projection lone is symmetrically illuminated.
With the interferometer removed, the collimator and source lons
pjagy be aligned without much difficulty. The green light is
brought to a focus by the source lens end it ie a simple matter

#This part of the work has boon done in conjunction with Mr#
p.0* Lindsey.
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to place the central region of the souroo at this Ioous* on
striking the xenon aro, the Littrow »lit should now bo
illuminated symmetrically although the height may not be
oorreet dum to the absence of the bummer plate* Insertion

of the interferometer into iIts correct position in the optical
train should have no lateral effeot on the illumination of the
slitf if it ha«» the plate is not correctly aligned along the
optical axis* Shadows produced along the plate by vertioal masks
at the »ides of the souroo lens* should run symmetrically down
sides of the plate] 1if they do rot* the plate should be tiltod
sideways* These operations completed, the limit of adjustments
possible with visible light has been reached, the rest must lie
done photographically»

The spectrograph ahould now be adjusted so that near
ultra-violet light at about 3300& con bo photographed! it is
for this region that most is known at present about the optimum
pinto quality to be aimed for» After adjustment of tlio inter-
prism angle« and the prion: table orientation (these two
adjustments are calibrated* sufficiently accurately)» a rough
estimate of the oorreot camera tilt Is mado from previous
knowledge* and a foeusing traverse is undertaken, first at widely
spaced intervals than at small intervals* With the 5M x ty plates
used at present* sixteen iron arc speotra may be photographed
one below the other* |Inspection gives a ourvo of optimum hori-

zontal focus such as the one in fig* 2,ka, In previous work*
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the oOxnera was tilted until tills curve took up the eyrraotrioal
position with reepeot to thO photograph!o pinto shown in lg.
in view tot tho work Mentioned earlier vhioh demonstrated

the diii®erentlal fierisontal and vertical focusing, the camera is
now tilted so that the focus curve takes up thO position shown
in fig. 2»Uhm In this way the heat compromise is reached.
Finally» the Littrow slit shottld be aligned vertically by
photographing iron aro spectra with a long slit so that
successive spectre Just touch one enother, and then making
any adjustment necessary. This done, the spectrograph is in
optimum adjustment for the wavelength region chosen.

The components of the external optica should be checked
to make sure that they are at their correct distances apart,
(these distances between the source and the diaphragm are
wavelength-sensitive since the source lens iIs a non-aohromat)e

¢che diaphragm plays an important part in the production of
suitable spectra on the plate] its aotion is described fully
by Keynes (6)» after Tolansky (k)» In essence, it serves to
prevent light of unwanted wavelength from reaohing tho apootro-
graph. and to ensure the separation of the extraordinary and
ordinary rays by tha hummer plate. (This separation ooours
in consequence of the different refractive indices of quarts for
tho 0 and & rays, and the direction of the optic axis in the

Lummer plate. The Tfi-rey spectrum is always used since for *
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the resolution is better») The light which enters the epectrot-rapt
consists of tho E-ray licht of the wavelengths under

observation» some 200 5 to >00 % in width» and a similar band

of O-ray light whoso lons wavelength limit lies Just below tho
short wavelength limit of the E-ray band» No light of othor
wavelengths enters the epeotrograph so that stray light Is lcopt
to a minimum (in fact it Just arises by scattering of the
unwanted O-ray spectrum from the body and walls of the Littrow»
and is thon further reduced by suitably sitod baffles).

Tho jaws of the diaphragm therefore determine the preoise
limits of the E and o-rays and must be adjusted up or down
until the required l£-ra$ wavelengths enter the spectrograph»
This will probably necessitate the vertical repositioning of
tho source until th"j oorreot central portion of tho arc passes
through the diaphragm» After a final horizontal traverse of tho
aro to establish i1ts correct position for maximum intensity»
the optical system should be ready to produce ohannollod
spectra*

A fTinal adjustment which might prove necessary after a
major realignment ie the tilt of the Uunmer plate» The tilt
from horizontal should not excetulL about 1°» to avoid loss of
rosolving powsr, nor be less than about 1°, to prevent undue
lose of light» The adopted compromise angle which has proved
vory satisfactory is about 1»50| this is then the angle of

emergenoe of beams iIn the direction of tho osntre of tho
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Littrow slit. In eonsOcuonco of tho non-linoar (quadratic)
vertical distribution of fringes, the tilt* also affects the
number of fringes of any one frequency appearinglbetween the
0 and Q lines? 1t has boon found convenient to ulltrw four
to five orders iIn the 0Q range, and tho positions of the
quarts fibres have boon chosen to achieve this for tho
adopted tilt mentioned. Consequently, the tilt adjustment

ie complete when about h]; orders are recorded in the 0Q range,

Haynes (6, p- 11?) givos tho first comprehensive treatment
of the effect of temperature and prossure variations on the
fringes obtained from a hummer pinto, lie shows that a sig-
nificant fringe shifty, equivalent to about 0,002 om , will
resuit from a temperature change cf 0,01 OG, or from a
pressure change of 0.3 wa !'!Igc Since exposuro times of
several rinutoo are usually used, such changes are quite
possible unices stringent precautions are token; especially
since light sources producing a largo amount of heat or©® used
not far from the hummer plate.

To deal, with» temperature effects, the whole apparatus
has boon thermally insulated, ac described onrlior in this
chapter, end the roo*i containing it is thermoatatted to Obout
4- 0»1°C» Xt has not been found practicable to thorasostal the

room during the summer month», except possibly at an
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uncomfortably high touiporature] in consequence, critical

runs arc made only outside this period* TIxile a series of
important plates is being takon, the xenon arc is run
oontinuously for 2k hours prior to commencement, and left
running until the series is terminated* Oho temperature of
the 1Aunmer plate is followed in two ways. A calibrated
germanium resistor is contained In a brass blook attached

to the Lummor plate mounting, The reaistanoe of the germanium
is determined by means of a bridge, the current through the
resistor being kept as low ae possible to avoid self-heating*
3uoh measurement ie adequate to Indioate temperature
fluctuations, although, since there is no diroot oontaot
between the piste and the resistor, there is on inevitable
time lag*® No attempt la made to use any observed temperature
drift to correct the fringe positional 1i1nstead the observed
fringe shifts themselves (only parbly due to temperature
drift) are used to make corrections, fa a way to be described
later«

Significant fringe shiftscan also ooour duo to pressure
variations. Of course, suoh variation could not be controlled
without drastio redesign of the apparatus* A critical aeries
of plates is therefore oouanenoed only after adviot. from the

Government Meteorological Office that the pressure le steady,
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or drifting only slowly, that fluctuations iIn oxoons of a
few tenths of a millimetre are unlikely, wr»d that the
conditions ore likely to romain favourable over several
days* Barometer readings are taken throughout the run,
end the recorded pressure behaviour tliroxichout 1* examined
afterwards*

With these precautions, very few plates need to bo
rejected because of fringe shifts between the beginning
and end of the exposure of the plate* Shifts between
platos, iIn the course of the few days necessary, are

dealt with as described later*
zani.uniation of fcin.inldcliydo*

The formaldehyde used in the present work is the
same sample as that prepared and used by llaynos* Tho pure
paraformaldehyde in its storage bulb is wannod, and tho
gas evolved Tills the absorption cell by way of the
linking vacuum line* After use, the gas is ruoondenaed
in the storage bulb, by cooling the latter with liquid
nitrogen* repAymorlsation rapidly follows* Tn this way there
sensibly no wastage of formaldehyde and a small samplo may be
used many hundreds of times* Tho pressure insido ;ho absorp-
tion cell is measured sufficiently accurately, by naans of a
sppon guage used as a null instrument, tho pressure being

read on a mercury column in the usual way* Reoently, the

is



54

vacuum line lias boon duplicated so timt normal formaldehyde

or deuterated formaldehydes may bo studied in rapid uuoconnion,
without danger of contamination« bo far 3w clideutorated
form,baa been studied in tixia way» i1t vbb purified from

a commercial sample by distillation through a 00~ coolod

t™ap into its final oontalnor.

IVo absorption colls hove been employed in the present
work* uno, dosoribed by Kaynes, is 17 cm long made tf tlilak
wall pyrox glass and has silica windows at both end«, attached
with aralditc# It is designed to be roodily romovablo from
the vaoinxu lino so that polymerised fomaldohydo, which
CLCOUurultitO3 after a timo on the windows, may bo removed by
worming« This ooli is mounted between the collimator lons
and tho diaphragm, A second absorption cell of similar design
but 60 oms in length, has recently been used in order to
obtain stronger absorption from the longer path length of
formaldehyde, without employing unduly largo pressures« »hen
In use, 1t is situated between the Littrow slit and tho
projection lens« Although one might expect some disturbance
of the colieront beams emerging from the interferometer when
using suoh relatively imperfect optical components iIn this
part of the light path, no soriou* offeote have b«en observed™*
Xn future, however, it would be better to redesign the optics
between the source and tho diaphragm so that longer path

length cells or even multiple reflection cells may be employed
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In this loss oritioal region*

lentails of a rim~.

As will bo explained in the next chapter* an absorption
spectrum, which

spectrum much be associated with a calibration”™!s then
carried over to the absorption spectra by calibration check
spectra* also explained in tho next chapter* For efficiency
then* the several absorption spectra required in a given
associated with a single calibration spectrum* In order that
fringe shifts from calibration may be lIcopt as small as possible*
(to facilitate correction for them)* the whole series of plates
should bo taken iIn aa short a time as possible} in fact* all
the speotra may be taken within a few days*

Before commencement. the apparatus should be lined up in
the ohosen spectral region as described In a previous section*
The region will have been chosen to include* i1n focus* as
many as possible of the absorption bands of interest* __hen
satisfactoryweather conditions have been forecast* and the
xenon arc and room lights have been running for about 2k
hours* (as already desoribod)* tho series of exposures is
started* Throughout tho course of exposures* the temperature
of the Lunnner plate housing is taken from the germanium

resistance readings* Xn addition* a chock is also kept

on the temperature of the immediate surroundings of the Luimsr

plate housing with a mercury thermometer graduated in 1/20 °0
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Intervals. Pressure measurements ore telcon from a barometer
aitod close to the room eontalninr the apoetroirraph.

There are two mein types of plates taken in the course
of n run, the absorption platen and the calibration plates,
Poth are taken with the quarts fibre diaphragm in position over
the slit, and this must not be disturbed during exposure of a
plate. | t has been found desirable to clean tlio slit after
oo.cli plate, sinco tho oocurrenoo of a dust streak on a spectrum
can load to subjective orrora iIn noamiremontfl over a wJto

region around it (o-hout one order wide),

I \ v- o 'v. - L X s * i £ i 'l A, m - »e,

calibration

rj. ™, * * % I - ..
Although only a single plate is used iIn the calibration

procedure, several are token to ensure that one, at least»

<t v =l
is pex"fect. Tb.e iron arc is placed in the position narked in
fljr. 2.5 so tliat, t*ith the mirror M in position, it effectively
rejjlaées tﬁéx;;ﬁgg ;Fg-lkExﬁggdkeg gfe fakén with a slit width
of 50§~ to produce the wide fringes of fir:. 2.2. Tho quarts
fibre shadows aro produced.by a superimposed alvort exposure of
the xenon arc with a 150Jx slit. Each plate can contain four
spectra of different exposure times so that n sufficient number
of iron lines aro nvailablo at densities suitable for call«

bration measurements.
Absorption, ilato.

Four spectra are t«lcen on an absorption plate, 1., first
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and last or® iron speatra token exactly as woro those
used Tor the calibration plate. Their oxposuro should b®
sufficient to ensure recording a reasonable number of line»
of suitable inteaoity, Theoe two spectra aro tlxose referred
to as olieok speotra, and their uaa is dealt with at length
in Olmptor 3,

The second and third speotra are absorption speotra,
Th® sorieo of plat«» should contain a irange of absorption
pressures to ensure adequate recording of frequencies of
widely different intensities, A maximum of 25tnm pressure
is usually ollowodf pressures ;jrantor than this tend to hasten
polyxuorisntion in the coll, although a pressure of 00 s
has boon employed for a special purpose, i1n part of the
present work, epeotra crossed by lines due to dust on the
slit, are rojeoted for the reason given above.

In the latest run undertaken, the serloa of absorption
plates lias been duplicated for dldeutoro~formaldohyde) in
all some 20 absorption plates were taken before a satisfactory
¢,St was obtained covering all the desired pressures of both

CHgQ and CDjjo*

ppm~al dates.,.

Xn addition to the main, plates of a series described
abovo, two extra plates must be tolcon for apodal purposes

wJiioh will emerge in ohuptsr 3, The TfTirst is a spectrum of the

iron aro, taken with a narrow (I o) slit, and superimposed
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on a woaJc backipround of n chnnnalert absorption spoctnun. Kb.on

tho two isotopio species tiro being investigated, apeotra should

bo takon corresponding to oaoh. They are usod to identify tho iron
linos with particular channels, arul then to identify those
oinnnols oil pure absorption spectra.

The second plate is taken with a ¢>orspex gratioulo over the
Littrow slit, whloh in this case la vary wide, 1fcO”. The gratic-
ule is 1lluminated by continuous radiation through tho bummer
plate so that for this spectrum, whioh la now orossod by graticule
I Inan, the aailae parts of the hittrow optics aro used as for the
absorption spectra. An iron arc lino spectrum (i.e, not takon
through the hummer plate) Is superimposed to identify the
wavelengths photographed. Prints taken, from this plate should
show tho gratioulo lines as black against a white background]
to achieve this over the whole frequency range of tho plate
two or threo spectra with different exposures aro takon on the
same plate.

The spectra described above are all taken on platos coated
with a special emulsion» kodak i&sporiraental Typo V 1036. This
emulsion has grain characteristics of Kodak Type \JI ouiulaion
but is specially treated to reduce reciprocity fTailure for tho
exrmsuro times required. This increases its effective speed to
compare with that of the Type J. einulBion. in tho initial lining

up, type a*° plates wore used for the loss critical work.
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Rrilfn- -pr.nnt «ivl nnwi-junmt gf_jaAn»-n.

1"g- racasureiuent, the plates token as described above* are
enlarged sor.ie 25 times. The enlarger wus liullt by previous
workers and Is described in detail by haynes (6, p.171). The
plate carrier is capable of wide adjustment willoh iIs carxied
out to minimise, as far as possible, the combined optical
distortions described in chapter 3* Prints not required for
measurement are taken on Kodak Double Weight, Glossy bromide
Paper and glazed in a drier after processing. All the prints
from which measurements are to be made are photographed on
Kodak grorv*ke Foil Card, willoh shows no deteotablo distortion
after processing in the recommended manner,

lhe prints are measured as required, on a measuring board
described by Raynes (6, p.-1?3), 110 vernier can be read to
0.02 mm# i.e. to about 1/10000 of the 0Q distance, corresponding
to about 0,0003 om”1, but it is considered that the reading is
significant, as representing a setting on a reasonably good

absorption peak, to about four times this amount.



0O HAPEER 3

CALIBRATION AND DETERMINATION OP FREQUENCIES
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n.h introduction.

A spectrum taken using the technique discussed in
Chapter 2, consists of an interference fringe array with
dispersion in two almost perpendicular directions* Considor
the print from an absorption speotrura of formaldehyde, Tfig*
2*3*(opp* p* 39 )= The horizontal dispersion of the LIttrow
serves to separate the speotra of suooessive orders into
channels, as explained boforo. The Interferometrlo dispersion
is in the vertical direotlont the two quarts TfTibre lines,
the Online and the <4-line, serve to out off a convenient
portion of the fringe array for measurement and evaluation,
and they also establish a coordinate domain along the channels,
the properties of which are made use of below* As will be
explained, the frequency summation le carried out along the
O-1ins (the inner of the two Ffibre lines on the fringe array).

It oan be seen that we cannot calibrate such a two-—-
dimensional spectrum by superposition of a standard frequonoy
speotrum such as an iron arc spectrum, as in more conventional
one-dimensional techniques, sinoe the two sets of fringes
would obsoure one another and render aocurate measurement of
both. Impossible. For this reason a given spectral region is
calibrated separately on a calibration plate, the oondltions
of temperature, pressure and optical alignment during the

exposure of this plate being clioson as standard conditions*



Subsequent absorption spectra are then locally calibrated
against this standard plate, by determining any shifts in the
iron fringes due to non-standard conditions. Ideally the
shifts should be small, amounting to not more than one-tenth
of an ordor, otherwise slight complications arise in their
incorporation in the prooeduro for averaging frequencies from
different plates, ¢"rola data given by Raynes (6, p-137),
shifts of this magnitude would arise from a tempersture
difference of 0.5 0. or from a pressure difference of 15 nun,
mercury, That part of the shift du* to tomperaturo and
pressure variations oould bo determined from accurate obser-
vations of those quantities and subsequent calculation as
outlined by Haynes. However, since shifts occurred which
were attributable to mechanical movement of the optial train,
3saynos had to adjus"; the calculated, shifts by making use of
the local calibration check speotra, two of wTdoh bracketed
each absorption spectrum. In the present work it has been
found Just as roliablo and also npoedior to determine the
»liifBn empirically from the check spectra and this procedure
is outlined in detail below. Consequently the measurementa
of temporaturo and pressure need now be mode much loss
stringently than was found necessary by Haynesj they

now serve merely to indicate their constancy or otherwise

during tho exposure of oach plate.
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The tocImiqu® of calibration, both In theory and in
practice, 1a given in some detail belowr since it differs 1in
several 1mportant respects from that given by i1aynos. In
particular, the use of on electronic oouiputor lias removed
tho need for moat of tho manual calculation undertaken by
Kaynas, and has mode possible a small improvement to Ms
frequency evaluation proooduroe

In tho following sections of this ohaptor, the procedures
for calibration and firequenoy determination arc doocribodj
the frequenoilos and other material usod for illustration are
taken from a project begun in December 1961,

The Calibration Spectrum.

The standard frequency spectrum employed in this work
is tho 1ron arc spectrum from an international Pfund iron
arc* The advantages and disadvantages of i1ts use have been
discussed fully by «aynes (6,p. 187)« The adoption by the
international Astronomical HMHriion (37) i1n 1953* of a large
number of iron linos as secondary standards, means that several
standard lines may be ohosen i1n a given spoctral region to
effeot a calibration, for Instance In the speetral range
3370X to 36ko X, one of the ranges usod iIn the present work,
there are some 21 of these frequenoios which have been found
suitable for wuse. Hi Haynes* work, tho iron lines measured
by hogg«*8 ®nd humplireys, (38) were used, but as their list

doe* not extend beyond 3U00 A, it 1e of no use iIn tho present
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region .
In ono part of the ahovo mentioned range, liowover,

from 350651 to 360%, none of tho secondary standards lo suit-

ablef those listed aro either too woak or aro too close to

near-neighbours, Th order to avoid lo&ving this sorious gap

in the calibration range, four non-standard frequencies,

taken from an earlier list compiled by Kaysor and Konen (39)

havo boon oailployed. Since to somo oxtent, their use here

may be rogardod as their re-evaluation relative to a scale

mainly determined by tpo 31 §econdary standards, tho prosenao

® e T
of any sorious errors iIn the used values would, iIn due oourse,

emergee
Tho easy reproducibility of the iron arc spectrum vrith

relatively simple equipment would make It ideal for uso as a

standard speatrura were it not for the breadth of tho linos

themselves, and tho consequent uncertainty iIn their measure-

ment. Hie 1i1no3 have a half-width of about 0.25 on*1 and

in tho present work, a sIn™b determination of the position

of a fringe peak iIs subject to on orror of the main froquenoy

of the order 0.006 a™1, Since aovoral such moasurononto

aro nado (from 3 to 15 wore made for each frequency iIn the

v/ork listed in table 3«3*, the standard orxobr of the mean

frequency oan bo of the order 0.002 cm™1. Significant further

reduction cannot be obtainod without a large iuoroaso in tlio

number of obsorvations. Greater accuracy in calibration is
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desirable since absorption frequencies can be determined* in
many casesy with a standard error of 0*001 am“le Xiuprovod sources
and accurate frequencies are thus required, but the position
in this respect has not changed since a review of tills subject
was written by Baynes (6* p.196)-

The criteria, then, for choosing an iron line for use in
the calibration of a given spectral region arei
a) The line should be of accurately known frequency and ohould
be preferably, a secondary standard,
b) 1t should be of such an intensity that fringes of on intensity
suitable for measurement are produced within a reasonable
exposure time. With the present experimental arrangement, a
mmxLnnm of eight minutes lias bean allowed» longer exposures
would increase dangers of tesjperature and pressure Tluctuations
during a set of exposures,
e) Finally, it should be free from near neighbours producing
visual interference with its measuremente

As intimated above* 25 lines in the region 3570 ft to 3640 ft
hove been found suitable for calibration, and they arc listed
in table 3*3« The wavelengths are those listed by the X.A.U*
except for those marked with on asterisk;, which, as stated
before* were obtained elsewhere, The frequencies wore determined
using Kayser*» “Tabslie” (40) together with the Edlen

correction (41) -
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.1. ,cE-3urexuont aad calibration

Prior to measurement of the calibration fringe», we must
first determine the order of interference to which e&oh belongs.
To this end we make use of the iron ere spectrum in channels
(with absorption) mentioned in section 2.8. In this speotrtun,
the i1ron fringes appear in channels, eaoh of which Is
associated with a particular order, and differs i1n ordsr from
its neighbour by unity. ITf we allocate the number aero to some
reference channel and number the ehaimels consecutively, 1t is
a simple matter to determine the order difference of eaoh 1iron
fringe from the zero channele The latter ie ohoSen so that the
first iron calibration fringe lies In a channel at least ons
reroved from the zero channel | all the iron fringes then occur
in channels numbered positively.

Since measurements are mods on prints enlarged 25 times
from the original plates, certain distortions are inevitable in
the fitA image due to the optical aberrations in the enlarger
system. (Mechanical distortions in the processed prints are
eliminated by using Kodak Alimdnlum Foil Card for all prints
from which measurements are taken.) Such distortions should
be constant from print to print since the enlarger settings are
not disturbed, as far as possible. Distortions also occur which
ore attributable to imperfeotions in the Littrow opticsf these,
howevor, are wavelength-sensitive and vary when different regions

of the spootrura are printed.
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To correct Trine® measurementa for these tiro types of
distortion, a perapex graticule, with some 40 closely-spaced
horizontal linos ruled in it, is placed over the Littrow slit.
Plates photographed in the usual way show these graticule linep,
of which 23 ooour in the region of interest. Comparison of
measurementb of those lines (oozxvertod to fractional distanooo
X, as described below) with measurements of the original
graticule give the corrections, from print to slit, to be
applied to fringe measurements. Such a comparison is usually
made over the whole used area of a print so that a contour map
of the eorreotions can be plotted.

Associated with each print from which fringe measurements
are taken a graticule is printed. Comparison of the contour
map® from different wavelength regions show that differences
occur, but that these differences are only slightly larger than
the uncertainty In their measurement] this Is estimated to be
about o.oh mm on a print. The variation is not ignorfed,
however, a separate graticule print being taken and measured for
each wavelength region. The corrections themselves range from
.0.02 mm to 0.12 mm, whieh correspond to wasenumber corrections
of from -0.0003 to *0.0030 cm*“1.

For calibration then, prints are made containing all the
useful fringes of the chosen iron lines from the four exposures
on the calibration pfcb**. In general, measurable fringes are

obtained fro~two or three of the spectra, and, since Just over



four order» of eaoh frequency occur between the quartz fibre

lines, some eight to twelve are usable for each frequency*
2jINIEs$sams3LxXE&as&im

Uaynes has doocribod in detail the procedure for frequency
determination* TJio following iIs n summary of the algebra
required, iIn practice, for the calibration of a given spectral
region, and the subooquonit evaluation of unlmown frequencies
in 1t? tho treatment differs slightly from that given by
Haynes, the present one being more amenable to automatic

computation*

A single frequency produces nn interference pattern which
has a wore or less eharply dofinod maximum, "a fringe', wherever
the path difference between tho interfering beams contains an
integral number, n, of wavelength», n being the order of Mer -

The 1nstrumentation used here produoos four or five such
fringes between the two reference linos, the 0- and (¢»lines*
Between akype$. .tuduno-, the order 1% non-integral and so destructive
interference occurs, producing a low (though non-zero) intensity.
The order where the fringe array of the given frequency orofises
the 0-lizxe, 1n general a non-integral quantity, iIs an Important
concept 1In the frequency evaluation procedure since this is
essentially a summation along the 0-line*

An unknown frequency, cr , iIs determined as the difference
between 1t and tho frequency of some reference point in the

spectrum, tlie latter being termed the fiducial frequenoy ¢, ,
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"ibO reference point usod by Raynee wfts the first fringe peak

of thO first calibration frequency* The fiduoial frequency was
therefore the standard frequency of tills line and the fringe
measurements of th® lino had, at least initially, to bo accepted
ao correct*

I'lIo new reference point is taken as iho point where the
chanﬁgl nunbered aero crosses the 0-lino, The Tfiduoial frequency
C"™ * is then the frequency which would produce a fringe peak
at this point evon though no fringe may bo physically obsorved
there, o is one of the calibration constouts to bo determined
and i1s dependent on the particular setting of tho optics« It is
however, a constant for each sot of speotrn*

Consider now the diagram fig* 3*1 opposito* Tho fringe F

belongs either to one of the standard frequencies or to some
W R 'r I O N

unJknown absorption-frequéncy,-cr">>Inspection, shows that i;
lies In some channel, r, and measurement (hereafter rog»rd«d as
already corrected by the gratioulo procedure) gives its
fractional distance, X, botwoen tho 0- and (¢-lines* Tho two
coordinates, r and x, are uniquely associated with tho frequonoy
difference between F and the fiducial pointj it is shown below
that this frequency differanoe la exprooBible as a function of
r and x, together with the calibration constants dofinod below.

The frequonoy of tho fringe F, then, is given byt

¢ Atr 3.0

We express the frequency difference A o- , in terms of the
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order diffOronce between tho frlnpo nnd the fiduolal point« A n,
in tho forru
A C-* CyAn + c¢cAn® + cp™Arr* ¢ 0-jAn "»1
Tho construite Hoscri*bo tho fre© apcotml *an.£C and its
variation ulons the spoctrum» ROyneo ehovod tluit foui* tenue
oui“ficod to give cr to bettor thon 0.0001 a=*<ovax* a ronge
of 2000 cm"l.

A n iu expxloeed in two parti». Tho firet ia thio order
different? botvean tlio fiduoiul point PT and tlio baeeTof tho
oliwmui contuinizn; tlio fring&a, TF i thio ie aimply tho cliannel
nuwboj* r. Tho second part, 5c;, 1o tho différence in ox*der
botwoe.ii the friuge and. a point X, dofinod by tho intorooction
of tho O-l1lino uith tlio continuons dii"l"raotlon pattern of the
frequoucy for vliich ¥ représenta a région of nnxinxtuu intonalty.
Ht® order at X is tsiuad the order at tho 6-1ino of thio frince,
and Ja tho quantAty uontionod oarlior in tlio section. Tliua
A n 1is givon byi

An « r - ~ g 32

Sqg i1a expreaaod in tenus of x by tlio formula t

Sil » a X (Q ¢ X)) 3.3
WhencG 1
An » r-A* (de * ) 3»*

g la a geoiaotrloal Oouatant for tho whola apeotral rasion vhilo
A varies continuoualy, but alovly, ovor the apoctrum. TIlio

variation ia exproased raost convertiontly in tonus ofAn by t
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A = aQ ¢ a™~An ¢ u2An2 3.3

Tlie fivo oqu«.tion* 3.1 to 3.5 wore derived by itaynoo from
considerations of the ,700metrical properties of the optical
ayate:-.. Indeed, first approrl.mctions to the 9 calibration
constants involved vere derived by ilayneo from Imovn optical,
dimensions of the eyetern, to be rofired Inter by normal fittine
to the calibration measurements. In tlie present lcthod, the
calibration constants, listed In table 3.1, arc rofjardad as a
purely empirical tseons of effecting tho calibration. Thin is
dono by aimultanooua solution of a act of normal equations in
tUo nine tuiiaiovru}, compiled from tin» fringe data.

Combining equations 3.0, 3.1, 3.~ and 3 .3, eliminating
An, we obtain an expression for the frequency of a fringe In
terras of tho calibration constants and of r and r.. ITf we
symbolise 1h» conotanta by ba, s™im* »9 (they are identified iIn
table 3 .3) for purposes of explanation, we can Write tho
frequoncy o”x"casion in the form 1

TTa f ( ss™ r, x ) 3.6

MixO detailod fom of equation 3*6 is quite simple to dorivs but,

X * «*“ « ~X~r..lo, ****=*

modo for computational cam—onicncog"

- ojrit boon
that 1t doso not involve tiro orbitisi ;* advantage

calibration frequenoies no Ixalt. ~ GdopUon °r «V of tIT
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as it 1Is rather lengthy and 1» of no iusnecliato interest here«
it Is not civen explicitly*

In tho expression* come of the constants occur in
powers ¢Troatoi” tlwan unity so that equation 3*6 cannot %o used
ao 1t otsnds, ns the oquation of condition for least squares
solution. Instead, the standard differential tcohnlquo 1» used
wHoroby normal equations ore fiot up and solved for ssaall
corrections to initially approximate oonstante.

Partial differentiation of oquatlon 3#> with respool to
each of tho nx sivest

Scr m (X < S' wj 3*7

where the 6 tu arc differential quantities associated with the
8.( and the CX4 ere their eoeffieients, tho isolvos functions
of the original end of r and x* A finite implies that
the ore approximate since they are derived from
approximations to tho gr* Ilteration of the solution procedure
will refine the *, and therefore the (Vv * Hvoxifrually

should approach aero and the approach the final* boot
values*

In practice* <cor is ldentified with the difference botween
the known frequency of a line, G~ and the frequency* er\
oalaulatod usinR current approximations to the calibration
constant»* Tima the erratum* 6 * on the ri”“ht hand sldo of an

IS Riven by»

Om 0~ m m* 3*8*
o]0] | N



Calibration Input
oonatants value

°sr *0

co Z1

C1 z2

°2 z3

°g Z4

ao Z3

al *6

az2 a7

Q Z8

Table 3.1

Calibration constants and coefficients

Pirat define the following quantities:

X* x (Q+x)

=*

o =

Differential

Szo

%z1

£ z2

£ *3

S a5

S*6

S7z8

201 Ail + 5c2™"n2 + " A n 3
- I+ x(Ax + 2A2A n)] ~1

Coefficient
oC i

1

An?2

A n3

A nA

-h X d

-h X dAn

-h X dAn2

-h A X d
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The coefficients CX”, of té@* variable» £37, Cir© liBtod In
titljIf> 3.1« Mortal equations aro sot up in, th©® usual way using
éROjt fringe m«o«U3?€wiont anoa to lorn cm equation of condition«
In the calibration recently laxdortag&en, more tlum 200 ©uoh
equations® uei"o used. The ©Gelution®© to tito normal equationa, &
are added to the proviene» ss* to give refined value®© for th© next
iterat:'on«

Th<? abow m'ooeduro !ms been progTcusaaed (seo Apponddb; 2) for
tit© Meronry digital cootputor* Tito programme, entitled L.P.
piilynmatdl, ”!*?2.30f input© initial approadjAato con©taut© end tIx©
standard frnqr.oncioc together with tixolr fringe moasureinontsi aet®©
up the ©gnationn of condition, «nd »olvoa the normal equation© to
produce refined constant*. Iteration. iuujr be carried out a®© far
BO do®©lrod, but np to five are normally allowoil forf in practio®©
throe or four have been found suffioiout*

For the first iteration, th© approximate constant®© may bO
obtained fror» the geometricol properties of the fringe system a0
outlined by Rayueee hnravar, it hftO been found rooec -tly tliat quite
©rudo initial anurosrijfe.tiona may be cmployed witlwut invalidating orj
th© eolation procedure.

"Iho romtlt®© of one snoh run are aliowa in table 3*2. ThO
second oolxawi »hown the initial approximationo used, Suooeeding
coluiraio «how the result of refmnement, whil« th© last gives thO
standard error of each constant. She latter is a byproduct of th©

©elution procedure. Tlhire© rofinetaentu only are given, thO fourth
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REFINEMENT Or CAL1PRAT}ON CONSTANTS

INITIAL REF 1 REF 2 REF 3 C.f.
cto (27450 .0+) 0.7 0.803 < .307 0.307 0003
Co (X.r+) 0 0.0266296 0.03ftflzo 3 0.0366408 1x4»«5
Ct(x, -Ax) “5  “4»7<33 -4.3214 -4.3331 3.0,-3
03(1, -11X) 0 -4.03ft -3.341 -2.109 33,“i1
C3 (i. X 5X) 0O -1.%0 “r$e75 -6.07 5*3* 15
Ao : 1.1 0.94940 (0.95414 0.95417 6.8,-3
Ar( i, -5X) 4 4177$ 4.1363 4.1836 3.1,-6
A3(1, -ox) 0 -3.1ft -3.13 -3.10 1.0,-9
A - 3.7 3 199 3 .*16? 3.6166 3.2,-3
TABLE 3.4
«CORRELATION COEFFICIENTS
Oo 0o Cl Oa C3 Ao Al A3 C

fro 1 70.43 0*33 0.17 0.15 -0,36 b 0.46 .37

Bo 1-0.04 0,33 -0.35 -0.03 0.29 ro, 50 0.05
Ci 1 0.09 0.97 -0.00 -0.04 -0.05 0.00
02 1 -0.99 0.02 osog 0.03 -0.01
c? I -0.01 o, -0.02 0.01
Ao 1 -0.13 0.13 -0.99

I -0.96 0.03
A3 I -0.00



TARLF. 3»3
RECALCULATED FREQUENCIES

WAVELENGTH FREQUENCY REF. i REF. 3 REF. 3 NO. © ¥.

3370.7853 30*58.i58 -0.013 0.001 0.001 12 0.001
3309*33 5* 37430*%488 -0 «0i: 0.003 0.003 16 0.003
3401.5300 30400 *073 -0 <0i* -0.005 -0.005 7 0,002
3407*%4*11 39300 .i3* -0.009 0.003 0.003 8 0.002
3413.1337 30338 .045 -0 <010 0.001 0.001 15 0.001
330*%.0774 39390.184 -0 .009 0.002 0.003 4 0.001
34 17.8438 39349.831 -0.013 0.00X 0.00 1 13 0.003

3434.38*1 39104.705 -0 ,006 0.005 0.005 11 0.003
3437.1313 39170.*43 “0.015 =“0.007 -0.007 4 0.004
3438.1948 391*1.50* -0.013 “0.003 “0.003 13 0.003

3445*%1508 30017 .088 -0.00* 0,003 0.003 11 0.001

3447.3707 39000.0*8 -0.0 13 “0.003 —0.003 8 0.002
3450*3304 38974.439 -0,013 “0.001 -0.001 3 0.002
3483.0090 3*8703.591 -0,010 “0.003 “0.003 3 0.002
3485.3418 38+¥83.380 —0.0 11 0.000 0.000 3 0.001
349 5.3870 38*01,7*3 -0.009 0.003 0.003 3  0«003
3500. 5*75 ,, 558.*37 -0.031 “0.008 -0.008 4 ©.008
350*.5004 38$10.307 -0.018 =“0.007 -0,007 3 0.003
«3537*70* $3338.309 -0,0x4 -0.004 -0.004 3 0.002
*353%, 557 333*3.009 0.003 0.0 11 0.0 XX 8 0.004
*3543.080 38333.933 0,014 -0.003 -0 <003 3 0.003
©3 54 5%%43 38195.580 “0.007 0.005 0,005 8 0.002
3*03.30*8 37745, MO -0.013 -0.004 -0.005 3 0,003

'
3*38.3998 37477 533 “0.008 0.00 X 0,00 X 3 0.003

3*40.39 18 374*% 1.741 “0,009 0.001 0.000 3 0.003
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and fifth are omitted for apace reasons* but they show no
niynlfleant deviation» from column, be Tho correspending fit to tho
calibration frequencies la shown for eaoh iteration in table 33 .
The first column la tho listed wavelength (37 and 39)» wliilo the
scnOond 1s the Efilera-corroctod frequency, The noxt throe columns
«how the result of successive refinement* eaoh column. being the
difference botvocn the standard frequency and the frequenoy calw>
culated from the corresponding oonstnnts of table 3*2« It ia
obvious that a very satisfactory fit is obtained even after only
two 1terations« Fundier iteration does not alter the errata even
though small changes do ooour in the calibration constantse The
reason is that onoh set of constants i1s a eelf-oonsistent set*

and a small alteration to one of the membersnay be compensated

by corresponding changes to tho other eight. This i1a wall
illustrated 1in the table 3*4, showing the correlation ooeffieisnts
between oaoh pair of the aonstents* High correlation* greater than
say 0.95» ladicates those pairs of constants which may be adjusted
wth mutual compensation.

Tho last two columns of table 3.3 give the numbor of fringes
used for each frequency» and the standard error of the mean
frequency calculated from all i1ts relevant fringe measurements.

It 1s from this table that tho claim of accuracy of 0.002 eaTl in
tho determination of iron frequencies was made earlier in the
chapter. Since the number of frequencies greatly exceeds the

number of calibration constants* the last colvaan does net represent
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solely ti» rantlou! iffiIOIff&Intits tn thiog (OB«usureuonta , but tto

effect or titojo uiioortaintioa totfathor vitti tho cantdn

uncertadUities of tho standard Troquenciea thomsoivoae

*jii S S S M S J L AV.ror.oti.op SE£S~3USitSi& &

£) 1oal Calibrarin.

Xtv arder to calibrato an aboorptlon tspectxum ve must firat
detormino tto fringa ahifte due to tesaperatnre» pressure and
1IUCCiop 1nal doviations Troto standard. Tito tivo 1ron. chaolc apeotra
viclcfc bracket tho absorptio-n «peetra aro traed for thla, Keaeuro-
r.".atf on t-c iron linos tn thosc npeetra are tnkeii, end the x valuds
Obtai.ncd are convortod to qg# u*lzif£ Oquatto« 3*3 of tho
« rO©codini,” nrect.lorv.

Corparlsoxi hatvoen. tho check, spoetrn on oae plato iridiantes
fliotlior or not tuay Oi/piifioont oliar#© in condi tiono oocurrod botireon
-tito tio oKpoevreo since tho roBultIntf ehifto would load to
unoartainti®& k- tho abaovptxon fraquenoi®©«. IT for noy pinte,
afiii"ta correspondi«,:: to 0.VU2 or mor©® aro eltaervod, thnt pinto lo
yO©joot®di1 nuoti roteati®O« In hevevor rurol.y neeonsary.

f~ T pooopted pintos» tito usscart 5q for eaeth obeok froqueney»
£ e tedimi tn oerroopend to tho aondlttona of tho

"GII0IE
abeorption speotnun. Th® mean ° fmlicon aro eortmred ulth ttiose

CI Of thO© norrespondingr Un®» of the calibration spoeti*bi* Th®
° ‘Jeal.
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differences & are fitted graphically to a first ordor

equation of the type«

0 « b . blz\ n _ 3.9.
1

@]

A quadratic terra included by Haynes has boon found unnocossary
since the effects of i1ts omission are negligible ( of tho
order 0.001 aa )= The An” oro ordor differences as
defined 1n the preceding section. Tho two coefficients b

(0]

and b , suffice to correct any measured oq in tho absorption
1

spectra to calibration conditions) they ;rc referred to as the
THO local calibration prooeduro abovg égﬁﬂggcﬂéggsfor
quite large departures from calibration conditions although
such a case seldom arises. In a special oaso In tho course
of this work, howovor, it was found necessary to correct
absorption measurements to tho calibration conditions of a
plate taken 18 months earlier, during wliioh time adjustments
of tho apparatus had boon frequently carried out. Tho
procedure successfully acoounted for shifts amounting to

0.6 of on order (equivalent to 0.7 cm™1).

) “measurement and Computation,

Sinoe in any one bend of a molecule like formaldehyde,
there are many thousands of fringes to be measured and
prooessod, ail the operations involved must becarried out
to a rigid pattern so that the total labour Involved is

minimised. To some oxtent this pattern is governed by tho
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requirements of the computer programmes used to process tbm
data. These are explained iIn some detail in the appendix{
their requirements are outlined below.

After choosing the band to be investigated, enlargements
of 1t aro tmade from spectra of suitable iIntensity. Usually
three or four different pressures of absorbing gas aro needed;
the highest pressures (or longest path lengths) are used to
bring out the weak lines iIn the wings of the band, the lowest
pressures to resolve the strong band centres. The channels are
then numbered with the aid of the ohanneled i1ron aro spectra,
used previously In the calibration procedure. These spectra
contain weak absorption so that the two types of speotra may
be correlated.

The fringes are measured on each enlargement, channel by
channel, beginning with the channel with the highest number,
that 1s from high to low frequency. The measurements are
recorded for each channel together with symbolic information
on iIntensity and, If the fringe appears to be an unresolved
doublet or is interfered with by another fringe or by some
photographic disturbance, this i1s also noted. On any one
plate» the iIntensities are estimated to belo*g to any of eight
categories from very weak to very strong. Later, the estimates
on several plates (generally differing on account of different

absorption pressures) are correlated to a single numerical scale

from 0 to Oe
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Tha fringe measuroraonts for a given channol from e/&j
plate \isod are all recorded together. A band of the type
under consideration In the present work, extends over about
350 channels (400 cm”1l) and in 1t from 5000 to 10000 fringes
are measured. Vhen complete, the fringe data together with
the calibration constants and *b* coefficients appropriate to
the i1ndividual plates, are transferred to punched tape ready
for 1nput to the computer. The programme used, entitlod
"Ordered froquonclos, HU1.4.", reads in all the measurements
from every plate in tho first channel. As each fringe
measurement iIs read* i1ts/intensity and tho other information
mentioned abovgﬁs?ﬁug-plaoo of the oomputor store which
identifies the plate number from which it comes. Since tho
some froquenoy occurs in four or five adjaoent channels, some
D;, of the material calculated for tho current channel must
be retained in the store of the oomputor, awaiting the data
of suooeoding channels. The rest, togothor with tho
appropriate material retained from previous channels, is thon
output iIn order of decreasing frequency, ono frogquenoy to
each lino on tho toleprinted output, Besidos the frequonoy, tlroo
items of information whioh servo to identify tho source of tho
estimation arc also output, these being the plate number, tho
channel and tho x value. Finally, tho estimated intensity 1is
outpute

The completed list of 5»000 to 10,000 frequencies 1s then

Oxaminod in detail. The frequencies may be marked off into
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groups, each group containing all the estimates of one
frequency. Hoot groups present no problems, all the
estimates being close to somo central value, and being

mell separated from neighbouring groups. An estimate of

the iIntensity is then made for each group from the individual
estimates of the group» Occasionally, a group contains fre-
quencies spread closely but over a vide range, so that they
cannot all be estimates of a single frequency. This occurs
when two or more frequencies lie very closo together and are
measured on some plates as one frequency* on others as more
than one» 1In such oases, some arbitrary selection and
rejection of frequencies must bo made, so that two or more
individual frequencies stand out} a record iIs kept that
thiis lias been done and appears eventually on the final
frequency list» buoh frequencies are regarded as approximate
and are subject to review.

Several errors iInevitably stand out of the frequency list.

They a“® the thiroe types listed below.

IN A frequency with an anomalous intensity ocours within a
group, i1.c. a very weak

otherwise strong frequencies, say 8 or 9, or vioa-versa. This
is often due to on iIncorrect transcription of the strength
somewhere on the route betwoe n observation and final printing,
and may be chocked by reference back to the original print,

making use of the identification material mentioned above.
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Nothing further need be done about these frequencies other than
ignoring their intensity when assessing the intensity of the

group. They may, however, belong Instead to category 2.

2) Incorrect transcription of an actual mouauroaent to tape

(or i1ncorroct uieasuroiaent) will result 1n an odd frequency
appearing/in the list. |Ifciiay be of type 1, but moro often it
stands by itself, deference back to the print usually confirms
its error. Single frequencies may, of course, be due to only
one aotual oboervation of the frequencyf these, however, should

be of low iIntensity, 0 or 1, but may belong to category .

3) Single frequencies of very low intensity are sometimes due
to mistaken measurement of a spurious mark on the print. This
may be checked with reference to the print and the frequency

rejected I1f necessary.

When completely sorted and checked, a steering data tape
ie made, to select the individual groups (with rejection of
the unwanted fregxiencies), together with the estimate of the
intensity on the final correlated scale. This tape, and one
of the tapoe containing the full frequency list (there are of
course several such tapes), are input to the computer using
a programme entitled "Mean frequencies and standard errors,
HR1.6". 1« output of this programme, each line contains

the moan frequency of a group, its intensity, and i1ts standard



}IHAHUAL WORK.
Taking the series of i1—2 weeks
plates
Enlargement of calib- 100 enlargements
ration spectra and 30 hours
absorption speotra
for one band

p_ ______________________

Main calibrations 1-2 weeks
measurement a taping
Local calibrationt 1 day per

i
i

»Adas hi

1
OPERATION " TIME OS

measurement and taping plate

Measurement of 5»000

to 10»000 absorption 2*4 weeks
fringes i1In one band

from 3 or 4 plates and

preparation of data,

Conversion of long
frequency list to mean 2-3 days

frequencies«

TIME OH
COMPUTER

15 mins, for 5

iterations.

a few minutes

60 - 80 mins.

15 minutes«
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error, where only one or two frequenoie. are present iIn a
(Troup, the standard error cannot, of eourae, be determined, In-
stead the letter, r. or FT ore printed. The resulting lists are
shown In Appendix 3, but, of course. Without the assignments
given there.

Tixeso two computing operations might have been combined
to produce» the final mean frequency list from the original
fringe data. It would, however, be extremely difficult to
programme the computer to reject the spurious fringes that
inevitably occur. 1he intermediate reassessment with reference
back to the original print i1s, at present, an essential feature
of accurate working. |If the number of spurious measurements
oould be reduced considerably, as i1t may be 1f a projected
plan for semi-automatic measurement materialises, combination
of the two stage, would result In a significant reduction iIn
the time needed to process a band.

An estimation of the time involved iIn the various operations
outlined iIn this chapter is given iIn table 3 5. ~ times
quoted in column 2 assume continuous working for eight hours
per day on the relevant project. An iIncrease of up to doub lo
the time quoted might bo allowed for the measurement of fringes

since continuous working 1o difficult to maintain.
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Introduction,.,

As i1ntimated earlier, the formaldehyde spectrum offors good
possibilities for the near-complete elucidation of the
rotational, vibrational and electronic motions of the
molecule. The spectrun has already been studied iIn considerable
detail by many investigators iIn most regions of the spectrum.
The pure rotational 9pectrum, which affords inertial constants
for the vibratioribss ground state, has been investigated fully
in the microwave region and several i1sotopic species have boon
included iIn the analysis. The vibration-rotation spootrum has
been studied at length iIn the near infra-rod region, while some
work has also been done on i1t using Raman techniques. Tfinally,
the electronic spectrum has been studied, both in absorption
and 1In emission, over a wide frequency range iIn the near and
far ultra-violet.

This cliapter is concerned with a review of the spectrum
in all those regions and iIn particular with those points of
special relevance to tho present work. A detailed account of
the theoretical aspects of the rotation of molecules will be
given i1n the next chapter} 1n the present chaptor i1t will bo
assumed that concepts of molocular spectra, especially of

rotational fine structure, are familiar.
The I1Vre Rotational Spectrum.

Tho 1nvestigation of the pur© rotational spectrum lias

been concerned exclusively with the vibration-Loss lovol of



of* the electronic ground state, although there are x>ossihilitiea
of studying excited vibrational levels (see rer*, hU p. 2273),
Since the dipole moment of the nioleoulo lies entirely along the
principal axis of least moment of inertia, the rotational
selection rules allow only parallel transitions, of the type
AJ » 0, +1 and Ak »0. The very high rotational constants
of formaldehyde cause all but ono of the transitions for which
/\jJ s +1 to lie outside the microwave region, Suoh linos have
not yet boon investigated In the far infra-red region, and almost
tiro only transitions available for analysis aro of the typo
Aj »0, and A K = Since formaldehyde is a slightly
asymmetric rotor, many transitions between the iv-doublots fall
in the microwave region. To date, 33 such linos have been i1den-
tified for the normally isotopically constituted molooule,
together with the single transition J ® 0, K ® 0 —A
jol, h=>0. For the i1aotopic speoios DoCO, MDCO,
Ii c130 and HoC018, 10, 26, 12 and 3 linos respectively have
been i1dontlfiod and measured.

Since the frequency of only (at most) ono line with
J s + 1 1s available for each i1sotopic species, the
variation of rotational energy with the quantum number J is
not well defined, Tills la a groat limiting factor on the
extraction of rotational constants, especially the centrifugal

distortion constants, from the microwave frequencies. Only

slightly loss serious is the total absence of lines for W/liich
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Tnblo 4.1.

rotational constants (In He/a) for 1120
(microwave, frequencies)

L.&0.(42) Bri.(43) Oka (44) frouoiil wit.
(b+C)/2 - 36,419.22 (36419.22)
A-(B+C)/2 245.687 243,686 21*5,610 245 _425
b —0»00982? <©0»009826 -0.009337 «0.009846
Table 4.2.
Croup tables fer Ck and C aymotriea (%s)
Cov I C2 () GV (0s?)
1
Al L 1 1
A2 1 3 -1 -1 R»
K1 1 -1 1 -1 ity
*9 1 -1 -1 1 Eix
cs I cr(xs-)
A’ 1 1 Tix
A" 1 -1
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A K = 1,1, since] tho rotational constant A

is then determined only by differences between K-doublets.
Only for tho asymmetry parameter b, does this spectrum provide
sufficient information for 1ts unambiguous evaluation.

The spectrum was first studied in detail by Lawranoo and
Strandborn (42) who measured and identified ISlinos of I%CO.
They obtained tho rotational constants listed in tablo **.1,
but their distortion constants related to a distortion formula
*** not nov of interest. Drlandson (43) redetermined tho
constats from 10 of the frequencies with tho aid of an
electronic computer, and employed tho six-constant distortion
formula of Kivolsen and Wilson (soo section 5.3). por
reasons soon to become apparent, this distortion formula is
also not of Immediate iInterest for the formaldehyde spectrum.

In a very detailed treatment cf the microwavo spectrum
of formaldehyde, Oka et al. (44, 45, 46) used the frequencies
obtained by Lawrence and Strandbore, together with others
determined In the intervening years (for references to this
work see ref. 44), and also measured and identified many
now linos, especially for the isotopic molecules. Thoso
workers realised that in the first order treatment of centri-
fugal distortion of Kivolson and Wilson, for a planar molecule
there were only four independent distortion constants. Oka

therefore deoided to uso tho distortion formulation in terms

of the more fundamental quantities , since there



91

were only four such oonstants, independent and non-zero. On
computing the coofficionts of the TL"s for each of the observod
frequencies, he decided that over the ranpe of frequencies
used, there was not sufficient variation iIn the coefficients
to allow direct solution for the lie thereforo calculated
the centrifugal distortion correction for eaoh frequency using
T:*b independently computed from the force constants of tho
molecule (to which they are relatively simply rolatod).
Subtracting these corrections from the observed frequencies,
he solved for the remainind%?otational constants using a lonst
squares procedure, ile then varied one® the X.»S, arbitrarily
selected, until an optimum fit to the frequonoy data was
obtained. In view of this somewhat irregular treatment by Oka,
the microwave frequencies have now been re-examined iIn the
light of recent information, obtained in the present work from
the spoctrun, and an account of this work is given
in chapter 8. The rotational constants obtained by Oka and by
the present author, from the same set of frequonoios, are listod
in table *1 A full comparison of those two iInvestigations
Is deferred until chapter 8 of this thesis, but i1t may be
mentioned here that a much better fit to the microwave
frequencies has been obtained In tho present work than was
obtained by Oka,

Valuable i1nformation on the pure rotational spectrum
could bo obtained from the far infra-red region, say from 2 oa

to loo cm* . Although the experimental difficulties are great
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in this region, significant adveneos in technique have

x-ooontly boon made (300 Tor oxoruplo rof. 11).
Lf\ The vibration-rotation gpjojroa.”

Transitions botwoon the vibratlonlcso state axl tio
excited vibrational states in the ground olootronlo atato
of formaldehyde occur in the infra-rod region of the
spectrum, The molecule 1ms six normal vibrations and those
or© illustrated in fig* U.l opposite; the convention used
iIs that recently recommended (8?). Blau and Niolsen (47)
have studied the spectrum iIn «lotail (earlior toork is cited
in their paper). Thay found that all six of the vibrations

wore excited in the spectrum and they carried out a partial

rotational analysis of each of the band3. The thro© totally

symmetric vibratinns, -V bJ2, and givo rise to parallel,
typo A bandsl that is the vibrations induce on electric
moment alone the A axis of the molecule. The rotational
selection rulos for such bands are J *0, 1 anc™K «O0.
Hie two 8« vibrations, *v and ™ give rise to type B bends,
while the single vibration N, gives rise to a typo c
bend. for these porpondioular bonds, the selection rulos

aro Aj ai 1l and AK » + 1.

The infra-rod bands mentioned nbove have provided pood

examples of the two main types of vibrational porturbation
found, INn molecules. The first typo, termed Fermi rosonanoo

(48 p. 215) occurs by mixing of the eigenfunctions of two
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vibrations which have the same symmetry. Tho perturbation
in largest when tho two vibrations are close to deganoraCyt
tito levels arc pushed further apart and the infconsitioo of
tho transitions tend to equalise. The combination level

Or formaldehyde, which lias 1 oynimetry and lies
at 3003.3 em”, is clone to the fundamental level Vj*- and also
hno the some symmetry* The fact that tho intensity of tho
combination band la al»normally ;Teat and that its frequency
lies hiffher than mirht bo expected from the sum of the
constituent vibrations (2993 cm ) is diroctly attributable
to Fomi resonance (*17}.

Tho second type of perturbation occurs when vibrational
oifronfunotions of different symmetries become mixed by tho
rotation of the moleculet tlie typo of perturbation is known
ns a Coriolis interaction (*i3 p. *167). Tho conditionfbf
perturbation to occur is that tho product of tho symmetry
apocios of tho two vibrations should contain tho apooios of
n rotation. Uoferanee to the c”v “roup tabic in table *1.27~ ~.
sirow« that the product of the and V™ vibrations has a
symntotry, Agt which is tho same as that for rotation about
~MIQ / axis. Clnco tho two levels lie clooo to ono another,

strong perturbation is to bo expocted. Tills is found in
tho spoctnun (*>7) and analysis of tho two bands is fproatly
OQuj])licatod by tills factor. Indeed, tho assifpuuent of tho

~vo bands was in some doubt until a rooent more tliorough
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Table 4 .3.
Vibrational frequencies for the olootronic ¢".roud state

of formaldehyde .

ECHO HODO DODO

x.K.(47) Hainan(1*9) 1.n. (1*9) liaman(1*9) I,R.(50) U.V.(23)

2766.4 2781.6+5 281*4.1 2846.2 2055.8
1746.1 1742+3 2120.7 2120.3 1700 1704 .1
1500.6 1500 +3 1723.4 1723.2 1105.7
1163.5 1074 938 934.7
2843.4 2866+10 1400 .0 1397.4 2159.7
1247 .4 1041 990

Table 4.4.

rAactronic transitions In formaldehyde (after Slrtnan (52))

- n . .
transition ENIiliOY (ev) Intensity fox* abaox'ption
from the ground state

Nt 0 -
3«2 * QtS*TTg 3.2 v. weak (<10~5)
122 oV A 71" 4.3 0.006
18 , np-“erg 7.1 0.02
XAi ,TT1'~7T2 8.0 Strong

Rydberg > 8 Strong
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examination of them wan undertaken by limes (*9), who,

in 1'net, confirmed the findings of Blau and Niolson. in
thoir pnpor, Blau and Nielson show that the rotational
onox"cy levels are dopondont in a conplicatod manner on

the quantum number K (roughly linear). Observed Goriolia
interactions between ~ and and between 0 and >)
(47), should bo largely dependent on the quantum number J
(the symmetry products, Ba and Ik contain the rotational
species Rx, and Ky, Xespoctivoly) but oinco the vibrations
are some distance apart, a much smallor perturbation than
the main one above, is to bo oxpeotod.

The infra-red spectrum of the molooulo lihco was
investigated in detail by Davidson, Stoichoff and Bernstein
(49). They also found all six fundamental vibrations in
the spectrum together with a few overtone and combination
levels} the fundamental vibrations are listed in tablo 4.3,
In tills spectrum also, the offoots of Coriolio and Ponai
perturbations are ovidonty indeed, since the molecule has
only two symmetry species (see the group table for Gfl symmetry
in tabic 4,2), the possibilities for such perturbations,
compared with the more symmetrical molooulo IICIO, are greatly
inoroasod.

Iho fully doutorated speoios DCDO, was last investigated

in 1933 by dbors and Nielsen (60) with a relatively low

dispersion instrument, and the vibrational frequencies thoy
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obtained are listed in table No more recent work bas
been reported.

The vibration/rotation spectrum of the two spooler
[I0II0 and HC’X) have boon investigated uaintf the bnan method
by Davidson Stoiohoff and Bomstoin (ty?), tho bands boinpr
orcoitod by the mercury line. The vibrational froguenoioo
found by then nre listed In table ~.3t 1t onn bo soon that
the of*reonont with the iInfra-red frequencies is satirfnntory,
ospeclolly in view of tho dffleulties in tho neaauromont of

tho Unman frequoncion of IfOHO reported by Davidson ot nl.

Hie 'lootronic pectinu..

The ultra vilolot band systems of fomnldehydo linv© been
investiftatod more thoroufdily perhaps than the systems of any
othor comparable noleculo, .several, electronic transitions
have been identified and quite thorough vibrational analyses
have boon made on ono or tvo. In addition, several vibronic
bands have boon photographed under high dispersion and partial
or completo rotational analyses have been reportod.

* Tho electronic transitions liavwo been smrvcyod theoretically
by Popl©® and Sidnan (31), and by SiOman (62)* Th* diagram
opnosito, (fig. &*2), shows the occupied moloeular orbitals

of* highest Oncr{y, and the lowest unoooupied orbitals, all of
vrhioh are involved in tlie olootronic trant)itlone studied]| tho
observed transitions are shown in table n»nh, The x>lain G&*

bond between the carbon and oxycon i1a totally symmetric ( )
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to the operations or the group C2v, witilo tlio 71 bond, 71(
haa oymiaotry Mlo>. The il orbital whioh 1o non-bonding raid
ma strictly a p atomic orbital localised on tao oxygon atea, «u-
le the highest occupied orbital, The lovor lying oroctxxmic
transitions arise by excitation or an electron iron one or
these orbitals to either tho TF, or <K, anti-bonding
oxfeitalc. 11t First such transition will be from the rip »on-
bonding orbital to the TT” anti-bonding orbital, “lliis
transition (n™n*) 1Is well hnovn in r.iolooolot> oontainin,;
a carbonyl group, and occurs at From 3000X to ¢KKX&, tho
exact location depending on tlio oloctronogativLty of tho
cgroups attached to tho carbon atoin. Hie excited «tato can
be airthor 3inglot or triplet, depending on whother the spins
of the two unpaired electrons aro aligned ¢oox"allol or anti-
parallel to one another. flic transition to tho singlet state,
1a forbidden on eywmotry grounds Al) but Poplo and
bldmon (pi) describe a mechanism by which intensity aan bo
induced by a vibrational/olootronio intorabtiori. According
to those antitore, tlio vibration ~ should bo chiefly
responsible for tho intensity and givo rise to vibronio type
D bands. This is In substantial agreement with the obsoi-vod
apoctrui.; whore the strong bands are ail J typo, and tlio
otrongcu t form a progression in tho oxcitod state fundamental
with as origin, the excited state vibration Xhay

otato also that the (O3ig bending vibration, should al»o
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contribute to tho intensity of the electronic transition,
producing type C bands, but with an Intensity some loo
tines loss than the B bands. In fact there are indications
that typo C.bands do occur in the band system (soo lator in
this chapter for details) but whether or not they fit into
tho picture of 1"ople and Kidman, i1n not yot apparont. Parallel,
type A band3 liawo also boon identified In tho band ayoton
(23) and (2U), and Sidman (62) accounts for their iIntensity
by oither a rotational/vibrntional perturbation or by a
magnetic dipole transition oileochaniem. a recent rotational
analysis of one of those bands by innos (63), indlcatoo the
lattor of tlicao two possibilities.

Hie electronic transition to tho triplet stato i1e both
Bymaotry - arid multiplicity-forbidden. Sichuan (32) suggesto
tliat intensity for tliio transition may bo borrowed from other,
multiplicity-allowed transitions by a spin-orbit coupling
mechanism} tiio transition which Sidman suggests is responsible
iIs tho strong 7T to TV  transition at 8.0 ov. The band
systorn is, howover, very weak} tlio total intensity of tho
singlet-triplet band system being some hundreds of timos
weaker than tho singlet-ainglot system. Robinson and di
Grorgio(25) and (26) iuivo described rotational analyses of
some of tho bands, but as yot few details have been reporti«*I.

1
The electronic hTiaisitione np 5 ( B0) and TI™*rr0



FIGURE 4,3.

TRANSITION FROM A PLANAR TO A PYRAMIDAL MOLECULE

POTENTIAL CURVES FOR THE CH” OUT-OF-PLANE VIBRATION

CASE |
Plarer ndifiiLE
€g HCHO state es Hab

PrRbital moelfc wiHv bj bamtf © sior.
N MCHO Ut *cAtbd. AWitt.
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liavo boon reported Ir*. the far ultra violet while Kydborg
transitions havo boon identified in the vacuum ultra-violot.
Sinoo thie work is very inooinploto and in not rolevant to

the present work, no moro dotadla will bo givon hero,

1 1
The — Ax TransjLtion»

TJioro lias boon a groat deal of oxporiuontul work dorio
on tho noax ultra-violot nystom of foriauldohydu. [If wo now
no;;loct tho singlet-triplet system, which luru no direct
boaring on tho present work, tho ayotern has boon traced in
absorption from 3950 ft to 2600 ft and the flooresoenoo
spootrum lina boon identified from CulO ft to 'jbCft,

Walsh (5*0 suggested tliat tho excitation of an olootron
from tho :ip orbital to the antibonding Torbital, might
mean that the normal planar configuration of tlio ground atoto
would no longer bo atablo in tho oxoited «tato. in fact a
pyramidal configuration was postulated with u low barrior to
inversion| that is tho molecule could olumge from configuration

A and B.

Tho diagram opposito, fil3. h-$t«howmpotential ourvoo for tho

out oi* pinne Vibration, "v» of n planar molooulo, a pyramidal
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molecule with a low barrier to inversion, and a otablo

pyramidal molecule. In the first oaao, the molooulo

oscillates about a planar configuration and the

vibrational energy levels are at roughly equal spacing,

decreasing regularly perhaps, towards higher energy, duo

to anhannonicity, if wo now introduce a small potential

barrier at the planar configuration, as in case 2, then

successive pairs of energy levels tend to approach one

another, tio more so where tho offoct of the barrier 1is

felt moat. o0 then have a set of lovelo, unevenly spaced

at low vibrational quantum numbers, but tending towards

C* ° 1 at UiellOr tUUltaa numbers.i1f t

at tho planar oonficuratlon la infinitely larf;0, wo Jmvo

tuu Isolator! struoturos vhoro tho onersy lovole aro npniln
ovonly »paeon, but with (all ether thine« beta* eqgnal)

roughly doublo the «pacing ofoaee 1. Per oonvonlenoe. the

four lowest lying levels of caso 2 arc denoted <+, 0, I* and

1“ and tho spacing between tho first pair is termed tho

inversion splitting. in the ease of tho ammonia molecule,

tho classic case of such an effoot, tho Inversion splitting

is about 1 cm“l1. For tho \ state of formaldehyde, however,

th© splitting 1» about 125 cm 1, which liuhoato» a lower
potential onrrior than ior &tEloivla. Vnloh 1"eallacd that
tiis cleared up an anomaly botwooon tho absorption and

fluorosconoo systems of formoldehyd©? thio was thiat tlio

apporont origin of the formor spectrum lay some 120 cm*l



Table 4.5

Selection rules for vilbronle -transition C2v2/p t*

(after Brand (25))

K odd (L) K even (A)

c-axIis b-axis a-axia forbidden

ANF-AA* (D) Ali<eAM(H)

a2 A«(-) Ag<c> A*i*) AM() A2C"SA* (1)

A" () BNA <M BX<"A™(-) Bj”®

B2<r-"A*(+) B2</ A" (<) b2

The symbols (+) arid (-} distinguish between vilbronlo

sub-levels arising from the i1nversion doubling.

TFISURE 4.4

Origins of J g progressions for HCHO

(after Brand (23))

300 1000
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higher in energy than the origin of tho latter spectrum.
It 1s now apparent, (see tho table of selection rules shown

in table ~.5) thnt the first transition of the absorption
spectrum s from the ground vibration lovoi to the o” lovol,
whereas i1n fluorescence, tho molecule can bo In the 0+ level
before radiating onorgy end falling to the ground state.
Waloh also notiood that the strongest fluorésoenco bonds
occurred between the lowest levels of tho excited state and
levela of tho ground state whore several quanta of tho V
vibration wore excited, that is, iIn which the ground state
«ponds much of 1ts time in a markedly non-planar configuration,
iliis would bo the condition for maximum intensity according
to tho lranck-Condon principle, viz. that there should bo a
minimal change in nuclear configuration in the transition.
brand (23) has given a full account of his medium
dispersion work on formaldehyde and tho isotopic species
11CD0 and DODO. From these results, i1t i1s clear that Welsh"«
conclusions are substantially correct. In absorption for
I'ICJI0, vibronic transitions to the o*, u~, i* and
identified and brand interprotod the relative energies of tho
lovols in ten. of a Potential barrier at tho planar confieur-
ation of son® 720 on"1. Moot of the fluorescence IInoo
involvo Ground state lovolo with excited quanta of the V,
vibration and brand could identify tho effect, of Coriolis

interactions with levels involving »~ a s was described

above In connection with the infra-red spootru,». Work
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reported by -Ujbinson (2u), although loss cxtonsive than that of
Brand, led to the same conclusionse

Details of the absorption inetor.i.

Vhe first detailed investigation of the absorption system
of formaldehytlo in the near ultra-violet was by Henri and
bchou (63) who classified Mo or so bonds botweon 3700 X and
2600 % by the poriodio variations in iIntensity of the bands
along the spectrum* They measured about eo lines iIn each of six
lands using an instrument with a resolution limit of 1 cm
iletce histialcowsy (14) in their classic paper reported a
high resolution investigation of six bands (Agq, A, A?, 1) B"
and G = using Brands notation dosci®ibed below) and gave
rotational constants obtained from their analysis. Limitations
of the theory at the time of their investigation» iIn particular
the change of ailape on excitation mentioned above, and the
inadequate treatment of centrifugal distortion then available,
have meant that many of their conclusion« have had to bo
rescinded in the light of present day knowledge.

The absorption spectrum was analysed by Brand (23) although
recent work has cast doubt on some of his interpretations. The
main feature of the band system is the appearance of progressions
in on upper state fundamental frequency of 1200 cm'"*. Sinco
thiis frequency must be totally symmetric and is sensibly
unchanged on isotopic substitution for hydrogen, i1t has boon
asslijnod to the carbonyl stretching vibration”™ >2. Origins of

the progressions occur as aliom In fig. h,k,1 taken from brand (23)



The proeroMion etuvtin;; from A,, begin» with tho o lovol

oe! tho 3ticoossivo quanta of arc Indicated in tho sub-
scripts of <0, Alt A2 oto. Tho wool: parallel progression

ni” "O0i17ino with dI° °* lovol 1 hovevor, although tho member

°0 *B observable as a nook bend overlapped by tho muoli
stronger AO bend, a detailed investigation of tho A, band

+n the present work has given no indication of linos
assignable to the a2 bond- Brand*a observation of this

band might possibly bo at accidental accumulation of linos
belonging entirely to the A2 bond. Tho origins of tho
progressions ) and BQ have been assigned to the 1* ~

1““ levels respectively. The d x ~ m fiff. *0 @B ™ f
has boon drawn rtmghly to scale to show tho relative positions
of tho four lower levels and the height of tho potential
barrier. Brand assigned the origins of tho C, E and F
progressions to the excited state frequencies,~ + O0*f~ * 0O~
and + 1" respectively. Some recent work by 1nne3 (33)

and by tho present author (so0 later in this* thesis for
details) has suggested that the C progression oonslsts of
bands that are G-type. 1f so, brand®s assignment eon no
longer bo maintained, since bands with vibrations of symmetry
A i1In tho excited 3tato i.isst necessarily be typo B, A typo
C band would require an A- vibration (see table 4.3) and,
bearing in mind tho work of Poplo and Sidman described earlier,

it 1s possible that tho assignment should bo the vibration 6?



CHAPTER 1

THE ROTATIONAL STRUCTURE OP 7IBRONIC BANDS
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IntxoUiotlori»

TFinn ntruoturo of a vibronlo band arises fnom tronsittons

betwoon rotational energy lovela of too different vibronic
species. The rotational oolootion rules whioh OTVeai tho
choice of combining; lovolo and which, tocother with tho
Individual intensities to bodescribed In section 55, "vonm
KOuoral appearance of tho bond aro dlseuesed In section 5.6.
Conorally, rotation onnseo distortion of a molooulo
by stretching of the bonds, with consequent chances in tho
rotational constants. It In convenlont, however, to
exprose tho rotational onorcy not In torus of thoso varyln,;
rotational constants, but as tha sue of oovoral parts, tho
i.—ain part boin,; tho rotational onercy of a rilcid rotor with
tho coonotry of tho non-rotating and thoroforo undisturbed
noloouloi this is tho rigid rotor approximation. The
effects of distortion aro then contained In a second part,
tho centrifugal distortion correction. |In addition, the
presence of other vibronie levels oleso to one of the levels
of the band, can cause perturbations to the rotational levels
and con eivo rlso to quite si.pufionnt energy shifts, whioh
nay then ho included as a third part, further, each of those
parts is expressible, 1In various ways, aa the oum of a number
of toms | tho rigid rotor approximation, tho oontrifugai
distortion oorrootion, end tho effoots of porturbationo (the

latter expressly in relation to formaldehyde) ore dealt with



in the next three sections.

n.2. The rif:id rotors.

The quantun mechanical troatuont of the ri”id asynnotrio
rotor IliR3 boon reviewed in detail by van Vinter (56) and
full referonco to earlier work 1S r&von thoro. The only
problem at tho proaent tieio Is tho numerical determination
of oner(7 lovela, and this con involve a lar”c «mount of
tedious calculation. Tho availability of oloctronio
computers has now mado tho task almost trivial and aevoral
authors have profpPEuamed the calettlation In various ways.
Much of tho present section Thrill be concerned with the
method devised In tho present work for use particularly
with rotational levels iIn electronic spectra, since hare
certain special features render the more standard procodurco
rather i1nefficient.

A brief summary of the theory of tho rijTid rotor
IS necessary to understand tho origin of tlic soculur aquations
from which tho ewor."jy levela are derived. The onor?y of a
rotating body nay bo expressed as»
iV <

X- z

5.1
v 2x1 21y 213

vhoro tho r/ (, - Xx. y. .) aro ««ul.r «.»onto, nnd tUo

» 0 lomonto of inortia about tho prinolpaf a«.. *, y, v [,_

of tho rotor. .o prtncipal axoe aro doflno.l so that tho



matrix of components of inertia about some femoral oot of 030s,
2> y» and as", with tlio origin at tho contra of uiaao of tho
inoleoulo, becomes diagonal« Tlutt is, "wo clofino tho tfonoral
clement of tho moment of inertia matrix, 1%y, about tlio axoo

u,v as t

~jv 0 = “9 riu riv 5.2

whore mi is tho mass of thio 1th atom of tho molecule, and r‘/u
and riV aro tho por-pendioular distances from tho two axes u
and v. when tho jenor&l natriic 3*3 is diagonal, tho diagonal

elements aro tho principal moments of inortia of the molooulo.

XX *X ™ —-IX»t ""XX ez "
y X" xy"y " -iytjjt
uA = X»»Yy™* XZ»2¥

Whan considering tho energy of a rotor, i1t iIs convenient to
define thliroo quantities A, B and C, inversely proportional to
the principal moments of inortia IR, ib anti Ic, and termed the

inertial constants,

8 TT"In 8 J\zir o TI2!

wliero we identify the axos a, b and o In such a way that
*cN*b>xa- (V°tc thiat the 0x03 x, y and e are identified with
the principal axos by other considerations. Thus for a planar
Cygy molecule such as formaldehyde, tho a axis In taken as tho
symmetry axle and tho x axis i1s taken to be perpomlioular to

tho molecular piano. Thoso conventions aro taken from a rocont
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report on notation for molecular epootra (i1J).) Vo soo then
thiat A h "™ Qe

In General, A, 1 and C oro all different! tide ie tlio
General oo»o of the asymraotrio rotor. If, however, wo oonoldor
the two extreme caoos where n - A or whore a . C, wo then
have n symmetric rotor with In the first ease oblate -symmetry
anil In the nenontl oaoe prolnto syraeotry. Ono of tlioeo oomUtiona
prevails uhenovor the molecule has a 3-fold or hisher aria of
symmetry! and for snail molecules, this is quit,. ,,rton tho oaso>
for formaldehyde, B i1s quite olooo in magnitude to o and both
are considerably smaller than A. duel, a condition is oloso to
tho linttin,: prolate sy,netric rotori formaldehyde may bo
referred to as a prolate noar-eymmotrio rotor. lho prooeduro
doscribed bolow was doslcned as ospoclally oonvonlont for such
a oaso, but with alight modifications, i1t should bo applicable
over tlio whole rone® of asynnotry.

Xn ordor to derive an oxproasion for tho energy, 1t iIn
convenient to havo a parameter which moaaures tho decree of
aeytrmetry. For tho present case, tho para-notcr b, introduced by

Tfanr (57). hA* boon found roost convenient} it 1e defined by *

- B
b A _ "
2A e B - cC
ivhen C*B (i,e. In the prolate symmetrio rotor), b a o, while
when E-A, b - -H b is thus always negative. 1u, parameter
i1s ospoclally convenient for a prolate near-symmetric rotor,

end when d.eirablo 1t may bo symbolised by othor
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parts of the asymmetry ranee, other parameters are noro
convenient. Thus for asymmotrios close to the oblato limit, on
oxprosoion difforent from, but closoly rolatod to 5 .5"i1s u«ad,
and tho asymmetry partmietor is also symbolised by b, or

(so® Townon and Schavlov (63) p-33*)jJ in the obInto limit, tills
b becomes soro. In tho rollon of IfEh naymaotry, a j»aranolor
ky defined by Kinc, llainer and Cross (563), hlias boon found
most useful while another parameter S , (ooo ref.(58)) olosoly
rolatod to k has been employed by somo autlioro noar the
prolate symmetric limit, (in the following troatmont, b la

to be road us *>prolato*)

IT we replaco the enf*ilar momenta P,r2 in oquation 5.1 by
quantum nochonicaloporators in tho usual way, and i1dontify A,
11 and C with tho axos X, y and a as already implied, it can bo
slvr.m that an onoray matrix Is obtained with elements /riven by»

(J,K Wr1J,K) a ~ JGil) ¢ (A- K2

and (@.* |Vr | J.Ki2) » -b G .Kil) 5.7

whoro©

Tho equations 5.6 and 5.7 dofinc a matrix, infinito In e.rtont,
onoh dlaZronal oloment beilry? asnociatod with a jjartioular J,K,
tho two quantun munbors doooribinf; tho qurmtieation of tho
causala!™ ronontua (for an asynmiotric x"otor, no quantitativo
oitfniflonnoo oan be attachod to K but it doo» px“ovifle a
conveniont nonna for deoifyiatintf a portioular onor?ry lovol, na

vili omeriTO bolow). SInoo, liowovor, thé mntrix ia dia”onol in

7 it tntty be j - e *into-



114

J, 1t may bo factorised into sub-matrioos, oacli associated with
a «articular J, and since X takes all i1ntegral values betwoon
.J and +J, oac"i sub-matrix Is of order 2J+1. Wo oou now writ®
the elements of oacli sub-matrix, M, after removing the common
terms, as follows 1
(K 1130)1 K) o X2 5.9

(K JE(D) [K+2) » b s (J.K+D) 5.10
Ilio latent roots of such a roducod matrix, which wo donoto by
B(b), arc obtained by diagonalisin;; the sooular determinant
In X113 , (whoro tho A nr© to be i1dentified with the various
roots E(b), and X is tho unit matrix) and ore used in an onorcy

oppression of the form»
W@,i) » J(J+1D) + A-F~ 150)j K 5.11

Tho 15(b) ore thus roducod onorgios. For convonlonco in writing,

in thio rost of this thosis the two compound rotational constants

VjLIl bo symbolised by D and oc so that oquntlon 5.11 booonoai
Uu@la,Kk) » D j@3+1l) t o EO>)j ,K 5.12

TTio subscripts J,K will bo dropped in future when it is

understood that c(b) roforo to a immoral 1\>ot of tho roduood

onorgy matrix, or to a particular J,K alroady spool fled.

Vo noh.” oonoidor tho reduced enor;” matrix defined by ogns.
rrand 5.10. It can bo soon that the matrix iIs of order 2J+1
and lire diagonal toms K2- Thio remaining non-soro elements all
lie on two off-diagonals separated from tho main diagonal by

soros. It was found by Wang (57) that tlio roduood matrix could
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Rigid aaymmetrlo rotor onerpy aatrloea

0
2b2F(Jtl)

0

0

4
b2F(J,3)

0

0

1-bf*(J,0)
b2F(J,2)

0

0

1+bf*(J,0)
b2F(J,2)
0
0

gable 5.1

1
4

b2F(J,3)
0

16
bafU,5)

1
9

b2F(J #4)
0

1

9
b2 £(J.4)
0

0
1

16
b2F(J,5)

0
1

36
b2F(J,7)

1

25
b2F(J,6)

0
1
25

b2F(J,6)

0
0
1
36

49
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bo factorised still further Into four sub-sub-matrioos. Ibis
factorisation is useful In erectly reducing the labour of
dla, :onnlisatlon. Tho four matrices aro denotod by !#, E-F ,,¢ WI(

0", tho E matrices bovine oven diagonal element» and the O

matrices,odd diaconal olo-onts. Their detailed form 1» shown In

table 5.1. It can be soon that apart from a few elements close

to tho top loft hand comer, tho elements show a regular pattern

which extends as far as allowed by tho condition Kgj. %0 ,,, OOt

of tho off-diagonal terms is to shift the roots away from the

diagonal elements, tho magnitude of this shirt bcl,,c dependent

on and roughly parallel to tho maenltudo off tho off-diagonal
tonne (i.o. to tho degree of asymmetry), and Inversely
proportional to tho dlffereneo between successive diagonal

Thus the most perturbed roots are thooo at the top
that tho

elements.
loft hand corner of each matrix. The matrices aro such
roots derived from a t matrix aro always higher than tre

corresponding root In tho - matrix, this is tho Justification

for our later reference to roots from a ¢ matrix a, u (upper)
level;., and those from a - matrix as 1, (lower) levels.

IT wo substitute h » o, that 1Is wo consider a prolate

symmetric rotor, then all the off-diagonal elements become aero.

The i1ntent roots are then simply K2 and the energy expression
5.11 reduces to tho well-known symmetric rotor formula.

t(J,K) « ttd(jtl) e (A-n) k2 -

If we now consider the oblate symmetric rotor, b » -i (horR

still expressed by bprolato), then diagonallaation of tho
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reduced matrices give® a set of roots also equal to tho squares

of alternate integers, denoted I'Hl2

* The relation between the
two limiting roots > end Hel?2 (*«=1™ Ts hero tlio prolate
root) is then t

K-1 © K+#1 = 5 TV 3.1n
where A~ x> poor 1 fee a ¢ or a - matrix respectively, Tliis
relation provides a unique neans for identification of a root
for any degree of asymmetry* thuo when it lo required to
specify a particular root, it oan be doscribed us J,

In order to obtain the rotational energy levola, tho
reduced energy” matriceo of table 3,1 aiuet be dlagonaliuod) &
wilce variety of procedures have been devised to effect this.
The matrix may bo expanded about some required root in tho form
of a power series, with the asymmetry parameter as tho argument.
The coefficients ci may bo obtained cither by expressing tho
.secular determinant iIn the form of a continuod fraction (boo
icing, llainer and Cross (68”7 p ,35)) or by using nth order
perturbation theory (which 1a in fact algebraically equivalent)*

n is the highest power of the serios at which the expansion is

to be cut off* The expression used to obtain a root i1a then »
n .

i = c™b 3,19
1*0
Tho coefficients must be determined for* each required root. Tills
has been done for the expansion In term® of b by Townee and
Pehavlow (63) P»522, for J,K up to 12,12, and extended by

Schwendomann (39) for J,K up to 40,40%, by wait and



Barnett (60) for the expaneion In terms of J.,K up to
100,100) | and by King Iminer ad. Cross (58) for an expansion

in ton»« of Ky centred on the region Kym O, (J,K up to 12,12).
Polo (61) has described a method of expressing the coefficients
themselves in the form of a power series and h© ftivoo those
coefficients for an expansion iIn temis of his asymmetry
parameter £ (£ *»b/2) up to the fifth povror, As 1t stands
therefore, Polo’s treatment is exactly equivalent to usixv: the
Sehwendemann coefficient», aa far as the latter extend.

The usefulness of siost of these expansion« Is limited to
molecules with a low decree of asymmetry (@ close to 0) and to
levels™low J and hlgh quantum number«. Outside those cases,
the terme In the oxpansion 5.15 do not convert®© sufficiently
rapidly up to the fifth power of b (the limit of Schvendomenn’n
tables) and indeed they soon be”™in to diverge. In tho present
work, 1@n onier to try to extend tho usefulness of tho
-,chwondemann coefficients, lilyhor terms in the exponaion MW
been computed (up to C¢ for even and to Oy for odd )»
oven with this extension, over a lar™e part of the J,K field
tills approach cannot bo used oven with a molecule of tho email

asymmetry of formaldehyde (b -0.01). For tills reason, in tho

An error iIn this papor, discovered In the course of the present
work while attempting to nee Veit and Barnette coefficients,
makes those coefficients invalid for the determination of
energy levels (see alt, J. Mol. Speot,, <€, p,27¢)
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prosout work It has boon found neaosaary to reject the aorioa
expannion r«tdl0d .

Another approach that r.as boon widely usod la to prepare
tabloo of reduced onoryios over a ranee of asymmetries, for
each individual lovel. "itmer, fTlicks and ileitiv-losner (62), liawo
prepared such tables (reproduced by Townes end Fioliawlon (63))
for J,K up to 12,12 at intervals of the asymmetry parameter K/
of 0.01, from IC» 0 to K » 1, while UrXnndssori (6k) has
extended thom, at intervals of o.1 for J,K up to kotko» In uso
ono has to Interpolate» between tho tabulated valuo3 nnd tills
inevitably introduces «one uncertainties wliioh are in fact
unacceptably laryo for the spectrum at prosont under
invosti ration; wo have, hovevor, rotund those tables voi*y useful
in the prosont work for obtaining iInitiilLL approximations to tuw
cnorrios, wliioh aro then refined iteratively by tho computer as
described bolow.

Another procodure has boon devised by Golden (63), who
niatrix obtained in tho solution of datldLou functions, fod* wliich
the characteristic roots linve boon tabulated, blnco tho H&thiou
matrices are infinite iIn extent, tho best correlation between
thomm and tho asymmetric rotor matrices occurs when the Inttor
arc OF liich order, 1.0. high JjJ tho Golden px“ooodure its thuo a
useful supplement to tho power sorioa procedure, especially
where the latter beyina to break down due to hiyh J.

Bocausa of tho ready availability of an electronic computer
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for the present work, it was decided to caiulate reduced onor”ios
from the original reduced matrices, end not to rely on any
of the approximate methods outlined above. Two procedures
have boon employed, the first when only one root is required,
from a yiven matrix, and the second when all roots are x-oquirod.

Because of the nature of the rotational structure of band3
of a prolate, near-symmetric rotor, it is by far the most G a
convenient to compute R@®)*s for a run of increasing J°s for
each K In turn: since each ener."y matrix has latent roots of
several K’s for a single J, it would be inefficient to
diayonaliso the wholo matrix when only ono root is roquirod.
Therefore, a method has been employed which dolivors roots
singly; it is roferrod to by King, Hainer and Cross (58) p-36.
IT we symbolise the diagonal elomonts of ono of the reduced
energy matrices M, by the secular determinant |m - A |/
Eiay be expanded in the form of a recursion formula i

Ap = Ap_1 (ap -A ) - Ap_o b2 f(d.9) 5.16
p « 1, 8 eeen

where A1 =1, AO = a™ - A » B30 "~ is the i33” diagonal element.
The correct f(J,q) is that one enclosed by the diagonal elomonts
ap and Op_i. The quantity Ap should be zero whon ono of the
latent roots, )\x, Is substituted. If we substitute instead, an
approximation wi to ono of the A a non-zero value for An
will ho obtained, saf yx, Wo can now f?enoralise oquation 5.16
in the form

y = f(v:) 5 - 17



FIGURE 5.1.

ENLARGEMENT OF SECTION ABCD
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"ilio form o.i tilic -function is oscillatory, and crosses thoy » 0O
©-cis a total of n times, each iIntersection corx*cspondili*; to a
root Ai* The situation Is ahovn diftfjrBna&tioally in. fir;* 5*1
for the T+ matrix of J » 0O (the ordinato is not dravn to scale).

XT we clioooo now, a socond approximation w« to A+l an
arbitrary (amali) distance from v, and calculate its
corro»ponding y.,, thon it in easy to slinw by simple coordinato
geometry that a bettor approximation w* to A + to obtained from
the relation :

WJ’ - Y2/~ ~ TXN2 5*%13

72 ~ Y1
Thio process is known an the motll0d of roruia faint. and. .may
ho continued ttorativoly until the difference between
successive approximations is lens than some fixed value, £ ,
wn is then equal to the required root, to on accuracy fTixed
by £ < In prtiotice, 6 must not ho no small that orroro of
computation duo to rounding will arntso fluctuation.*» iIn the w"
greater then .

Tliis praccdm™® lias boon programmed an a standard routine,

<0 that it may bo incorporated In other programmes,” a brief

summary of tho computing aspects of the i*outlno given 1in
the Appendix (p . For the particular range of asymmetries
used iIn tho present work, is a sufficiently good first

approximation Xl to the root for any J, X with iz« h; for
K ~ 3» the initial approximation iIs sot up internally In

tho routine using an empirical equation of the forms
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W. = K + ¢,J2 + c02 + ¢,J3

Tor which the ooafflciontn ci havo boon commitod for each

value of K {+ or -) by fitting this cubic equation to

approximate values for the roots obtained by interpolation

in the reduced energy tables mentioned above (62) and (611).
Tho second procoduro for obtaining reduced energies,

when all root3 of a given matrix are required, has aleo been

programmed. It is a direct transcription to a computing

language of a procedure dovidod by bonnett, hoes and “iells

(7h) for uso with asymmetric rotor matrices« Its uso In tho

present work is iIn connection, with the comptitation of asymetrlo

rotor intensities, and i1t will bo discussed further in tho

section (6*5) dealing with this topic.



123

*IIo non-ritrid rotori centrifugal distortion«

In several i>apers, Viison and co-workers (66,67) have
developed the theory of centrifugal distortion up to first
order, fcr the cenerai asyranetrio rotor. The onorgy due to
distortion, hW, s written px the general form«

5.20

where the etc* are angular momentum operators about tho
principal axes of the molecule; , B and S may be any
of X, y or a. The T7 *s are centrifugal distortion constants of
the molecule. Of the S; T7°s defined by thi3 egxiation, many aro
equal and others aro necessarily zero depending onthe symmetry
of the rriolooulo.

In the treatment of Kivelson and VIilson (67) the centrifugal
energy vas determined using a first order perturbation
technique. The Hamiltonian for the unperturbed rotational energy
wa3 given as equation 5.1 iIn the previous section; the
perturbing Hamiltonian is obtained dirGctly from oquation 5*20,

in the usual way. Solution of the wave equation to first order

gives the expression 5.21 for the energy of a non-rigid rotor.

V is the rigiit rotor energy, J is tho usual quantum number

quantising tho total angular momentum, and (Pz") 13 the
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average or expectation value of the operator (P72)F @RHgy I«

simply . d -o , and using the notation, of the previous
di/1,,
section,
B W
P.2)., a BZA D JWJ+1) + @EMm)]

dA
- E®) -b PO 5.22

The differential of 15() with resj®ect to b may be numerically

+ &

dotorminec as -Egl_ h% iiﬁgp)- i+n the programmed routine for

b
calculation cf asymmetric rotor energies, mentioned iIn the
previous section and described in detail iIn the Appendix p.2£ST

provision is made for calculation of the quantities E(b) and

(and incidentally al3o ) concurrently. The

db db”
quantity (dr ~» In equation 5*21 is more difficult tc

determine. A route is given by Jvivelson and Wilson (67) for its

calculation, but for the present work, where low asymmetries

p\ 2
av

The six constants A™ are then the centrifugal distortion

aro involved, 1t is given sufficiently well by (Pz

constants to be determined from the spectrum. In the limiting
case of tho symmetric rotor, M 1is given by PJ1g+l) + (A-B)K2
and (?z ") becomes WV . We then have the well-known symmetric
rotor formula

- Dk 1& - DIKIG+D M - DjI~J+I1)1 5.23

where the constants D, Djj, and DJ are functions of tho A™ and

the rotational constants, (note here defined with -ve signs).

Tho present work has shown that equation 5*21, as It stands



Comparison of distortion formulae, J a 15. K ° 1*

Table 5.2. (6 Azx)

Constant  Numerical vilue Coefficient Product
Al -3.2993 "3 94670 -3.124
A2 7.1136 73840 5253
a3 -3.9963 "5 57600 -2.302
a4 -1.7793 292.56 -0.052
A5 1.6907 1.486 0.000
a6 1.7179 375.06 0.064

Centrifugal distortion = -0.161

Table 5.3.

Constant Numerical value Coefficient Product
*E -6.371 3.936 -0.003
°E] -4.32 476.2 -0.021
DJ -2.29 “6 57600 -0.132
D4 1,86 "5 156.7 -0.003
Dy 2.25 "7 18960 -0.004
»6 1.19 “7 6241 0.001

Centrifugal distortion = -0.162

Table 5.4.

Constant Numerical value Coefficient Product
r XX3CX -1.3124 *5 12105 -0.159
~zz227 -2.7627 1.423 —-0.004
XXXZZ 4.3460 **6 262.5 0.001
FXZXZ -8.2243 =5 193.0 -0.016

Centrifugal distortion & -0.178



126

13 not in tho arithmetically most convoniont form for use in

tho analysis of a spootrun. Xn table 3 .2, the numerical values
for the various terms of thit equation aro liatod ooparately
for a rotational lovoi taken at random (tho affect to bo
discussed la shown by all lovela)} the constants used aro those
found experimentally for tho ground state of foi“nxaldohyde ns
indicatod later, i1n chaptor 8« The tojital centrifugal distortion
iIs a small quantity, -0.2 oju , but is derived as the algebraic
awu, of terms more than on order of magnitude larger* This
indicates that in the formulation as i1t stands, sovoral tem3
contain largo quantities wliich lator cancel in their sum* Tho
formulation i1s thus 1i1ll-conditioned Jdn the variables A This
conclusion is i1 urtaer amplified In practice, aa described in
section 8*2, since the emerge from a least squares analysis
with standard errors of the same magnitude as the constants
themselves, and, In addition, the coefficients of correlation
betwoon tho constants are ail over 0*?7* This iIndicates that
while ono sot of constants, computed from tho froquoncy data,
may give a good fit to the actual centrifugal distortion, on
infinitude of other sots will give a fit, almost as good.

Vo propose thorefox*e, that a different formulation bo used*
Substitution iIn equation 5*21 of the expressions 3*11 for V T
5*22 for and of (1zzZ)al for (P,, )av ¢ gives an equation
in Which like terms are collected together and the abovo

behaviour i1s avoided. (Note that the last substitution abovo
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renders the now fonaulat :-= applicable only to molecules with
) the approach should be generally applicable.
»mall uuyiTzioti-yJ) The equation wo obtain *3 then s
M a +11« E(b)n + jVr 13(b)j(j+1) + DT2(j+1)2
+ D~ b(b) b"(®) + D5 jG+1) B»(b) + D6 @i*(b))2
",
in which the centrifugal onoriy iIs described by way of the six
new distortion constants X*. The first three terms in tills
equation ai"o analogous to the throe tcr.ns of the symmetric
rotor foriaula £.23* The throe remaining tome. are an ordor of
magnitude smaller than tho first throe (@t least they ai-o in
the present work whero the asymmetry is i1anall). Table 5.3
shows the magnitude of tho six terms of 5.2, determined for tho
sx.ie level as was used for table 5»2* It i1is immediately obvious
thiat tills formulation iIs superior to that of Kivelson and
.1lson for extraction of distortion constants in praotioc, from
a spectrum, lino constants obtained, may readily bo
convortod to tho if roquirod.

In order to obtain useful iInformation from the centrifugal
distortion constants, such as force constants of the raolooule,
they must be converted into tho defined by equation 5.18,
since those quantities aro related moi“e dii-octly to tho force
constants, hivolson and Wilson (67) give equations relating
tho to tho six independent X?e that emerge fXan their
first order treatment. Instead of using equation 5 .2ut we
could of course solve directly for tho X ’s using a distortion

rolation of tho form !



w + 5.25

This could be done, but since iIn the case of the pyramidal
excited state of formaldehyde, the two sots of constants, D
and T are equally valid and may be iInterrelated witliout too
much difficulty,/ the extra work in setting up the coefficients

using iviveleon and dlson®"s relations, would not bo Justified.

The situation i1s, however, different in a 1>lanar molecule
such as the ground state of formaldehydee In a\ich a case, of the
six ~Ces, two aro necessarily zero as demonstrated by bouiling
(63). clearly, 1t 1s more satisfactory here to uso equation
5.25 where there are only four non-zero terms, rather than uso
either of the other two six—constant formulae. This has been
done i1n the present work in order to obtain the final ground
state constants for formaldehyde, though compxitations have also
boon carried out for both the six X" and the six A", The
computation of the four coefficients c’\o‘l]Pf%rr_éach rotational
level 1s a laborious procedure and would only be attempted with
the aid of an electronic computer. Tlie route is given In some
detail now since i1t i1s particular™amenable to automatic
computation. A similar procedure has been uaod by Oka et. al,
(M) but iIn theilr paper there appear to be certain inconsist-
enclose i1flieeo are referred to later.

We first define a matrix H, of order 6 x 6, which relates
a vector A, of the six of equation 5*21, with a vector H,

of six iIntermediate constants, Dj, )" and «» Jf
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This last set of constants was used by Nielsen (69) in his
centrifugal distortion treatment, but they arc here used only
intenneiharios. ilie ulomonts of 1; i.lay bo determined by
inspection from the equations numbered 33 in Kivelson and
ilson’s paper (6/). 10 relation may be wx*itton symbolically as
A = I .R
A second matrix U, of orcker 6 x 4, relates the vector V, with a
vector T, of the four TI»s of table 3.4. ,tn dements aro
obtained from oquatlona 36 of the roforonco just cited. Ilhig
rolation may bo writtom
h = u .7
If now we symbolise equation 3.21 by
w = w + 3. T
w = O+ b . H . U.T
(D is of course the vector of tue coefficients of tlie M)- The
vector O oil the coefficients ox the T "z therefore given bys
d = » ..U 5.26
0 is obtained 2 multiplication of the three matrices 3ymboliaod
in ihe elements ot tho two inatrxcos ]i and U are given in
tables 5.5 and 3 .6. Since they are functions only of the rotat-
ional constants ol tho molecule, they need only be calculated
once for a series of energy levels, and then multiplied to give
a compound matrix X = H . Tl. Tho C vector for each level ia then

obtainedby pro—multiplication of X by a 1vector characterising

the particular level.
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f.12b
Table 5.7~/gives the i1ndividual terras of tie formulation 1in

tonna of the H "a for the sum® lovol as that used In Gk
earlier i1llustratioira]l i1t con be seen that the 't formulation,
like tho O formulation, does not suffer from tha defects of

kivolson and j-ilson"e formulation.

uotational perturbations.

Perturbations of the Fermi and Coriolis tj"pes wore
raentioned earlier (soction -j.3) in connection with the oxcitod
vibrational levels of the elect, iconic {-round state. In the
vibronio bands studied in tlie present work, no evidence
of Fermi resonance has yet been diacovorod, but a modified
form of Coriolis iInteraction iIs observable iIn some of the
bands. This perturbation, described recently by Lido (70
occurs by rotational mixing of the gyrovibronic wave
functions of the two members of an inversion doublet* dome
anomalies In the microwave spectrum of dldeutero—cyé&namlde,
noticod by Milieu, Topping and Lide (71)» were accounted
for by assuming a perturbation of tills type. Lido assumed
a pyramidal structure for cyanamide with a Linoai” NJC*N cltaln
at an an™lo to the NIIO piano. He expressed the lurhpLlLar
momentum produced by the out-of-plane Nkg raotlon in terms
of a set of axes oscillating with tho HUo plane; iIn the
quantum mechanical treatment this producod matrix elements

connecting two vibrational levels.
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Lide"s theory should be equally applicable to the
‘WA~ electronic state of formaldehyde which also has a
pyramidal structure. The perturbation will bo described
in detail in relation t 5 formaldehyde since some extension
to the published treatment iIs rognired for this moleculej
in particular. Lido"s formulation, was intended to bo
applicable to molecules of tho vexy low asymmetry of
cyanamido (b-v-0.001) and i1s i1nadequate for describing
interactions between rotational level3 whose energies arc
greatly affected by the asymmetry. It is however, capable of
development for the ruorc ¢.oneral caso, and this has now been

carried out after a suggestion by Lido (72)»

In the published treatment, a hamiltonian of tho formj

Hs IV + Hir + 1l + H2 + 113 5.27.

iIs obtained where
H 1s the Hamiltonian for the pttrely vibrational problem,
H iIs tho symmetric rotor Hamiltonian, and
IN 1s the usual asymmetry term*

Hg and I describe the coupling between rotation and

vibration.

| 1do then proceeds to chooso the cigenfunotions of
n Hsr as basis functions in the quantum nocban!cal
treatment and treats the remaining terras as a small per-

turbation. IT instead, we now ohoose as basis functions,
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sfdo oigoufunction3 of .w + Hsr + I whose eigenvalues are
readily dotex*ioinablo (sec ooctlon 3.2), and trout |ik;+ IJ an

the perturbing Luirlltoiilun, wo obtain a matrix with olomonts

given by ;
@.Kv WV tHa, * grpv) = v + BB 5*28
AJ,X,v U2 + 1y J,K+1,v") «jd+o(2k+1) JAQg-KPQA+K+1)j

5.29
whore Pv is tlvo cigenvaluo of tho vibrational level v,
m(J>K) 1s tho rotatxonal energy of tho level, including
the effects of asymmetry,
and d and o aro ubbreviatod symbols for hide'a parameters

~w» and o™,

There are, in addition, elements of tho form Jhv ; J™Mi-Ojv”
not present in the simpler formulation of Lido, but tho offoot
of those lias boon sliovm to bo practically Insignificant in tho
present viork.

itko last two quantities d and e are related in a
complicated way to shape and height of the potential barrier
which causes the i1nversion splitting.

Tho matrix deacriboi by equations 5.28 and 5.29 i1a diagonal
in J and so each J may be considered separately, jfiach of these
matrices .may bo factorised into two sub-Matrices, ono of which

contains tho statoo v oven,K ovon and v odu,K odd, wtiile the

second contuins v ovon, lModd and v odd, J oven. The first of



Table 5.7

PerturbaMoa matrix (after Lide (72))

K *wj, 3 /OJ,—3 0 0 0
BJ,-3 *T ewd,2- 733,-2 O 0
0 A v + WJ,!I- "V-i 0
0 0 PJ,-1 W~ mjox Fao
0 0 0 0 5350 Wy, + *J_1+
0 0 0 0
0 0 0 0 0

0 0
0 0
0 0
0 0
¢Jd -1 0

Pt,t "v+WJ,3+
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these matrices is given i1u table 5,7 1or the case J * J. \
uci * * am the vibrational onorgies o1 the two inversionn
levels» say the 0(' and o levels of 1A* formaldehyde» end their
difference is the inversion splittine, 1» The mi.minJLag torms
are i1d-von by»

Po»..) — B o(j-t-i) + C\d(b)

PTK - [ct e [j(J+1;-a(a+1)]

in thy last equation, 1 la taken with a negative or a positive
sifPi according to wliotlier tho level is from a - or a + rodaoed
energy matrix (see suction 3*2).

it now remains to diajonaiiso each of these matrices iIn
order to obtain tho perturbed energy of each level. To first
order, tills energy, *, for a Xovol In an upper somber of an

inversion doublet, 1is given by the equation»

Lfd + 0 (2F§—_12]_'h|;i_(J+l_) —_K(h—z()S

R | [ | e

i+ u - O(J»K—l)”
[d£ e K+1]] 2 [-(,>1) - KK>1) & 20
THowm o» wuswennwi» 1 — xm I|ft— —  —milW <i —lwss>i«| -

I + - W g,it+h)P

Here K iIs to be read as |[Kj, WQ 1s a rigid rotor energy.
In tliis equation, e io the \mperturbed onorgy for the level

J,K, that i1s tho rotational energy including tho effects of
centrifugal distortion. The terns with the superscript p
represent tho appropriate part» of the diagonal elements adja-
cent to that for the level J,K in tho matrix typified by

table 5.7 » that 10, they are tho unperturbed energies of tho



137

oorturbin ? levels. This expression thus gives the total
onorgy af a x"otatxonal icvol J, K, in tho upper member
ol tui inversion doublet, as perturbed by the rotational
levols J, 1171 of the lover liomber. There is of course
a corresponding perturbation for the lower member by tho
upper member,” the expression for it is obtained simply
by changing the sign of I and tho appropriate primes in
equation 5e30e

Strictly, tho crxorgry toms in tho denominators
of equation 5*30 should represent tho actual rotational
energies of the perturbing and perturbed levels (i.e.
including the effects of centrifugal distortion and tho
actual perturbation itself - thin part would have to be
treated iteratively); 1iIn tho present work, as also in
hide"s treatment, tho energies of the undistorted,
unporturbed levels havo been used since, iIn any caaa, the
expression 5«30 is derived from a first order approximation«
The essential differ©no® in this treatment from that of
bide 13 that the energy terns hex*© include tho exfoota of
asymmetry, vhoroas Lide need the symmetric rotor approxi-
mation.

be now consider tho Indivirttxal temia of the
perturbation exjjrcseion in 1*or® detail. Tho numerators
contain the quantities d and o which may be regarded with,
i, aiparaiiietors describing the perturbation, The £ signs

correspond respectively to the cases of a K+ and a K*
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perturbed level; thus H* the o end d terms ere or* oon-
parablo magnitude, levels J,K and J,K~ will bo shifted

to a different extont; 1f these levels were previously
degenerate (i.e. fox- high ft, where the effects of aayutaetry
are snail) they will therefore bo split by the pertur-
bation. In fact, in the prosent work for the Ag bond
(which has boon noat fully iInvestigated i1n this connection)
least squares solution for d and o together with the rest
of the rotational constants, delivers o value for o wnioh
is almost negligible; no significant splitting sliould
occur, end none iIs observed*

Cach denominator contains tho parameter |, (the
inversion splitting) ad. the difference between two
rotational energiese hen thi3 difference becomes
numerically equal, but of opposite sign, to I, that i1a when th©
two gyrovibronic levels concerned booom© degenerate, the
denominator becomes zero, mid the perturbation becomes, at
least to fTix"st order, infinite. If wo keep J constant, and
consider lovels of iIncreasing K (or vico-vorsa) then tlio
enox"gies of tho perturbed levels iIncitase at a different rate
from thobo of tho perturbing levels. As degeneracy ia
approached, with change of J or K, tho magnitude of tho
perturbation increases sharply, cliangos sign ns degeneracy 1is

passed, and finally decreases slowly.
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The two possible situations are demonstrated in figs. 5*2
caul 5.3. In tho first, fig:. 3»2at wo have a ease similar to
that arising in formaldehyde duo to tho observed inversion
splitting of 125 ena.‘"X between tho O+ and 0 levels, Vo will
consider iiit.lally, only tho perturbation arising from
rotational lovols J,JI of the 0% state by lovols J,K+1 of tho
0~ state. Tho points lying on tho fifLl curve correspond to
tho unperturbed oner.gy levels for the 0" level, of a constant
value of J, and tho energies are plotted against their
increasing values of K. (For clarity, the nsy:juuotry splitting
of the lovels at low values of K 13 not shoim 3inco i1t iIs not
Immediately relevant to the prosont argumente Also, the Dj(g+l)
ton:1 In the energies has boon removed for the samo reason »)
Tho points on tho dashed curve ariac from tho O Hlevel and are
for the 30110 J as tho other curve; these aro however plotted
against K-1 so that levels which porturb one another according
to the symmetry oclection rule inherent in Lido"s treatment
(K perturbed by Kp) lie on tho same ordinate. The ourve for
perturbation by lovols K-1 in the 0* 3tato 13 not shown» 1n
fact 1t lies below the two cunros shown, and since i1t novor
crosses tho curve of tho 0* levels, that part of the perturbation
arising from it 1t small wad regularly increasing with J.

Loth curves shown are for rigid rotor energies, and the
rotational constants used hero for purposes of illustration are
a 7,3 cm-1, b * -0 .0C7 and 1 1s taken as 123 da“l» these

figures approximate to the actual figures for excited



FIGURE
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formaldehyde in ita O+ and O states. In tho actual caco
however» the rotational constants differ in tho two vibronic
lovols; where known, oven appx“oximatoly, their different values
are used in tho numerical analysis.

**igc 5,2b uliona tho corresponding perturbations in the
levels of the U statej In their calculation, d and o have boon
taken as 0.07 and O respectively (again approximately those
found iIn practice for one such perturbation oecuring in tho A2
band)» and tho curvea aro drawn for J = 13* As can bo seen,
tho porturbation can Xiso to about 0.6 on'™* with tho rotational
constants mentioned above* In the present work, jiorturbationa
of this kind have boon found of similar magnitude and tho run
of the perturbation along K is similar. It is apparent from
equation that Cor a porturbation of this type, tho effect
of increasing J will be to iIncrease the magnitude iIn a manner
roughly proportional to J(Jtl).

In fig* 3*3b wo have the case of an inversion doublet
whore tho splitting, is much smaller than In the previous casei
13 cm"1l ha® boon chosen as an example* The full curve shows
the energy levels for K ® 0 of an 0~ level, plotted™against J,
whilo the dashod curve shows the levels for K « 1* of tho O+

level, also plotted against J] levels in tho bohio vertical lino

can then perturb one another* lloro again, tho energy term Dj(Jel)

has boon omitted for purposes of olarifioationj i1f we assume
each vibronic level to have tho same value for D, introduction

of tilia torm would merely increase the slopes of the two

17
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curves without altering the vertical distance between them» In
the More general case, small differences iIn T) can occur]
inclusion or this term door not materially affect tho
character of tho perturbation but its numerical effect cannot
be treated as negligible. The effect of asymmetry at those
levels of low K Is seen in the two curves as tho departure
from horizontal straight linos. The rotational constants aro
again O( = 7»5 end b « -0.007 for both levels.

A crossing point occurs with this situation also, here
due entirely to tho effects of asymmetry; it was iIn order to
account for such a perturbation observed in the region of low
K that Lido’s original theory was modified. Tho perturbations
corresponding to fig. 5*3» aro shown iIn the accompanying
fig. 5«3b, again taking d » Q.07 and e = o. The offoot of the
socond term in equation 3»3d (that is in this ca30, a
perturbation of levels Kk » O by K =1 in the other state) Iis
always positive but small throughout; it steodlljr increases
with J, whereas the first term, initially predominant, docro&sos
gtoadily after the near-dogenoraoy, so that at liigh J tho
curve again becomes positive as will bo soon iIn fig. 3»3b.

formaldehyde doe» not, of course, Jiave inversion doublets
of tills low magnitude: the offset of adding a vibration common
to both lovols would, if anything, bo ercpoctod to iIncrease
rather than decrease tho iInversion splitting. However, it is
quite possible that higher vibrational lovols built on a (¢)

inversion levol, accidentally become noar-degenerato with other
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vibrational levels built on a (-) level. Then, i1f the symmetries
of the two seta of perturbations Ole the sare,, the two conraosite
levels will perturb one another. Such a perturbation is more

like a norr.=.nl Coriolis perturbation but It is oxpectod that the
{jonoral form of Lido*3 theory +3 substantially apxjlicablc to

tills cuse. The parameters d end e would not have the significance
they have iIn a straightforward case of a Lido perturbation.
Perturbations of qualitatively the samo fora as fig. >3
have boor, found In sono of the vibronic bands of formaldehyde,
and thoir origin, in relation to the above account, Is discussed

in chapter 7 where tho obsomred bands are described individually,

Intensities of asymmetric rotor transitions.

In tixe rotational enclysis of vibronic bonds, an ostimat®©
of tho expected intensity of a transition ie almost as
important as the expected i1°requoncy as on aid to the assignment
of observed transitions. Tho o&loulation of intensities has
been described in detail by Cross, hairier and King (73) I a
summary is given below, especially with relevance to tho use
of electronic computers for thoir calculation.

Tho Integrated intensity of a opoctral lino, I, Is given by»
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(oxcitod state quantities are prifaod, ground state quantities
are double primed)» e now consider each of the terms in

3.29 separately.

AL
1) >) is theifrequency of the transition. The range of
vauuwMbess. "n d 1pand of formaldehyde is about .30 cm  while

1g

the actual frequencies themselves are of the order 30,000 cm™
therefore, only n 1 error is introduced by assuming the
factor V iIn 3.31 to be constant over a single band. unco
in the present work, only relative intensities are of interest
and these can only be estimated from the observod spectruxu

to somethin, 113;:0 I0.w accuracy, this factor is rejected in

the present calculations.

2) N i1s the number of molecules per cc ; tills factor is
empirically corrected for In assessing spectra from different

v_.late3 iIn a manner described earlier iIn section 3«5*

3) The factor (1—e"n1t ™ ~ ) dooa not differ apprecinbly
from | for the rotational frequencies considered, wliile the

sum over states in the denominator iIs constant.

K) is the statistical woight factor of tho lower state

of the transition described by a set of quantum numbers
abbreviated as n''e Without going into the well Imown theory
of the effects of the nuclear sp.in3 of equivalent nuclei on tho

population of rotational levels (see Townes end ¢chavlov (63)
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p-10S), 1t In sufficient. to statn hero that for formaldehyde
(IiGii0), levels with even h!nvo gn, » 1 while levels with odd
IC have ¢ * 1.  "the dideuteratad foro, JKJIDO, has statistical

weight factor*» 6 and 3 for even, and odd K respectively.

5) The >oltz;iaim factor, e , 1s readily calculable
from the known energy of the lower stuto level of the

transition* » a»vid the temperature oi" the absorbing gas, t.

fy The last factor, n, is the square of tho magnitude
of the um? n» eloraent In the matrix of the transition moment
vector « Tt may be expressed iIn terms of tho components
along the molecule-fixed axes, (g » a, Tjand ¢) and tho
direction cosinca " relating the space-fixed axes

(F«X, V, 2) to tho molecule - fixed axes. :Inco we aro
interested only iIn the relative strength of transitions, the
magnitude of tho transition moment is of no immediate interest*

The direction, cosines jmay bo factored into h- and M—dependent

torn« 1In tho fashion,

in which J, =, and arc the quantum numbers describing the
state and which previously were summarised as n. The factor«

of the dipole matrix elements In a syometrie rotor

representation have been reproduced by several authors hut
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Table 5«8

factora of the direction cooine matrices

@ a

+1
J->J

(2)(I

-jImK*

NERA i |
T A
Jpcj

J->J-1
@ Cu,

40+ QI+ (23+3))

4JU+1)]°1

r

2J(Jtl)2 - K2
2K
2 J2-*2

*K
- nJ(J—K+I)(Ji£+2)
N U+K) (JEk+1)

" IGHOG-1)

2 +ti)2 - a2
2H

-2 j2 - a2

\4

IXgd J"M"|JI*M"-1

+ I I-M+D) (G«L+2)

Ju+n)y Giati)
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they are given again in table 5.8 with some extra
clarificatione

All that In x"oquired now is to tranafomn the matrices
defined by the elements of table 5.3 iInto an asymmetric
rotor representation. oince all but the J,K factors are
invariant to such a transformation, wo need only consider
at first the elements iIn rows 2 and =3 of the table. Tho
outline of the procedure given below®™ is followed mere or

loaa in tho computer programmes 3133.15 and H115.25 iIn the

oourso of this work} (see the Appendix, p.lc™ for more detailb)e-

e first set up tho relevant matrix of symmetric rotor
direction cosine elements w3iich contains the transition
xmdor consideration, say J*, " J°, K’. “uch a matrix is
of order 2J" +1 x 2J*+ 1, but this nny bn factorised
Jito four sub-matrices in an analogous manner to tho
factorisation of tho reduced energy matrices (sec sootion
5.2); this also provides a convenient moans of expressing
tiio selection rules. The0O0 selection rules arc given in.
table .11, and are explained in more detail In tho next
section. A typical direction, cosine matrix is given in
table 5.5 for a b-axia transition hetween tho E lovols
for J s 10 and tho 0* lovols for J = 9; tho elements are
obtained directly from table 5.8. he transform this matrix,

by ti\c relation
)\ 32,

Ma-r-

MSy
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Table 5.9
J.K faotora of direction ooaiae matrix for J»10 S -"9_.0
« -9 (o~
K* " 3 5 7 9
K
0 v]180 0 0 0 0
2 J132 J56 0 0 0
4 0 4178 J34 0 0
6 0 0 ,[240 \ 12 0
8 0 0 0 \306 4 ?
10 0 0 0 0 \|380
Table 5«10
2 2
P J g
J" J+1 J j-i
P a ME&r+1)——— —————-a-—
4(J3+D ~GT~
Table 5»11
Aayaaetrlc rotor aeleotlon rules
J-W
a axis E~ E+a
O+ > o~ 0*V-"0~
b axle E+ >0~ kV-"0+
O-'<i_ O“@ /\Ell
o axle B+<-"0+
0*%— =g~ qV - Ne“
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vitor» Tjl and "io arc 80 matrices which diagonalia» the
appropriate lower and upper state reduced energy matrices,
respectively, These matrices aro obtained in the programme
by first setting up the reduced energy matrices, diagonallsing
them by the method of ormett, .ose and ells ()* already
referred to on .Ux, and then, calculativ/; the transformation
matrices by the method described by €k>ra (73)» The required
elements may then be picke«lout from the matrix and squared™*
ilio J"} J= factor of equation 5»33 is obtained directly from
table 5»S* The factor involving J" ,M*jJ*K* «ust be »utnmod
over all h" and < since, In the absonco of external fields,
all the levels described by different M quantum numbers aro
degenerato= Summation over ' is simply multiplication by
the factor 2J t 1 since this; la the M-dcgenevacy of a given
J, Summation over all possible M* may bo sbown to bo
equivalent to multiplication by k{j + 1)(2J+3) for the case
J~>J + 1, by N3 t 1) for the caso J-:=>J, and by AJ(2J~1)
for J->J-1. Also, since a, Y, and 2 (the space fixed axes)
arc all ogxuLvalcnt in the abaenoo of oxtomal Tields,
summation over F involves multiplication, by the factor 3.
Tims for a given transition ail tuo elements d(K U , |K*
aro to bo imiltipliod by &coraraon factor) fhes?factora aro
given iIn table 5*10*

To sua up, the lino strength of a transition 1o obtained
by first calculating tlio JX faotor, squaring it and

multiplying by the relevant faotor from table 5,10*
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Finally tho Boltzmann, and statistical weight factors are
computed. and multiplied iIn.

The programme that has been written for tills job iIn
designed to bo as {tewox"al as possible. 1t allows a-, ©
me! c~ a™is transitions to be computed for J, K up to 70,i0
and allows for the EBysaaetry parameter of the upper and lower
state» to diffor, while in the oaloulation of ¢ground otato
en*rgios(needed for tho oitzmann factor), the rigid rotor
approximation is adequate and is therefore used. Also, tho
correspondin®? frequencies may bo determined at the oaiao time
since the relevant material. 1ms to bo computed for tho lino
strengths! although not directly applicable to the prosont
work, tills feature allows band contours to b©® calculated,
and tho programme lias in fact been used for tliis purpose
toy Dunn (3?)* os mentioned earlier, in section 1.6.

»Tables of lino strengths 11avo boon published ( (73),
and reproduced by Townes and bchawiow (63) p. 337)* but since
in those only five asymmetry values axo made to cover tho
ontix"o range from prolate to oblate symmetry, interpolation
i1s Ixjthtedious and subject to error. Xn addition, the tables

apply only to transitions involving J, K4X1.*
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Tho rtructure of vilu-onlc banchi oT x'orualfjoimlo.

TJte detailed structure of a band ia ftovomod by throe
factoraj the enorr-loa of the rotational lovols (discussed
above in sections j.2 to tho intensities of the
transitions (discussed In section 5»*0? end finally the
selection rules ~ovemlLr.<f tho occurresace of transitions.

The selection rules arise directly from the quantum
mechanical treatment and have been riven in table 5*11*
They depend on the direction of the transition moment of
the molecule and are rigidly adhered to. However, since
most luijmotric molecules linv© a low derrree of symmetry
and. indeed the symmetry group often changes on electronic
exceltation, it is rare for tho transition moment to lie
Sicily alone’ R single axis of the imloeule, Also the
interaction botvnon rotation or vibration arid electronic
motions can induce transition moments along: any of the
axes, and it Is therefore quite common for bands of types
A, n and C (p- to occur in a spectrum. It is usual to
class type & bonds separately from types p and C- the foxier
are termed parallel bands (A K » c¢) vhilo the others are
botli termed porpendictiLur ( A K « +1).

Tho rotational structure of bands of a prolate near»
symmetric rotor most conveniently analysed into sub-

branches, tiiat is, sorioa of linos with a common ;Ill, A kK and
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A J but with Increasing values for J'. The sub-branches with low K
are further analysed iInto sub-sub-branchos, iIn consequence of the
K splitting! hereafter, all sub-sub-branchos are discussed as
though they wore individual sub-branches. tsaxte of these can be
picked out froai tho enlargements of the spectrum simply by
inspection, e.g. see fig. 2.3, p. 35.

The parallel bands of fo?maldehyde have a very condensed»
structure since the restriction A,K « 0 causes the origins of
sub-branches to fall very close to one another. An example of
such a band s shown In fig. 5» which is the bQ band of
formaldehyde, 11CHO. in KCHO, these bands are all very weak
compared with the relatively strong typo B bands| indeed, fig. 5»
was obtained from a spectrum with the highest pressure and longest
path-length of absotbing gas used in the present work.

A typical type B band i1s shown in fig. 2.3» p. sS which is the
A band of HCHO. The very weak parallel band aQ can just bo
d;scerned beneath the structure of tho stronger hand. The differ-
ence between type D and type C bands is not so well marked, HIhe
C.1 band of formaldehyde, shown in fig. 5.5, 1» now believed to bo
of type C| here, apart from an anomolous iIntensity effeot at low
K values, discussed in chapter 7» the general appearance of this
band i1s roughly similar to the usual type B bands. The difference
only becomes apparent when the lines affected most by tho asymmetry
of tho molecule are analysed.

The effect of deuteration on the shape of a band iIs shown in
fig. 5*6 which is of the Ae band for DCIX). Tho much more

condensed structure compared with that of the
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sapo band for jWHO, Tiff* 2 .3/, is duo to the smaller rotational
constant«, especially X . In addition, the statistical weight
factor In the 1 »rtiecsion for the intensity of a rotational U "
has changed on dcmtoration from 3 - I1 to 1 1 1 for level» with
OVU. and &1iVIIKS', repetitively« This SM the effect of making tho
intensities of the successive r.U hco.de for >B)0 bands noro©
regular than in the HOHC bands, whore tho heads with odd k"
stand out from tiioso With ecea. .

All those effects will be described in detail in chapter 7 -
when the bands investigated in tho present work will foee
s, 1Isc?usod individually.

e nov; consider in detail, tho rotation.nl structure of

typo bands of formaldehyde, since i1t is with this that much
of the ro.it of this thesis is concerned, (in work conducted by
hr. foolo, immediately prior to the present work, 1t was
demonstrated conclusively that the Ap band was of type 5L in
accord with tho findings of Dielte and iilstiakoweky (i1k) and
otiters.) expression* for the rotational onorgies of the levels
have been discus«od earlier in tills chapter and the selection

rules htxwo also been stated in tablo 5.11. The «election rules

for a b-a*is moment may now be stated In a more convenient form

Aj B3 o +1
N « £3» *p etc.
Awed S ¢1. +3, (3 otc*

+ kel 2 9+ u or both levels involved) 5*37

(r - 0,0
that i1s tho parity of both K»x and k+x must change in a



ifansltioa« Althougk the trancitlouo with A ,—-roater than *1
aro «»ado allowed by the aayranmtric rotor »election rules» they
are here #r fact, negligibly weak. The usinl notation for
daoar.lbing suh-bronchos and Individual transitions will bo
followed, that is» sub-branchon with. Am4 m -1 and +1 will be
doscribed *t p end r type brenchee» while _for Aj « -1, o

and +1, the designation P, Q and R will be used, tho two symbola
following consecutively* After these two, tho letter J (or ito
numerical value}’when wo ore considering a particular transition)
is written followed by the appropriate value for riunily,
fpr su’-bronchos split by tho aaynnnotry, the lettera U or L
follow tho ” value, accogglein%cjff to whothor tho ground state
lovcl la a t or an L lovol/ vf/).he.n the transition (or sub-branch)
is not split, no symbol is attached. As Em oxasspla, tho b-axis
transition denotod by rQ 9 i X begins and terminates on levels
with quantum numbers 0 ~ ~ and .2,7 respectively. (in the

lists of assi&xwumts given in tho appendix,capital letters have
ha<i to bo used for both of the first two symbols, duo to the
limitations of the teleprinter} tho first letter la to bo road
an a small letter.) In general, the strongest sub-branches for

a given »no tho rh and pP sub-branches, followed oloaely by
tkc rh an-" p i sub-branches} the rP and pU sub-branches are
considerably woalcer. This general rule no longer hold» with
tiio branches of low sinco for those, the asymmetry tonds to

cause the iIntensities to follow those for the oblate lim it,

tliat is for A K+1 instead of for h K~"),



The fact that the rotational constant L i1s lardar in tIx©
ground state than i1t i1a in thio vibrational levels of tho ©xcitod
stato examined so far, causo« the rH and pii sub-branelies to
form head«. This its readily ©eon In figure 2,3 9r© th® rh
hoods are taarked from K" « O to K" »6* after tiIxis, hoods aro
not ibrBMWI <Trice the low J" values oi*e raieeinf; (" " The
pH heads are much weaker and do not stand out so well. ThO
sub-hmncl es r 2 and rUJ I form two heads, duo to the splitting

of the sub-branches by the asymmetry atthe J values involved*
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CHAFFCEK 6

ANALYSIS 0? VIORONIC BANDS



6.1.
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Preliminary analysis.

The analysis of vibronic bands i1s often complicated by
the fact that the rotational constants of tho two combining
vibronic levels are widely different. In the absence of any
prior information, both ground state and excited state constants
for a band must be determined from the ultra-violet spectrum*
For some molecules, however, ground state constants are known,
to high accuracy, from microwave data, and In any case they
arc known for several bands when on®© band has been successfully
analysed} the excited state constants, however, must be
determined from the U.V. spectrum, and usually this will bo
done jointly with checking or improvement of the ground state
constants.

The visible characteristics of vibronic bands vary very
widely, according to the type of bond and to the molecular
geometry and mechanics, with the result that no single routine
orocedure is possible for their analysis. Generally, however,
some values, even rough, for the more important of the
molecular parameters must he found as soon as possible, from
such regularities as can be observed iIn the hand frequencies.

Since we are here concerned specifically with formaldehyde,
the detailed description of procedure which follows is
presented with the formaldehyde bands in aiindj moreover, it is
written primarily in relation to the semi-automatic procedure
for analysis, an developed and used iIn tho present work, which

will he described iIn tho subsequent sections of tills chapter*



In the preliminary analysis ve aim nt obtaining a first
set of constants, closo enough to tho correct ones so that
the spectrum of a band,calculated from them, does not deviate
by more than, say, 1-2 cm_l from the. observed spectrum over
the currently recognisable ranges of the sub-branches. Sometimes
oven this preliminary analysis may be obviated if a good enough
guess can bO obtained from other sources: for examplo, tho
members Ap, A2 and of the carbonyl progression«! formalde-
hyde have boen analysed fully in the present work} Constants
of considerable accuracy for the A" band can probably be
obtained by interpolation in this series. A guide has also
been obtained for some of the present bands from tho analyses
of Uieke and Kistiakowslcy (ih) mentioned ill chapter «

The most obvious features of tho perpendicular bands of
formaldehyde are the well defined rR heads mentioned in
section 5.6. Their X-numbering may be determined by counting
out from the centre as shown 1n fig. 2.3, making uso of the
1 1 3 intensity alternation for even and odd K, respectively.
"Tbe 1-numbering of each sub-branch may then bo determined by
comparison of the successive heads. Since K is e component of
J and cannot therefore exceed J,_Epe first member of an rR
3ub-brnnch has JM » It~ and hence “successively higher sub-
braucl has one member loss than the previoxis ono. This fixes
the J-numbering to sufficiently high J, og. to J * 10 or so,

for this stage of analysis. If vo confine attention at this

stage to tho rR sub-branches with kKn> 3, (the J-numbOring 1is
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more difficult to ascertain for K'<3) we aan fit a symmetric
rotor fomula to these sub-bronch«8 since the effect of
asymmetry is hero very small. The symmetric rotor formula for
tho rR branch©» is*
45TJ|K) « Croo + » (J+DH(J2) . 0C ' (K+1)'*
- M@EAQgtn) - o<'k2 6.1.

Vo could introduce centrifugal distortion terms In X » but
for the present purpose, this refinement, is not really
necessary. Lnce tho "-round state constants (those marked M)
are very well Icnomn for the bonds considered in the present
work, both from the microwave data and from earlier analyses
of the ultra-violet spectrum, the only unknowns to bo
determined from equation. 6 .1 , using the observed dé6tg>are
Jj *, oc® and <”0. hen analysing banda of oilier molecules« for
which loss prior information is available, tills treatment
would have to bo extended, and in particular w© would have
to determine approximations for the ground state constants
as welle-

bOtermination of a value for the asymmetry parameter b*
la rather moro difficult* Once tho J-nuraboring has been
established for tho ru branches with "> 3 - a relatively
simple task - tho numbering of tho rU branches with K* J 3,
which are the ones most affected by b*, may thou be attempted,
fills may bo accomplished by an i1terative methodt this is

essentially the computer procedure described later. Using the
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rotational constants so far obtained and a guess atjb*t tho
expected run of tJio low K branches may bo calculated.
Observation of tho deviations betwoon the observed and
caloulatod valuo-s, beginning with the next lowor «ub-branchoa
with i = 2, givos a guide for further assignment along tho
branc™er, and so on. Once the two rh sub-branches for a2
havo boon assigned (the U and L sub-branches are split aftor
about J' = 5) a bettor value for b* should be obtainable from
the differonco botwoou tho two curves sinoce this difforonoo
is dependent almost entirely on the orror Iin b“ (as long
as the othor constants, especially b, are substantially
correct; it not, suitable combination differences can bo usod
to isolate, to a large extent, the offecta of errors in either
b or b”). ang®o approximation formula for the lovol doublet
splitting, in torus of tho bchwondoitann-typo coefficionts
already referred to (p. I»7);A» ueeful In tIl3 connection, at
least In tho region of aiaall splitting of tho order | or 2
Oni (soc oTownes and Sohawlow (GD p- ). Tables
of reduced energies for values of tho asymmetry likely to
bo oncoimtorod in the bands of HCHO have boon computed to
extend tills procedure, using the houtino 95, already mentioned
in soction 5*2_. _opctitlon of tho above procedure for tlio rR
sub-bronchee with K" «1 , will deliverjitill more refined
value for bl and thii3 should be adequate for the latex* work*
All this analysis has so far boon restricted to sub-

bronclios of tho rR typo. If nooousary, tho rQ, pP or pQ may
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bo employed in this part of the work, although fchoir
identification in somewhat more difficult. ¢"or those of the
present bands which, kavo boen analysed using tho fully
developed analytical procedure, tho rough constants derived from
the rH branches have been found perfectly adequate as starting
material for the subsequent work.

In tho following soctions, the description is essentially
in terns of the use of electronic computing methods, though
some of it would apply to manual work, In so far as this is

practicable,
itln analysis} part 1 - autonatlc aasi m ont.

The first automatic computing stage in tho analytical
procedure i1n the calculation of the complete spectrum using the
best available valuee for tho rotational constants, and tho
comparison of the calculated frequencies \ritai tho list of
observed frogixmcios. or a given sub-brunch, the doviationo
between tho two not» (those up to ! o.fl or so aro useful)
should fall on a smooth curve when plotted against tho quantum
number Jw. t is then usually a sir.iplo procedure to pick out
the correct assi,runout3 , provided tho two spectra a roe closely
enough.

Firstly, then, the input values of tho rotational constants
are decided on» they are either the initial approximate
constants, or at a lator stage, already partially refined

Constanta. The energy formula used contains throe parts* the
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purely vibronic term °No* 1N the upper and lower state
rotational onor/rioca. 1110 ground state onorpy in expressed iIn
torus ol" the normal rigid rotor formula, olroady /»lvon iIn
equation %,12, vis»

@D =PI + <-0)g 6.2.

to:-other with the centrifugal distortion correction
SW * Dg ®b)2 + :j E(OjEtl) + D J2@el)2
+ N o {b)n*b) + HI(FHDI3Z*(b) ¢ Dg B»(b)r
6.3.
Tliore arc therefore nine ground state constant:».

Tho r _-* state or -rer:sior\ duplico.t 1 “?orraula but
in addition, allowance ban boon nado for two perturbations of
the Lido tyno (soo section 5.3)J the for.rtMla given as equation
r#30 has been used to “escribe tho porturination, »osides tho
tliroo parameters for each perturbation (i, d and o), allowano®
lias boen made for the throo rotational constants of the
ejorturbin;. levels (of each perturbation) to bo sot as difforont
TX04. those of tho j/oi"tuxbad lovely whore they.: arc Jscion or
can reasonably be assumed; 12 constants are required, therefore
for tho two perturbations. Thus« provision for 31 constants iIn
all 1s required, and is made, for tho description, of tho
energy levels.

in practice, iIn the early stages of an «auxLyais, many of
tho constants will be ;soro* Ospecially 1f no information

about perturbations has been found from tho px“eliminary
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analysis* Ajrouéh guess nt the throe most significant excited
ddrmho>-
ntato ~constants i1s roquirod iIn the early stages; those can niraply
bo tho same as the ground state constants.
The programme usod for this job is entitled, *U.V. Spectrum
end Assignments, ft.*.35'"» and is doscribed in roro dotail
in o Appendix. In order to avoid duplication of calculated
energy levels (each level 1s required for several frequencies),
all of the levels Involved iIn the epootrua* are specified by
the operator, by way of the rangos of the quantum nunbora J,
ani™® ° roquirod at the current r>ta of analysis? thoso
levels ai"o then computed and stored, to bo drawn on aa
required by the selection rules. After tlilo, the list of
obsoivcd frequencies and associated strengths is road In? this
list is simply tho output froquoncy list from programmo Hk 16,
mentioned in chapter 3. inuily, the operator must si>ocify
oaoJi sub-branch roquirod and also i1ts length in J"* For economy,
all tho sub-branches belonging to a given ' are called out
at a time so that wasteful internal machine transfers are
kept to a minimum. As oach frequency is calculated from tho
stored ground and excited stato energies and tho vibronlc
frogitoncy, 1t is printed out from the couputoi”. Tho list
of obsorvod frequenoiea is then scanned and tiiouo frequencies
lying close to the calculated frequency are printed out as
thoir deviations™from tho calculated value, together with

their estimated strengths. It has bean found that about 2000

frequencies from about 90 sub-branches jmist bo computed to



RRJ 6 D
J FREQ.
6 403.065
7 403.104
8 402.842
9 402.279
10 40 1.414
11 400.247
12 398.777
13 397.002
14 394%923
15 392.538
i6 389.845
17 386.844
B 383-533
19 379.912
20 375-979
21 371-731
22 367.169
23 362.290
24 357-093
25 351-576

TABLE 6.1

SPECTRUM AND ASSIGNMENTS

131

92

354
252
363

8
493

-409

180

362

335

305

-260
364
336
154

76
255

449

473

[ 20
I -19

I 243
5 35
3))-496
3 -70
0 -432

i

2 -16 1
8 153

6 -309
D 149
0 -400
1 30
3 36
i

2 -425
5)) -23

6 )* 198
2 94

3 -534
3 -573
3 -311
3 -194
3 -683
0 -462
2 -639
on _373
7 -18
I -48 1
5) -276
0

4 -209
I -104
3

4 -317
7) 86
D)-128

5 -751 3
5 -790 3

5 ~B 3 757 |

I -502 3))

3

2

3

2

7 -377 6 733 2

0

Zz

2))-403 4

4 -306 |

3))

7) -128 4 *448 5
2) -238 3) -490 6))
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account for nil the frequencies of a band.

An example 1s shown in table 6.1 opposite, exactly as it

P e Halk-

iIs putput from the coulter, for tho eub-branch r— J G"j "the
correct assignments (identified :p*&plltoally as i1s described
later 1In this section) have been underlined; as can bo seen from
the magnitudes of the deviations in tho table, the constants
used, for tho calculated spectrum are some distance from
being correct. Nevertheless, there is no doubt about the
well-dofined drift and tho absence of ambiguity in most of
£ho assigns onta, In fact, most of the error is duo to tho
distortion toms of the oxeltod state, as has been shown by
subsequent calculation on this particular band: for this table
these distortion constants had been tho initial guessed
values. ven so, assignment of the rest of tho brancheo of
the spectrum (which also showed drifts of a similar magnitude)
was still quite simple.

The development of this programme lias saved a large amount
of tedious manual calculation. Such manual calculation of the
energy levels was undertaken by Dr* Poolo in the preliminary
analysis of tho Ao band, and what was then accomplished in
many weeks work, is now calculated by the computer i1n loss
than 30 minutes. Until recently, that part of the work
involved i1n scanning the spectrum and calculating deviations
lias done Manually (tho coogmtor Just calculating the oxpeoted

frequencies), requiring several days of tedious calculations

of a repetitive nature; it was also higilxly prone to orror



FIGURE 6.1.

ASSIGNMENTS FOR rf\J6 (A0 SAND)
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(ofton temporary, but with oxooosivoly time-delaying consequences).
The next stage in the analysis, that of i1dentifying the
correct assignments, is still performed manually, sinoo this
type of operation, although not onerous when done manually,
would be very difficult to programme. The deviations for each
sub-branch are plotted against J' (or for some purposes against
J"(dV1l)) as shown in fig. 6.1, which is for the sub-branoh rHJ 6
considered in table 6.1, The numeral against each point
represents the intensity of the line on the visually estimated
scale referred to earlier, in section 3,51 the meaning of the
attached symbols is given iIn the Appendix, p»300. It iIs obvious
from the run of frequencies and iIntensities that the only
oh close Vb

possible assignments are those on/the line given. Those
frequencies which at the current stage have not been assigned
elsewhere are ringed, the rest being multiple assignments. It
can bo seen that the points more than a few hundredths of a cm »
away from the line, though within the practical resolving limit
of 0.035 cm” of 1t (in the figure, 1 mm « 0.01 cm"™1), must

bo multiple assignments; the abnormally high intensity of some
of them is further proof of this, it i1s also seen that the
singly assigned points show a smooth run of iIntensities and the
branch fades to an unobservable iIntensity 3oon after the
intensity 1 has been reached. At the high J end of a sub-branoh,
lines are sometimes missing from the recorded list due perhaps
to the presence of strong near neighbours, -hen two or more

consecutive linos are missing, Tfurther assignment can become

ambiguous unless a very good
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sot of* constant« has been used. Tor tho conputotion (in which
cr.32 tho assignments will 11o on or close to tho noro 1ino).

Onco a sufficient number of branches spread over tho
spectrum liho boon analysed, tho intensities of tho singly
assigned frequencies are compared with predicted intensities
calculated using progrannie Eft 5*15, referred to In section 5*3*
iron the correlations, tho two iIntensity scaloe nay bo matched
and a certain rango of theoretical intensity attributed to
each unit of tho observed scale. Tho predicted intensities
of the linos of each oub-brmuxh uay then bo road off from
graphs of calculated Intensities prepared for this purpose*
Those estimates arc shown in fig, 6.1 above the main graph*
Ixo aprooi.iont between obaoxvod and calculated intensities
fox- tho singly assigned linos is eurpx-isingly good in view of
tho crudity of tho visual estimation procedure. This oaloulatod
scale is of groat uao both iIn extending assignments, and iIn
limiting tho extent in J, of the assignments for oach sub-
branch; to t..o»0 tx-ansitiono thoox-otically observable.

hen completely assigned, tho frequencies are ready for

xxs0 In the next stage of the work, tho doterr.iination of
molecular parameterswhich 13 the subject of tho noxt section*
In jiroparation for this, the graphs and frequency lists or©
inspected and a list of .singly a»gjj .,f*al undisturbed linos is
made out and rocordod on tape, together with tho spectral
designations of tho linos, ready for input to tho programme

noxt to bo used. Usually, out of tho total of (10 or so
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frequencies recorded in n band, none 300 - hoo have tlio
requisite froodoia from disturbance. Inclusion of linos other
titan those, sinco they must represent less accurately the
froquoncin.; of* the designated transitions, would necessarily
reduce r;atorially the accuracy of miy values of molecular
pera jetors obtainod (in any case, 350 represents the maximum

nu: tbor of lines which the present computer can aocojmaodatofi.
msin analysis.! _Uni.

Ty next part of the analytical procothire is to dotermine
tho rotational constants from the observed frequencies, once
those have boon assigned, i1n earlier work, this part of the
investigation has boon the most intricate part since each
frequency Ls a function of many variables, A useful toolaxLque
that vi er™5~ usedL “-on tho the procedure» Is attempted roar»
ually is the wetliod of combination diffox"encoo, Thoro,
combinations of frequencies are formed which cancol out sotro
of the variable«, roduoinr the nuabor which have to bo aolvorl
for* liras by choosing two frequencies which have a conncn
,=yrovibranic fpround state and talcing,» their differonoo, wo aro
loft with a frequency oxprensiblo in terms of only the oxoltod
stato constants! a similar nrocodvt.ro nay bo used to filter
cut the excited state when solving for tie /.-roud state
constants. An advnntn,:e of this» method i1s that the two
vibronio states may bo oawfctlorocl separately! but 1t has the

dlsadvantage that if wo limit tho combinations to tho
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differences between singly assigned (and therefore undis-
turbed) frequencies, the amount of data available for

use is greatly diminished, since many lines cannot be
matched*

A more straightforward method of obtaining constants
iIs to attempt a least squares solution for all the constant®
simultaneously; then every i1tem of data may be used* The
possible drawback 1n application of such a method is that
any singularity occurring in one of the vlbronio levels
(i.e. a perturbation) which is not completely aaoounted for
by the energy expression for that lewel, will cause its effects
to overflow numerically into the other vibronic level and iIn
fact into the thé values obtained for all the constants*

Xn the present work, both methods have boon employed for the
extraction of constants, the combination difference method
being used to obtain the ground state constants only.

(it would, of course, be possible to replace many of the
multiply assigned frequencies by values obtained by inter-
polation on curves suoh as fig* 6*1, possibly without untoward
oonsoquenoes* However, suoh interpolated values would be
subject to errors certainly not independent of those of
other frequencies, so that the essential basis of a least
squares treatment, or of any other less searching method, would
be absent,)

Only the availability of an electronic computer has made
the application of the second method (simultaneous solution

for all constants) feasible, since the least squares
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tecImique must bo able to cope with up to 25 parameters In
the energy expression for a frequency! a task of tills
magnitude would never be attempted manually. Doth techniques
have been programmed and the programmes have been designed
to accommodate a molecule with a degree of asymmetry similar
to formaldehyde! extensions of their use to other classes of
molecules would require certain (relatively small) modificationse
The second (full scalo) procedure will be described first
since i1t demonstrates i.awy points common to both.

A straight-forward least squares solution for the
variables cannot be undertaken since the energy expression
is not linear in many of them. We therefore employ the
differential method as was used earlier (Chapter 3) for
calibrating the spectrum obtained from the interferometeri
that is, iInstoad of solving normal equations for the variables
themselves, wo solve for corrections to previously/determined
approximations for them. Thus, 1T we sym&olise the expz ession

for a for -a frequency as
crra T (X, x2 ....... XxN) 6.4.

where the x” are rotational constants, distortion constants,
etc«, then the small difference 6C" between on observed
frequency crbs and the frequency errw», calculated using
approximations x™* for the actual rotational constants,

iIs given to FTirst order by partial differentiation of the

frequency expression, and this may be symbolised by the linear

expression;
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ot s ey Oy < “obs A calo. 6.5
in which the > aro known.
Ilio refinod constants, , aro given, by
X{ «1 *_ - + ; 6.6
ibxo coefficients C™ of the have a quite complicated

form when a rigoroxis differentiation is carried out, and

they arc described in detail below. Some of them contain the
rotational constants theraselveSj and since initially, thoao

are only Imown approximately, the coefficients are thornsolvoa
approximate» o therefore have to i1torato the solution
procedure i1n order to obtain final, refined constants. The
least squares procedure 1is veill known (seo fox” example
Buckingham (76)p.-~) and need not be elaborated here.

Briefly, equation 6.5 is used as the oquation of condition and
ber now representé the experimental datum, here referred to
as the Herratum*. |If wO consider a matrix V of all the
coefficients”™ consisting of @ rows and n columns (where

p and n aregﬁumber of equations of condition and the number
of unknowns respectively with m > f) and a column-vector f, of
order m, consisting of the errata of the equations of
condition, then the original equations are represented by

Va » where 5 iIs the vector of the solutions x*. The
estimates of the individual frequencies are independent of

one another, i.e. their errors aro uncorrolated, end w®©
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treat tho frequency estimates, and therefore the Ser-#
as all of equal weLght*. Tho best least squares fit to the
residuals 10 given by

V» . VX a ve L F, or A. X ad. 6»7

where A a V.V andd a W . f — V» being
the transpose of tho matrix V.

The equations represented by 6.7 are termed tho normal
equationst and their solution (th?;eCtOr) gives tho best values
for tho unknowns. If wo preniultiply each side of equation 6.7
by the Inverso of tho matrix A, that 1o A~i, then x 10 given
by:

6.8

Thus, once tho normal equations havo boon sot up, tho

main task is tho determination of the invar30 matrix. A"1.

There are soveral numerical tochniquos for tho inversion of

matrices, some of which are designed for manual operation

and others are more suitable for use with automatic machines,

Vbr the present work, tho method attributed to Choloalci (the

9 square root method ") (see Appendix I) has been programmed

by t»~ Poole aa a standard sub-progreu.Mo ( Appendix 2, p.-2%<j)
* strictly each equation of condition should be appropriately
weighted, most satisfactorily by the reciprocal of the varlanco
of i1ta frequency term. Hie variances are known from the programme

il .6, which combines the Information from several fringes of
eaoh frequency* and could easily bo used in tlte way - this 1is

probably a worth whl1© modification to the present programme,
but has not yet been implementod.
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for iInsertion into other programmes requiring it. Since

in the arithmetic of iInversion, there is a large amount
of destructive cancellation, hero accentuated by the
fact that the normal equations matrix has elements ranging
from 10_'2 to 10|Q, each arithmetical step In the inversion
procedure must bo carried out to a precision creator (far
imTreater for a matrix of large order) than that required in

the solutions. The programme has torofore been written
making use of tho Mercury computer’s ™ouble Length Arithmetic"
facilities; this means that each arithmetical step iIs carried
out to an accuracy of about 1 part in 101/

ie now consider the detailed form of the equation of

condition, which, as stated earlier, is obtained by
differentiation of the frequency expression with respect
to each of the xi1 iIn turn# For simplicity, the energy expres-
sion may be considered in several parts. Differentiation of

the rigid rotor termss(equation 6 .2) gives;

S - JG+ti) % d + js-8< + P U»> 6.9
*Hb
The iIntroduction of the quantity -— enables one to solve

specifically for 8§ bjJ it was mentioned earlier iIn section
5#2 where also the means for ita evaluation was given. From
this, we have seven parameters contributing to the description
of an erratum co-t three, SB| Sc* and hb, for each vibronio
level, and the correction, S'a”, to the vibronic energy.

differentiation of the centrifugal distortion terms
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fable 6«2.

CoefTicient», for differential« of moleoular oonatan-fc«

(for explanation of symbols see chapter 5)

(E"(b) and E"(b) indioata dE(b)/db and d2E(b)/db2 ropectivoly)
(1) Rigid rotor terms

SB - J(J+1D)

6<X — E()

Sb E* (b)[pC*f2E(L) DB+I(J+1)DEJ+E»(b)D4] ¢ E’(b) [JE(L)D™
(2) Distortion term» ¢JU+DDj +2K»(b)D6]

SBs — E()2

SD™N— EMIG+D)
SDj —wJ2(J+1)2

Sd4 — E"(b).E(b)
SD$ — E"(b).J(3+D)
£46 — E"(b)2

(3) Pure vibrohic ull temm
— 1
00
(4) Perturbation term»

first define the following quantities

u * 2K-1 v 2K+1
u* -J@HD)KEK-1) ¥ - 3(I+1)-K(K+1)
W «(di eu) X * & +\Ni,K*V¥_!k—J
W —(d- er) X - Q% '
them b J
S1 - -W2.X2;u* - W»2;x ,2:t*
Sd —  2V;xcu* & 2v-im»ivE

&9 — - 2WH#X.u.u* t 2W» _Xl.v.v*
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(equation 6.3) i1s quito straightforward, but boaides iIntro-
ducing differentlain of eaoh of tho sir D?, this iIntroduces
a oo:ipooito tor: ; in £ b, which rruat bo added to tho similar
terra from equation 6 .9. There aro now a further 12
constants, six S for each vibronio lovol, Tho
coefficients for all tho differential unlcnodtns aro given in
tablo 6.2« OFf course, since tho oxcitod stato and ground
stato constants ontor into tho onorfry oxproesion with
positive and negative respectively, thoao si™ns aro
included in tho coofficient3.

Tho coefficients obtained by differentiating equation
5.30,(tho oppression for tho Lido perturbation) with toapoot
to tho I, d and o aro also {jivon in tablo 6.2. Strictly,
tho oppression sliould also bo differentiated with respect
to tho excited state (and perturbing stato) constants D,

c/ and b which ontor into tho energies in tho denoxainators.
However, tho additions to the coefficients of those quantities
arising from such a differentiation are very small, and tho
trivial errors arising from their oriaoion aro taken up by
iteration! tho great coxnplication to the coefficients of tho
rigid rotor constants would therefore not bo justified.

e now have an expression for an erratum Scr in terms
of tho corrootions £X* to (&) the 18 rotational and
distortion constants, (b) the vibronic energy, and (c) tho

tliroo parameters foi* onoh perturbation.



179

The basio computer programme written for tliia work
i; entitled, olocular constants from frequency data, lLi.ft8%0w#
and 1s described In tho Appendix, p- 31] . After reading
in tlio approximations to the constant» thxo computer then
roads iIn the frequencies for the particular run (cdoion as
doncribod i1n section 6*2). hero the U and L members of a
Oivon transition Jrt, 7~ J*| Kf are unresolved, that is
whore the lovols concerned arc outside the region of high J
and low where the asynnetry splits the lovolu, tho observed
frequency is treated as tho mean of the two members, (the
coefficients of tho equations of condition are also treatod
as moans); this approximation lias boon shown to bo well
justified in vlev of tho near symmetrical departure of tho
terms affoctod by asymraotry in the region where the departure
itself 1s gall. As oach frequency is road™tlio several H (b)#
E*(b) and d"(b) appropriate to the levels contributing to the
frequency, are computed and stored,together with tho frequency
and 1dentification material for tho particular frequency.
8hon the list is complete, tho erratum sv for oach frequency
ia calculated using tho approximate constants, and subsequently
tho coefficients for tho equations of condition are sot up;
finally, the normal equations matrix is formed, iInverted, and
tho solutions caltoulatod as aumnarinod In equations 6.7 and
c.3*~ 1lio refined constants may then bo obtained and used in

an 1toratiro process to calculate fanow normal equations
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matrix &l go on. The programme iIs designed so that any

desired number of iterations may bo undertaken; in practice
aftor tho 3econdf Ilittle further improvement to the constants
1a made so that throe iterations arc all that is normally
required. Tho programme allows for two porturbations, each
requiring tliroo parameters, so that there is provision for

25 constants (this number le tho maximum possible within

the limitations of the heronry computer). Ibwovor, signals
may be added to tho data to iInstruct tho computer to omit
from tho solution procedure as many of tho imJmowns as
desired; thus for example i1n the early stagos of the
analysis, when some of tho assignments may be tentative,
there i1s little point in using tho full six-constant centri-
fugal distortion formula, tho fii’st tlireo terms being
sufficient at this stage. Further, in tho early stages,

there 1s no point iIn solving for tho ground stato constants
when those are already know to high accuracy. The programme
iIs written 00 that i1f desired,any term nay bo replaced by
some different tom; for example on occasions, one of the
smollor contrifugal distortion constants of the excited stato
lias been replaced by a term linoar in K*, in order to look

for possible effects of Coriolis porturbutions.
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Ground state constants : combination differences.

The combination difference method has so far boon used
only for obtaining ground state constants, by elimination of
the exeitod state and the vibronic frequency. For a given band,
of the 300 or so singly assigned frequencies, some 200 can bo
paired, each pair having a common excited state rotational
level! the remaining 100 either have no matching levels or
they match with levels already paired. It has been decided to
reject all pairings of the typ* AB, BC since the frequency
differences of each pair are not independent! their inclusion
would bo permissible, however, i1f they wore suitably weighted,
i.e. the simple procedure symbolised in equations 6*7 would
have to be modified to allow for correlations between the
equations of condition. The modified equation for the best
least squares fit is of the form

V¥ h'v.x « v/'w.f 6.10

and the normal equations matrix A is then V*_M.V, where M is
a matrix of order m x m which contains the correlations of
the equations of condition, '"or a completoly uncorrelated set,
as iIn the full-scale treatment of the frequencies mentioned
above, the matrix M is a unit matrix, of order m, and equation
6.10 reduces to equation 6.7, Correlations introduce
off-diagonal terms in ut which,though easily set up, greatly

increase the complexity of the programming.
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Because of* the smaller numbor of unknowns to bo determined,
i1.0. only ground state constants, It has been found possible
to jxsmt the formulation of centrifugal distortion in torms of
the T quantities, see section 5*3» and since there aro four
of those for tho planar ¢ground state of formaldehyde, there
are altogether soVen constants to bo determined (including
the three rigid rotor constants). A glance at tables 5.5 and
5,6j[fron which tho coefficients of tho X *s aro derived, will
show that those coefficients aro quite complex functions of
the i1nertial constants A, B and C, and therefore of tho
rotational constants X), and b. Partial differentiation of
the full energy expression iIn terms of the X*a would
introduce large complications in the coefficients of 8D,
and Sb. In order to avoid this, the X*s aro sot equal to
zero after each iteration of the solution procedure, and the
solution of tho normal equations is therefore iIn terms of
corrections to the three main rotational constants, but in
tonus of tho whole of tho distortion oonstants. This does,
of couso, mean that tho oqgtiation of condition Is not exactly
valid. However, tho errors introduced into tho coefficients
of the corrections to the three rotational constants aro a
small percentage of tho coefficients tlierasolves, so that as
long as tho corroctions to tho oonstants aro small (this
condition is amply satisfied since the approximations used for
the i1nitial input of these constants aro dorivod from

previous solutions in tomia of tho % ), no errors are
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introduced which, are not eliminated by tlio iteration procedure.
The programme used fpr tills work is entitled, 'Molooular
constants from U.V. combination differences, IIR 8*60" and 1is
described in the Appendix, p. . The data arc input by
specifying oaclv combining lovel of the combination, as well
as the frequency difference; iIn this way the complications of
selection rules arc avoided. Apart from the form of the input
data and the complications associated Pith the coefficients
of the X. "s described above, the programme follows the same
iterative procedure as the programme HR 8.50 described in tho
previous section. The treatment of an observed frequency which
represents tho unibsolved U and L members of a transition is
~similar to that described earlier, on p. 11°] ; a special feature
of the present programme la that combinations acZrestricted ~
that any pair consisting an unresolved doublet and a“hiembor*

of n.resolved doublet is*excluded.

Two further programmes have boon written In terms of the
6-constont distortion formulae D+ and Al ropectively, to allow
study of the rolative merits of the three posslblo treatments,
—fhia comparison has already boon mentioned in section 5»3, but
it i1s dealt with at cheater length i1n chapter 8.

The three programmes mentioned above for solution from
combination differences may also be used, alter trivial
alterations, for obtaining molecular constants from microwave
frequencies. blth them« the microwave spectrum frequencies of

formaldehyde reported by Oka et. al. (kh) have been
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roproce33od and this work iIs reported In chapter 8. Also»
molecular constants for the molecule 0120 havo been determined
in conjunction with Dr. D.J. billon, tising/frequencies obtained

by Dr* 1L Jackson (78) and (79)»
Exoitod state constants.

Although tho combination diffexbnco taothod has not yot
been programmed for obtaining oxcited state constants, thoro
otill remains a moans of improving the oxoited state constants
Xi obtained following; the complete solution procedure
described iIn section 6*3» The quantities which emerge most
acourately from a manual analysis of rotational striteturo are
tho differences A Xx”™ between the excited and ground state
constants, e.g. Aft ® b* - 1, since the frequencies of a
sub-branch have differences, or second differences, that run
rouglily parallel to the raoro important Axj_, The aotual values
of the constants themoolvos are obtained somewhat less acoura-
tely from the variation of these differences between the
different types of srub-branch, i1.o. pP, pQ, pH etc.. Although
tltis feature 1is disguised in th© normal equations ofl a least
squares solution, it must still bo contained in them and made
use of 1n the solution procedure. That it Is so may be seen
cron tho following example.

In a least squares solution for a total of 22 ground end
excltod state constants for the AO hand (aeo section 7.2), the

constants Dw nnd D* emerged with numerical values of 1.21U867
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and 1.06840~, both with standard error» of 0 .00006% the value
of /\t>1» therefore -0.lheus» In order to determine the
standard error» of the difforontial countantgf(%© use tho
equation 6J2 -ivon In tho next section. Applying it to tho

above oxanplo we obtain tlie relationt

CrA “ + 2 rs»yp»# N oe KXW 6.-11

whera tho Oh are standard errors and r\,»,, 1t the
ooxudblation coefficient between D* and (see section 6.6 for
an aocomit of those quantities). For tho present exampio, tho
correlation coefficient i1s tho high one of to.bfil. (That it is
lar,\e mid also positive moans, iIn doocriptivo terms, that any
orror in tho solution value of one of tho constants 1is
accompanied by about tho same error, In tho same direction, as
tho other ono.) o find then, that tho standard orror of tho
differential quantity A1 1is 0.00001, some six times lower
than the standard orror of either of the iIndividual quantities.
m px*actico, a significant effect of this kind s only shown
when tho correlation coefficient iIs creator than 0*3 } fox’
values lean than 0 .3, tho determined quantities nay b®
considered as uncorrolatod.

It can bo seen thoreforc, that tho differential quantities
A xf dotoralnod In this way -provide a very accurate
indication of the change i1In the rotational constants on

vibronic oxoitation, and they will, no doubt, prove to bo of
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groat value i1n calotilating the geometry of the oxoltod state*
e can combine these differential constants with the boat
values obtained from the combination difference procedure
for tho ground state constants, and obtain in tid.3 way
amproved* excited state constants, 1.e. Jt** X' & A XxX*
However* since some of th©O data used to obtain the ground
state constants \<Or0 also used to determine the differential
quantities, there exists some (unknown) correlation between
tho two sots of quantities making up tho "derivod*>* excited
state constants. We cannot, therefore, cnlculato thgxg%emdard
orroi"s of those constants, in the following chapter, whore
the excited state constants derived from analyses of several
vibronie bonds arc described iIn detail, the "derived" constants
tire calculated assuming no correlation, -or this reason,

,as _definitive, )
w0 retain™tho constants obtained from the full-scale

solution, ™» s

It 1s worth mentioning tliat a programme used iIn the
early stages did in fact solve directly for the x£ and tho
AX17? tho found wore low, and the correlations between
* and the «OWN»spending A>x" war« also low, as would be

expected.
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firc. horrolatlon coefficient”, etandnrd errors and molecular

constant .

In tMa section we will consider sow© aspecto of the
rotational constanta derived as in the previous «actions,
including their manipulation to deliver nolocular constants

more directly useful for further work.
(1) Correlation ooeFilletcuts and standard errors*.

The least squares solution procedure described in the
appendix delivers not only the best solutions for the equations
of condition but ulao delivers valuable inforelation about tha
accuracy of, and the significance to be attached to, the
solutions obtained. The standard errors of the solutions
obtained from this procedure are to be regarded as a
Measure of the precision of each variable, considered
only no a member of the whole sot; that is, if wo divorce
one from the rest, wo tauot not necessarily expect the
numerical value obtained for the sole tlon to b© a true
estimate of the actual physical quantity (subject to the
standard orror delivered,). Thus, it is desirable in any
least squares determination, not only toobtain the sat of
solutions vliich gives the boat fit to the expertssental
notorial tout also to obtain their standard errors* and a
measure of the correlation between evoiy pair of solutions*

4n the present work tlio correlation coefficients, (derived
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in the Riaimor explained on p,2qo) are always computed at
the sa",0 tin'© as the solutions* and. standard errors. Their
olgnifioenoo io dealt with at length in standard statistical
text hooks (soe for example .inart ¥) :a .tor °f )} hero
WQ ma’-o uso of them in connection with the calculation of
new constants derived from the original solutions, end the manner
of using them for this purpose will be described. It mat
0 emphasised, however, that their usefulness does not, by
any neons, end there.

hen vo derive a constant from two or r«oro others (for
example, in the previous section we obtained the differential
constants as differenoos between the excitod and r-round
state constants#) 1t i1u important to know unhat significance
ve can attach to the derived quantity. Jorstonly It is
assumed in jmclx caaoc tli&t trie variance ( CI- ) of tire new
quantity i obtained simply ax the- sura of tho variances of the
other quantities (for a aivplo euta or difference relation -
it is trio® complicated when products or other functions ore
involved); this la, however, correct only Mixon, these
guantitio are uncorrolatod, Correlations between them
cu.; have a vory narked. offoot on the standard orror of tlio
derived -quantity* as on oxa: .pic, if the values of Dt and D»
are treated ao tineorrclated, the variano© of thoir difference

1 2> - , will necessarily be greater then that of

cither < or hrt whereas i1If the correlation between theta

1» taken into account# by way of tho correlation coefficients
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actually obtained iIn the analysis, the variance iIs sovoral times
smaller than that of either D» or Dn. Thus iIn one band
investigated iIn the present work (the AQ bond - see section 7 .2)
the variances of DM and & are 31.77 x 10”In and 30.91 x010~10
respectively, wluLle their correlation coefficient i1s 0.931.

The vaxianceagé%ained using the correlation coefficient is

1,18 x 10~10 while the value apparent from the simpler
treatment would bo 62,38 x 10“*”"; the standard errors differ,
therefore, by a factor of 7* This is the justification for
employing the technique of section 6 .5»

We give In the next paragraph, a general expression for
the variance of a function of any number of quantities iIn terms
of their variance and the correlation coefficienta between thom]
it i1s taken from Smart (86) p-150, with a change of notation to
suit the present work. The validity of the expression is based
on the assumption that the standard error of eaoh quantity is
small) that 13, this expression arises from a first order
treatment only.

IT wo define a function ~ of the variables xIt x2 etc., 1In
the form Xi»x2,*=.), then the standard error cr® iIs given to
first order, in terms of the correlation coefficients rij» by
é ii >>Q £ <T5,-3bR e gorp, .M o)2 e eto,

'S
» aryz <Ko — e-* * 2*¥13 ~ —rhit"-%ﬁ

¢ 2r23 C7)Z(2 xa X3 ¢ otc 6,12
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As an example of tho use of this fommla wo will apply it
to tho derivation of tho standard errors of tho inortial
constants A, B and Q from tho rotational constants D, ol
- flie application to tlio differential problem mentioned
above, fTollows directly from one of tho examples.

The xolationo botwoan tho two seto of Constanta aro

A » D + ox<
E » D - &b
C = D + c™b 6.15

Application of equation 6 .12. to tho first of thoso fjivoot
°eVv = ¢ cC" & zr~cr-cr” «. 1V

SMOF -jinoo tho ntnrulard errors of D and <« , and tho
correlation cooffioiont r.Js , are roadily dMitVvd from tho
loast squaroc procedure, 1t is a simple matter to obtain tlio
required standard orror. [I"or tho difference between two
constants (ns in tho difforontial problem referred to above),
wO simply olumé&e tlio sitn of tho lust term in equation 6.14 .

similarly,

0O O
B ¢ b* o™ OCQ <I’>9 €6 kk Ky k)
- 2.Qrr o3> M-, ¢ NeXbriij ne
and, 6. /5
C'c N2 ¢ Db2o03; & cAZ(Tb2 « 2br "orppré

' 26<rDbCT[j c% + 2*br(Kbop\ or-b

O- ciboh r> .o Mo
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;innlly,t should be added that due regard to correlation
riust bo made tdienevcr wo employ such quantities, say in the
dotonninatlon. of molecular paramotorsj thin can be jloe iIn
principle, by oxprosainc; the required parameters as functions
of tho quantities directly obtained in the least aquaroa

*procedure (so that tho required correlation coefficients ore
Jjknown). This aspoct appears not to have boon previously
considered iIn suck work» proounably because of the loss
ootiorful awthod» of obtaining: least squares solutions usually
employed. it could be that tiro aocuracioa quoted in tlio
literature for bond lengths and angles derived from rotational
constants might bo seriously ovor- (or undor-) estimated if

tho quantities used to calculate then were highly correlated.
li) ouents of inertia.

TIxe derivation of inertial constants lias Just boon doalt
with 1n another connection (equations 6.13). The principal
moments of inertia ore obtained iIn terms of those constants

(expressed In cm~") by the relational

Oto. 6-n
a orr™ c A
Convenient mixto for expressing moments of inertia are ar-iu.X2.
The constants used for this conversion are riven bolowf they
arc talon Iroru a list compiled by oohon, Duitim., ayton and

nollott (kcv. Mod. Phy»., 22, 363 (1955)).



c <« 299793 lau/soc
i » 6.62917 x lc"2/ or”~ticec

1 amu » 1.65976 X gnm»

11lig convoroion equations become tlion{

la 3 16.vS632 x ~ amu.A otc 6. K

(@11~ Tin inci“tlol doloot

6J°1

gives on indication oi the planarity of a laoleculo. For a rigid
planar molecule» tho i1nortial clcfoct should bo soro) that isj
for such a “..oloculo there aro only tvo indopondent moments of
inertia. Any actual molecule cannot bo rigid howevorj for a
non-rigid r.oleculo having a planar equilibrium confifiuration*
tUo effect of tho zero point vibrations is to give a finito
value for A. . fimo, for the ground atato of formaldehyde,
Oka and Torino (46) and (34) have calculated tho inertial defect
expected from the lanxnm behavior of tho zero point vibrations)
mthe valuo they obtain, 4-0.0561 anu.x2 , IS In very good agrooment
vith tho valuo obtained spectroscopically in our work, 0.0576
Tho i1nortial defects for tho excited atato lovols,
obtained in the present work (eoo clxaptor 7) are negative and

some 4 to 6 times larger) this is in itself a good Indication
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of tho non-plannr equilibrium structure OF tho excited state.
(Xt 3hould he addod that J Yo (70) has recently drawn
attention to tho neod for caution In tho use of A as an
index to planarity or non-planarity; this La an aspect of his
treatment of vibration-rotation iInteractions not directly
concomod with inversion. In tho case of formaldehyde,
Tiovovcr, tho conclusion that tho excited states aro non-plnnar

doos not rost only, or prinnrilly, on tho value of A .)
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.eaurait3 i :>art l« the absorption bands
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y.- 1. -.introduction«

The results described In the rest of this thcfdo aro
derived from three sets of plates, one set photographed
and calibrated by Raynes (6) and referred to from now on
aa set 1| the two remaining sets, 2 and 3, have been
photographed and calibrated in the present work.

Haynes®"s sot of plates was taken in tho region 3083 A
to 3286 8 with absorbing paths of formaldehyde of 0.0018,
0.0027, 0.00UO and 0.0056 m-atm, the path length being
the maximum permitted by his experimental arrangement, 17cm.
The plates give an adequate rocord of the following forualdo-
hyde banda» BIt A2, 0» b2. end E”, (brand®s notation (23)
p- 861) while the weaker bands 0™ and P are present but their
intensities are rathor too low on the strongest plate to
allow an adequate investigation.

The platea of set 2 wore taken to extend the intensity
of absorption iIn the same region as the plates of sot 1, by
employing- absorptions of 0.0078, 0.0123 and 0.013*1 m-atm,
the same path length being used. It con be seen that In tho
last of these, tho pressure of s used was 60 mmj For this
plate, and to a lesser effect for the other two, tho high
pressure has noticeably increased the width of tho fringes by
pressure broadening and this has been refluotod in the greater

difficulty of their measurement, 1In order to reduce the labour
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of calibration of thin act of platos, the absorption
fringes themselves wore employed instead of iron
omission fringes. Selected linos from sots 1 and
2 wore measured from bands spread out over the focused
range and their %qg’s wore determined from Uaynos®s
calibration constants. Tho differences between the

STg®"s of corroSpending fringes from both sets wore
used to caiouleto tho coefficients of the b-correction
forinula (see section 3.5 );wliich then onablod tho fringe
monsuremonts of set 2 to be reduced to tho calibration
conditions extant for sot 1. Tho magnitude of the
correction was found to be tho high one of 0.6 of an
order} the success of the calibration procedure may bo
judged by inspection of tables Al and A2 in the Appendix.
In the first are given Haynes"s frequencies for tho band,
while 1n table A2, some of those frequencies are given
ee obtained from tho platos of sot 2| the agreement
between common frequencies is excellent. Tho plates of
set 2, with the calibration thus set up, enable the weaker
bands of tho rogion to bo measured and also bring up tho
weaker linos in the wings of other bands.

Recently, (November 1961) a full scale run* has boon

0 0
undertaken In the spectral region from 330 A to 3650 A, and

tho 3poctra of both HCHO and DODO have been photographed,

jrun was carried out with the aseiatanoo of Mr. D. C. Lindsey.
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with absorptions of between 0 .002.and 0,016 m-atnu for both
compounds. For tho higher absorptions, n 60om absorption
coll was employed between the projection lons and the LIttrow
sli"t (soo fig. 2.5) and as mentioned earlier, no notiooable
deleterious effects have been found due to i1ts use iIn this
critioal region of the optioal train. This s'ot of plate«
constitutes sot 3 and a full calibration has been executed

as described in chapter 31 indeed, the i1llustrations givon

there were obtained during this calibration. In the region
covered, tho band» A™» and AjJ for both i1sotopic apecios
are readygfor measurement and analysis. [In addition, tho

weaker bands Cc and b(Q, and for 5X;D0 only, the hot band

N at 28550 cm”l (see Brand (23) P* 863) are all rocordod
but are probably too weak for a worthwhile analysis to be
attempted.

In the sueccoding sections, work on tho four NCH bonds

Ao* A°* A3 N1 1B described in detail. The frequencies
for A0 were obtained from set 3 and those aro considered to
bo the best set of frequencies obtained, from the toint of view
of precision of tho set as a wholes +tJioy form tho basis
for tho detailed statistical treatment of errors, reported
in section 9*3» The set of frequencies measured by Bagnos (6)
for tho Ap band from plates of set 1 have been taken over 1in
the present work for the analysis (see 0130 below) but have
been supplemented by measurements on set 2 at the high

frequency end of the band. The A3 band measurements were made
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from a combination of prints from sets 1 and 2, while
the measurementa for the w band oome from set z, /Zill
tlio frequencies obtained are presented in tables A1 to A3
of the appendix.

1"ilor to the investigation roported latex' in section
7.3, jayaea'sfroquemoloa for the a2 bond were analysed in
detail toy Dr. foolo and his assignments arc those roportod
in table AIl. io tilso obtained a good set of rotational
constants for tills band, which formed the basis for thoir
refinement, described iIn section 7.3. In the course of his
analysis, oolo showed conclusively that the Ag band obeyed
b-axiii selection rules and he also discovered and mapped
the two perturbations which affect the excited state
rotations! levels of the handj The work of the present
author on this band, has consisted mainly inrefinement of
rotational constants including the application of tlio now
formulation of centrifugal distortion developed in tills
worl; as described iIn section 5« 3/ .n addition« uaynes®a
frequencies v;crc used in the pilot work connected with
the progreum ;ed analytical procoduro, which ia now
fully developed and lias been applied with groat success

to the frequencies of the AO and A3 bands.
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T5ifkAo_band..

The upper level of the AO band i1s the lowest lying:
vibrational level of the "A* state of formaldehyde to appear
usefully 1n the absorption spectrum, so that i1t is this band
which has been most extensively investigated by previous
workers. The analysis of Dieko and kistiakowsky {1h) produced
vary good rigid rotor constants D and o for the excited
and ground levels but since they were unable to ro3olvo and
analyse the sub-braneke* with low K, their values for b1 and
b* could not be regarded as reliable, further, tliey could not
account adequately for the centrifugal distortion booause of
the i1nadequacy of the theory available at the time. Kobinaon
(2k) reported having made an analysis of tills band from his
high dispersion plates and he gives some preliminary rotational
constants; however, ho does not seem to have followed up this
work. Accordingly, the high resolution axd. great accuracy
inherent in the present work has been applied to the band.

The rotational constants obtained for the excited state
are likely to be the best available from any of the bands
in the absorption system, since (a) the band is ranch clearer
of overlapping bands than many of the others, and (b) the
upper level is less likely to be affooted by perturbations
since the nearest vibrational levels, apart from the 0* level,
are many hundreds of wavenmabe.es away.

The frequencies that have been used iIn the present work
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wore measured from the plates of set 3» and are riven iIn table
A5 of the Appendix. Tho 925 frequencies reported there were
derived from over 8500 fringe measurements| it i1s demonstrated
later, iIn section 9*3» that the median error of measurement of
the frequencies i1s about 0.0035 ad™™ and 1t is considered
that this sot of frequencies i1s the most accurate of any
obtained iIn the present work.

Tho analysis of the band has proved very simple, and by
employing the fully developed analytical prodedure described
in chapter 6, only a few days work has beon required. As can
bo seen from table A5, there are about 130 lines left
unassigned; of these, most are vory weak (of strength O or I)
and are therefore jirobably either spurious or are members of
sub-branches that have been lost earlier in their run of J.
Those that arc of greater strength 2 or 3» lie In tho region
where tho aQ band iIs expected; 1t has not boon found possible
to analyse tho frequencies attributable to this bond duo to
their limited oxtent and tho stx-img overlapping lines of the
AQ bond. OFf those frequencies which arc singly assigned and
free from disturbances due to neighbouring linos, 450 we*o
conoidorod suitable for the determination of constants.

The fxXequonclefi have beon processed both by the
combination difference method (section 6 .4) and by the full-
scale solution procedure for all constants (section 6,3)*

For tho former, 140 combinations were obtainod using lines

onoo only; this restriction (substantiated on p, IS1) imposed
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Table 7.1.

Band 1 Rotational constants, in cm'1l.

1) Rotational

D

%

DEJ

»4

db

d6

This work D.&K. @.9
Ground State Excited State O.State E.State
) ©)
1.21487 1.06840 1.215 1.067
3 &
8.190 7.68331 8.189 7.682
(€©)] %3)
-0.009841 -0.00729 -0.0095 -0.0084
: 4
—6-§é§ x10 —5-655 x10
w N 5)
-4.33 xI10 J —6-£é x10
/\
2.5 «10® 3.55 x10°®
5 -5 6 =
2(81 x10 J 2(83 x1070
135 x10-= @2 x10Y
3D o @2 x10 8

2) Vibronic

1
cr™Q = 28,312.569 (D.&K. 28,312.U)

3) Perturbation

I = 125.3 +1 cm*“l

d = 0.020 £

o = 0.0004

.002

+ .0003
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tho rejection of about *) combinations. The results of this
analysis” are presented separately In section 8 .2.

or the full-scale treatment, the full ~50 frequencies
could not be used because of tho limitations of tho storage
capacity, of the computer and 100 of them (somewhat arbitrarily
selected) were discarded.

The energy formula used to describe the frequencies was
made up from the rigid rotor and centrifugal distortion terms
for both, states (2 x 9 3 IB iIn nil), the vlbronic frequency,
«end the throe jDaramotcrs 1, d and e usod to describe tho]Lide
perturbation (see section 5»*0 expected in tho rogion of
high *e The i1nitial values for the ¢ground stato wore derived
from previous analysos of other bands (to be described later)
end those for the excited state rigid rotor constants wore
the valuos .lvon in deko and KAstiakowsky>s paper, as was
also that for the vibronlc frequency. Hxe results of least
squares solution for the to"tal of 22 constants are presented
in tabic 7*1* The standard deviation of the residuals between
the obsorved frequencies and tho frequencies calculated from
the final constants was 0.0081 cm"1 (0.0079 cii"1 after
discarding a single i jpossibly lar(p residual, 0 .0p3 era'l).
This value i1s considerably loner» than the corresponding
figure obtained for the other bands iInvestigated and its
sigrtificimoe is discussed In section 9.3. Tho constants
obtained from the solution will be considered separately

belowe
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THJo 7«2«

/-ad i differential constante N

Constanta -ifferential N Eri-or Derived ex. Error

A * state const
D -0.14646 0.081 1.1*5 1.06828 5.6-5
c -0.50707 0.891 8.6-5 7.68350 2 .0
b 0.002541 0.607 2.5~9 -0.007300 4.if6
" 1.1321%* 0.763 1.2"6  -5.050-** 2 .if6
-1.341“5 0.822 2.8-7 -6.16 -5 5.8~7
DJ -0.8976 0.955 +08 319 v 758
A and : Inertial canotants and .jometta of iInertia.
15) 3
A" = 8.75172 em"1 a> S 1-9268(4) asm.
® 8
B* a 1.@ifif ¥ vV S 14.998% *
® €0)
> a 1.01232 ” ro” © 16.6579
12
A a _0.2653 nmu X

In this tablo, and in several othors later, powers of

10 aro indicated tima» 2.0"8 s 2.0 x lo*"8.
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(1) "HI© accuracy obtained Tor the rigid rotor constants
IS bettor than that obtained for other bands in this work
except in their determination by the combination difference
method* The differential quantities and tho" derived'" oxoitod
state constants are presented in table 7*2, together with
their standard orrors. Tho standard errors of the differential
quantities are quite significantly lower than those of either
of the two quantities from which they wore derived, (no® table
7*1). ooauso of the difficulty of attributing tho correct
standard errors to the 'derived" excited state constants
(discussed iIn section 6.6), wo havo used here the constants of
fable 7.1 to leriw the inertial constants and momenta of
inertia, ;*von in table 7*2, and latox®, In section 9*5 for
purposes of comparison with tho constants of otlier bands*
110 relations used to obtain the inertial constants etc., end
their standard errors, liavwe been ,ivon In section 6.6 (that
1 ,we have employed the known correlation coefficients between
» and b 1in the determination of the standard errors). The
value obtained for the inertial defect, -0.2633 tunLRZ, is

90 distance from that reported by Robinson, (-0 .2/0 amu-Rz)

for tills baud; however, he states that his analysis vao a
preliminary one,and our value is to ho preferred.

(11) The differential centrifugal distortion constants
nro also given iIn table 7*2, au are the "derived" excited

state constants obtained from then. j;;erc again, tho standard
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errors of the differential quantities are si nificantly lower
than those of the quantities from which they were obtained*
(iii) A highly accurato valu6é for the vibrordc froquenoy
10 repoi*od i1In table 7*1» Similarly accurate values for
other bands enables excited state vibrational frequencies to
bo deter jined to about 0.005 but i1t is doubtful whether
natch practical uso can be made of vibrational frequencies
determined to this de-.ree of accuracy, since present-day
theories of vibrations are considered excellent i1f they con
account for the obsorved frequencies to bettor than aboxit
1 cm”1, when recalculated from the forco constants,
(iv) The values reported in table 7.1 for the perturbation
parameters iIndicado a vary weak perturbation indeed. Table
7.3 below gives the magnitude of the perturbation calculated

from these output values.
Table ?2,J,,.
I» 8 12 16 20 2k 28
K~ = 7 0.001 0.0U5 0.012 0.01s 0.027 0.036

K~ » 8 U.000 -0.006 -0.013 -0.02*1 -0.037 -0.052

In order to ascertain whether or not this perturbation was
real, a selected number of frequencies (16#) In the region

most likely to be affected by the perturbation (.e. K* »5
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to 10) wore use I In two parallel nin3, In the firit, it was
attempted to fit the frequencies to an enor>-y formula
containing; no perturbation tons, while iIn the second,
allowance» was made fox"™ tho parameters I and d (from the
original run, o was considered to be negligibly snail, see
tablo 7 .1)); in the second, as initial input, 1 and d woro not
to the values reported in table 7*1 (it Is necessary to
have i1nitially non-zero values for those parameters aa
otherwise their coefficients iIn the equation« of condition
would 0 zero - r.oo tablo 6 .2). for both runs, tho i1nput
values for the .jolocular parameters were those obtained from
tho first, full-scale solution but only tho constants D<| »(1,
», » and JJ* were olvod for, >1’s re ™~ uurbD
Tho least squares fits obtained for tho two runs »/ore
almost i1dentioal, and i1n partioualar, no discontinuities
in the residuals could bo traced In the case whore tho
perturbation was ignored, owevei®, the iact th.at in the second
run, the inversion splitting 1 emerged with a value of 123
0;,-1 and that d emex* ed with a standard error of 40, suggests
that although the perturbation may be too small to bo apparent
on visual inspection of the residuals, thoro is sufficient
information in the frequencies to enable enixing;ful
perturbation para/notors to oner;;e from the normal equations.
Indeed, 1f no perturbation wore present, wo would expect |
to or*er o with & standard eri“or of the sa-o0 ua-n-i1tud® as

itsolf. o conclude therefore that the perturbation io
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prolably real, and in this we are supported by the fact that
the value of | that we obtain is in excellent agreement with,
the inversion splittin,: obtained from the vibrational analysis«
o have still to account for the very small magnitude of the
perturbation in the light of the findings from the A2band

fin the next section)? discussion oA this point is deferred until

section 9*3*

Aupmmm

Very recently we have shown beyond doubt that ru> perturb-
ation is prosent in the AQ band. In two least squares runs,
which we have just completed, the values 100 and 150 cm‘ were
used a3 i1nitial approxir.iations for the inversion frequency 1.
IT a Lido perturbation were present, we would expect the
refined values of 1 to approach the value 125 an"1 on
successive Iterations. The values of I, with thelr corresponding

are given in the following tablee

Initial It. 1 It. 2 It. 3 It. k
g 100 100.0 .100.0 100.0 100.0
At m 0.015 0.007 0.QQk 0.002 0.001
H - 150 156.9 ICh.9 -807*7 51852.5
d2 - 0.015 0.013 0,002 -0«38 30 .k

. attribute the behaviour of 1 in the first of these to a
special featuro of the least squares solution procedure which

need not bo given hero| the last few values for d indicate a
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completely unobservable perturbation, I'n tho sooond run, on
iteration, d becomes so small that tho normal equations matrix
Is almost sin™ilar, after tills tho solutions are meaningless,
lhero 1s no indication in oithor case of o drift towards

I o 125. We concludo therefore»

1) Ther©®© i1s no Lido perturbation in the Ag band.

2) Lido"a theory must be critically ro-oxaminode

3) The K* a 8 perturbation in tho A2 bend ia now unlikely to

bo a simple T"Lide* perturbation, and some other explanation

must bo aoucht for iIt.

/) Tho A0 bond is completely froo from porturbationoj

rotational constants should therefore bo dotomlnod for it

usinc equations of condition containinfj no porturbation terms.
This 1s expocted to improve tho standard errors of the Constanta
that emerge over those (already excellent) roportod In section

7,2 above.
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7.t Tho Ao band.

The A0 band was also one of those iInvestigated by Dioico
and Kistialeovsky (14) and the remarles made iIn the previous
section with regard to their work, apply equally here. Apart
from the work of Stace (6) and kaynos (6), no other high
dispersion work has been reported on this band, Staco noasurod
1?6 frequencies and ho stated that they had an accuracy of from
0.02 to 0*oU cm”1, kaynos moaaured 7#9 frequenoiea for thiu band
(from about ~000 fringe jneasurononts) and his values are listed
in table Al of the Aj>pondixj lie alloned that the precision of
measurement of the frequencies was about the samo as that
obtained i1n the present work for tlie AQ band, 1.0, of the
order 0.0035 ar*1.

Using Paynes’s frequencies, a full analysis of tho
band was carried out by Dr, Poole, and his assignments aro those
listed in table Al. In this analysis, Poole demonstrated
conclusively that tho A2 band, and therefore the whole A series®
was of type-B i1n agreement with the findings (on rather weaker
evidence) of Bioko end Kistiokowsky. He also discovorod and
mapped tho perturbations (77) In tho high K* region and the
&> » 0 region, described lator in this soctlon, ThO rigid
rotor, distortion, vibronio, and perturbation constants
determined by him wore used as the starting point for tho
rofinomont procedure described later.

Tho first contribution of the present work was the
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ro-1aeasurernent of the high frequency end of the spectrum from
the strong absorption plates of set 2. It was hoped that a few
extra assignments in this region would enablo somo of the
sub-branches rR J 10 and rR J 11 to bo mapped and allow a fuller
picture of the high K* perturbation to be obtained. The
frequencies oro reported in table A2 of the appendix; it can be
soen that very few extra assignments have been made. This 1is
because the stronger absorption for these plates has brought

up the weak lines of the neighbouring band and they overlap
the high frequency end of the Ag band to a groat oxtont. A lorg ©
percentage of the lines reported in table A2 undoubtedly belong
to the Cji band and their profusion malces| assignment of the

weak« high K* lines of the Ag band impossible. The new frequency
values have, however, been employed in the analysis wherever
they duplicate Haynes’s values since iIn general, they are
determined from a larger number of fringe measurements.

For the final full-soale determination of constants, 304
lines were chosen as singly assigned and free from disturbance.
They also provided 90 uncorrelated combinations for the
determination of the ground state constants and this work is
reported in chapter 8. The chief difficulty connected with
this band is In accounting correctly for the perturbations iIn
the excited state levels. As mentioned earlier, there are two
of these, one affecting the levols with high K*, mainly R* « 7
and 8, and the other which seems to be confined largely to levels

with K * 0*
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The Tirst of these is believed to be a straightforward
hide typo of perturbation (seo section 5**0« Its magnitude id
plotted against K", for selected values of J°, in fig* 7*11 the
points represent smoothed experimental values derived In effect
by subtracting the calculated, unperturbed frequency from the
observed freauency* Derived In this way, the points contain
besides the perturbations, the errors of fitting the onorgy
formula to the frequencies j In particular the curves oontain
the effects of any i1nadequacy of the oentrlAigal distortion
formula at these high K* values. The perturbations are therefore
to be viewed against a zero line, which Is not necessarily the
horizontal zero lino of fig. 7.1? iIn fact it appears from the
figure that the line of zero perturbation is somewhat bent. The
general form of the perturbation is very similar, however, to
that used for demonstration pixrposes iIn seotion 5.4, fTig.
These observed values for this perturbation can bo accounted for
very well by the perturbation formula given as oquation 5 .30(pl2®)
in seotion 5.4. Assuming that the perturbing lovol is the
lower member of an inversion doublet, the rotational constants
used to describe the perturbing levels have been taken to be
the same as those of the perturbed levels.

The second perturbation is more difficult to account for.
Its form is shown in fig. 7*2 where the points represent
smoothed values derived from the three stib-branches pP J 1 L,
pqg J 1 D and pH J 1 L, all three of which terminated on levels

with K* e« Qe Its form iIs the same as that used for the sooond
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exainple 1In section 5.4* »0 have concluded therefore that there
exists a perturbing vibronlc level a few wavenumbers below the
upoer level of the Ag band* For the perturbation to be analogous
to the strict Lido type, this perturbing level should bo of the
same aynuuotry as that of tho (+) lovol causing the perturbation
to levels with high K1) mentioned above. At first sight such

a level could bo the (+) level of the band whioli, according
to brand’s assignment (23), should havo tho roqulred symmetry|
this would give a value of 175 ead'l for the iInversion frequonoy
of the coir*rosponding vibronio stato (ib value appears not to be
unreasonably high since tho Cli2 vibration of tho band would
bo oxpeotod to aid quantum mechanical tunnelling through tho
potential barrier at the planar configuration)* However, it

has recently been suggested (36) that brand’s assignment for
the Ct band can no longer bo justified since the bond appears

to bo a typo-C band (see section 7,% The assignment would then
necessarily bo to some antisymtnotrie combination of frequencies
and 1t aooms probable that tho brand’s assignment of ” must
be changed to the vibration # -, (see fig. i1*.1). Tho (i;)
level does not then have the required symmetry for a perturbation
of the typo considered by Lido and the perturbation may there-
fore bo a normal Coriolis perturbation. 1In view of tho
uncertainty, it has been decided to try to account for the

observed perturbation by tho formulation already developed for

a Lido perturbation (and in this 1t succeeds very well) so that
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excited state rotational constants, unaffected an for as
poesiblo by this perturbation, tuay bo obtained from the
frequencies. In the future, when the origin of the perturbation
had been settled it may be possiblo to obtain meaningful
parameters for the observed porturbation.

Since i1t i1s still quite possiblo that the perturbation
does arise from the (¢) level of the band , the perturbing
state rotational constants vised for the equation ofcondition
have been assumed to bo those of the band. The porturbation
s also beenossumod to arise mainly from the K * 1+ levels
(and not the 1*“ levels) of the perturbing state since this
seems much the more likely on examination of the oxpocted
perturbations for the two possiblo oasos, This fixes the por-
ipurbing level at 15 cm ~ below the A™ band origin* e

™,

The full energy formula used tlxon, to describe the
frequencies chosen for the least squares analysis 13 mado up
from 18 constants required to describe the rotation of tho
molecule (3 rigid rotor and 6 distortion constants for oaolx
level) together with the vibronic frequency and the £ constants
required to describe each of tho tw/0 perturbations above.
Altogether 25 constants wore thus employed, this being also
the maximum nuinbor of variables for an equation of condition
permitted by the present storage capacity of the computer. In
addition to this run, a supx>lomontary run has been carried out

N which the upper state distortion constant found to be
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negligibly small in the first run, was replaced by a terra
linear in K*_. Tills run also contained rather more data
affected by the K* =0 perturbation than did the earlier

rim. The extra material consisted mainly of multiply assigned
lines ( birt which seemed undisturbed on the assignment graphs)
so that of the constants derived in this run, only the Lido
parameters for the low K* perturbation and tlie] terra in K» have
boon accepted for use In table 7.k,

The standard deviation of the residuals was 0.015 ow~
for the first run (rather* liighor for the second) and this, .In
view of the considerably smaller figure, -008 cm_l, obtained
for the Aa band, iIndicates that the for tulatxon used to
describe the perturbations iIn the oxcitod state lovola was

(¢Wo0 S)
not quite adequate, Tho results given iIn table 7 be
considered separately as follows.

(1) The rigid rotor constants are obtained with very
small standard errors (although not so small as those from
the AQ band). THie ground stato constants are discussed In
section 3.2. The differential constants (see section
6,6) are given in table 7.5 together with tho i1nertial
constants and moments of inertia for tho excited state derived
fron the constants of table ?.** (hot thoso of table 7.5 -
soC section 7.2» sub-section (1)l)} the inertial dofoot 1a of
the same order as that of the AQ band, Tfurther discussion 1is

deforrod to section 9»3*

(in)a. The terra din I (y ) 10 considered to bo
insignificant,
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(i) The centrifugal distortion constants wore also
combined to give tho A quantities reported in table 7.5}
here agailn the standard orrora of the latter are considerably
lovor than tiioec of the separate constants.

(l11) “Hie vibrinic froquoncy is obtained with a
standard error of 0.0025 Cm_1 and tho remarks mad®© in

the previous sootion regarding such precision apply hero

also.

(iv) Tho high K* perturbation delivers a vhUie of
123 .S cm"l for 1, although this value nay be more in error
than tho standard error of 0.6 cm™ suggests. In the first

place it Is quito sensitive to tho assumed values for the
rotational constants of tho perturbing state. In the
course of the preliminary work leading up to this final
sot of constants, values for I ranging from 123 to 126 on"!
have been obtained, tho range being largely due to tho
refinement of the excited state constants and therefore
of tho”perturbing state constants. It oon bo stated from
the results, however, that the inversion splitting for tho
vibration for which the excited state of tho A,, band is
tho upper member, has not changed appreciably from tho
value ’-mown for the AQ band.

(v) A fit, adoquato for the present purposes, has
been obtained to the K* « O perturbation. Tho value obtainod
for the analogue of 1 iIndicates a perturbing level at about
306kk cm 1 and, as mentioned above, this level is provisionally

attributed to tho (¢) level corresponding to tho bond.
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Further discussion on this point is deferred until section

9.5«

J.h» Hie A(fi bond«

Tho A"j band was raeaaurod from the spectra of 001 1
(photographed and calibrated by aynoo) together with tho
60 mi plate of sot 2. In all, over %) friiif-emeasurementn
contributed to the 927 frequencies roportsd in table anh in
the Appendix. dine© the band lies so high It frognoncy, tho
possibilities for bands overlapping are greatly Increased
over tho otltor bonds studied in this thesis* At the high
frequency end of tho bond, overlapping occurs to a considerable
extent with tho weaker 10 bond, whose origin iIs at about
32*000 cn~x; many of the weak unassigned fi"equcncios at tho
beginning of table An are undoubtedly members of tills band*
Also, many of tho sub-bninchos of the Aj band are cut short
because of overlap by the strong, high frequency end of tho
Bo band: the three strong frequencies roported at the end
of table an cex"tainly belong to this band. It is possible
that still more weaker bands undorly the A-, band and account
for sono of tho unaasigned lines iIn the contre of tho band, but
many, 1f not most, of these can be accounted for by the
necessarily incomplete assignment discussed later in this
section™*

The analysis has been found quite simple, apart from two
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rc-ions which, aro greatly affooted by perturbations. Tho
sub-bra.r.choo With lov Kw have been found quito regular
orccopt for a slight disturbance iIn the Igvolb with KM s o,
Thiis disturbance toko the fora of a slight inflection in

tho curve of (~bs “ OcailQ) where this should, 1n tho
absonco of perturbations, be either straight or oaroothly
curved. the/effect is shown by all throo of tho sub-branches
in a ro;;ion whoKM tho OIBIgnBtntl aro quito dofinito,nn Jr
will bo dl3cussod at the end of tho section.

The rogion of high 1 in» however, greatly affected by
perturbations. If wo calculate tho spectrum in this region
fro: 1 rotational constants derived from the levels with lower

it tmd ool pare them with tho observed froquencioa wliicli aro
definitely assigned, it 1J? apparent that at least two
perturbations are occurring and that their effects overlap
greatly. ig. 7.3 shows the naturo of those deviations for
tlio lovols &5 6, 7, 3, and S« It appears that there is
a sharp degeneracy of perturbed and perturbing lovols at
Jerd 11»31 1= wfj*> -~ 2 would correspond well to a
uorturbation of tho Lido typo with a level some 123 cm™
below, :Lc. the other member of tho inversion doublet. However,
it 1n difficult to account for tho shape of tho perturbation
curve i1f wo attribute tho approuoh and donarturo from
dogcncracy (necessary to account for tho sliarp nayiaptotlo

behaviour) airily to tho differences in tho asymmetry terms
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of the two lovoln concerned in tho perturbation (which wo
would lieno to 1T wo assumed tliat the rotational conotnnts
of tho two sots woro identical), this would load to a
perturbation of opposite sign to that observed. 1t oould,
however, bo accounted for by allowing tho rotational con-
stants » of tiie two sota to differ by 0.05 tliio 1is,
however, an impossibly large difforonco for tho two members
of an inversion doublet, 1t may oo bo accounted for by
allowing: the rotational constants ~ to differ and assuming
very small values for tiio parameters d and o (that i1s, tho
perturbation would bo Inr*jo only when dogonoraoy was vory
close), Tho true state of affairs liny bo a combination of
those two possibilities although, on tho other hand, tho
souroo of tho poirfcurbation may not ovon bo tho inversion
doublot. 1n the absence of any real information to onablo
a clioico to be rando, 1t has boon dooidod to try to account
for tho obsorvod perturbation by tho arbitrary adoption of
the fTirst possibility, and thon, when noro information comes
to light about tlio perturtfbutions in otlior bands (oopocially
those lower i1In tho spectrum, whoro identification is liholy
to bo more coi*toin), to re-examine tills perturbation.
Ilowovor, whon lie do account for it on these linos, large
deviation, in tio levels with "= . 6 ronal™wliich cannot

be explained on the basic of tide ein,;lo perturbation, since
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the levels with K* « 7 seem only to be slightly perturbed.
IT, however, va assume that there i1s a second source of
perturbation, and that the centro of this perturbation is a
little above ~ a C, then the positive perturbation iIn the
levels with ~ * 7 due to the first-mentioned source would
bo partly compensated by the negative perturbations from
the second source. Ve have, therefore, made this assumption,
for theppurpoao of obtaining a fit of rotational constants
to the spectrin™ the significance of the perturbation
parameters, especially of d and o, will, of ootu’so, bo
subject to further investigation.

or the determination of constants, 369 frequencies,
singly aeai.nod and undisturbed, wore chosen for the first
least squares solution. In viot; of the uncertain naturo
of the perturbations affecting the high K* region, 1t was
decided that the solution for the ground state constants aa
well as those of the excited state would load to importation
of the effects of the perturbation, inadequately accounted
for by the perturbation formula, into the values for ground
state constants. Accordingly, the best set of ground state
constants obtained from other bauds was used to obtain the
errata; only the excited state constants were solved for
in the least squares procedure. Hie results of sxioch a run
are presented in table 7.6. Tho standard deviation of the

residuals after the last iteration was Q,d(l cm~1] the high
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wvnltio compared with that for the A,, and AQ hands .k
obviously duo to tho relatively poor fit In tho ro .ion
where the perturbations aro lar -o,

A second run was undertaken with tho Din of obtaining
rotational constants as far as possible unaffected by tho
perturbation«. or this run, nil tho frequencies which

on level " * 6 were <jfftb do
least -gq arcs so3 ition. _ "0 energy equation was the

-gets, I
m 1 that is, tiio™® *a 6 and the 1a 8 pertuav

bationa wore included» the constants use 1 for thom being
thliosc derived, fron tho run just described} 1i1n this way
it was hoped, to aooount, sufficiently well, for the overflow
of the two perturbations into the levela 1~ §, Tho
equation« of condition for tho least squares solution
contained tho throe rigid rotor constants for tho two states,

tho tliroo :,ost. significant distortion constants for both

of 1? oonfitante. 27k roquoncloa wont Into this solution ae!

«*> r®sult8 ““lven In “«Mo 7.7. M.o Bt , on

of tho rooidualo tma 0.02k an*1 iIndicating that, thwrfj
hotter than that for tho first run. tho ,,horsy equation oocl

to dooeribo tho frequencies was stiil ,ot quito artcquatO. t]le
roaoon for this will on,cr,p below. The constants taken as

dofinltlvo aro thoao obtained fron tho second tun. to other
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vitlt tlio perturbation constants obtained in tho first run*
they aro dij»cussed aojjnrately below.

(i) The rigid rotor constants of table 7.7 aro all
obtained with standard errors comparable to those obtained
for the other bands of the A aeries described in tho two
previous sections]| in particular, tho values obtained
for the ground state (by the full »calc treatment) are in
very good agree? lent with those obtained from the other two
bands and also with tho values obtained from the combination
differences \cf. chapter 8). The slight deviation in tho
value found for b" is readily accounted, for by the slight
disturbance in tho levels with * » 0, already referred to,
and discussed later. Tho differential constants have boon deter-
mined as before and they aro given in table 7*8 together with
the ’'derived” excited state corstants. The inertial contents,
momenta of inortia and tho inertial defect were calculated
froii tho results of the second solution run (table 7*7)
and they are also given in table 7.8, together with their
standard errors calculatod with the aid of tho known
correlation coefficients. Those constants aro discussed
in relation to those of the other bands, in section 9*5»

(ii) Tho differential distortion constants are also
presented in table 7.8 together tilth the “derived” excited

atato constants.

(ill) The vibronic frequency is obtained with very

high accuraoy, + 0.005 @t
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iv) To account adoquatoly for the perturbations
occurring in the oxcltod stnto lovols is tho most
uifficult part of the analysis of tills bend. The
somewhat arbitrary procodure used, was described oailior
in this soction. It i1s apparent iIn the first place that
the perturbation parameter d for both perturbations (o
was oi.ittod In view of the results froi other Panda) can
be ¢jivon no physical signifloanoo. The valuoa obtained
lor 1 for tho two perturbations do, however, fix the position
of two perturbing; levels with something like an accuracy of

+ 5 oii1

e Tho fact that ono of tho levels probably liea
at about 130 es*l below the exolted state lovol of tho
A3 band points to tho possibility that wo have a Lido typo
of perturbation and that tho level 1i1s indeed tho jt+) lovol of
an inversion doublet, however, a perturbation of a different
type would have different selection rules as to tho lovols
allowed to interact, and this nj.;;ht fix tho perturbing lovol
sosro distance from the position assumed above. urthor
diecunoion on this po|nt la deferred until section o0.g.

The fleeing of tho second perturbing lovol is subject
to the gjKio difficulties as thoseabovo* That wo have not,
In fact, accounted adequately for tho two perturbations is
shown by tho lar”e residualsattainod Iin some of the J$;h 2*

levelst amounting In some oases to 0.15 erfl, it is for

this roason that tho rotational constants oro token f¥oa
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J
the seoond”™/sot of data.

Tho clisturbanca in the levels of K* =0 takas the form
shown 1n table 7*9» The values are all derived from singly
assigned frequencies iIn a region where there i1s no doubt as to

tho validity of theilr assignments.
Table 7.9.

An Band i residuals Iin K* a0

J pPJ 1L pQJ 1U pRJI 1L
0
1 0.019
2
3 -0.001
e -0.000
3 -0.028
6 -0.020 ~0.031
7 -0.023
8 -0 .06
9 -0 .07
10 -0.066 -0 .0U9 -0.056
11
12 -0.078 -0.062
13 -0 03* -0.07**
Prox -0.078
15 -0.073 -0.032 ~0.071
16 -0.065 -0.01**
17
18 -0.006
19 0.021 -0.037
20 0.023
21
22 -0.030 0.03"4
23 o toob
2b 0.013

-The agreement between the residuals in the first and last

columns 1s very good( making allowance for tho random errors
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of measurement. The values In the central column do show a
significant/ deviation and this must bo attributed to the fact
that thoro, tho frequencies originate on a clifforont]{;rotuid
Htate level from the other two, (Kn *» 1+ no opposed to

K« s 1~). The least squares procedure, in attempting to

correct for these deviations, has attributed part of thom to
the j"-roud state and hao treated tho levels K' a 1+ differently
from tho levels kv = 1”7 (inevitably, in vzow of tho large
h(bj’o with opposito 8igﬂJ)i$T{?Igﬁ%§§Sm{2 ?B? the slightly
high value for tho ground stato rotational constant b"
mentioned earlier* The source of tho disturbance i1s unknown

but 1t may be due to a very \*eak perturbation by a vibronic
lovol 1n the neighbourhood* Tho high value obtained for tho
standard deviations of the rosldtials in tho full-soalo solution

for this bond, mentioned earlier, oon be almost oomplotoly

accounted for by those disturbances.

ilo Cj band*,

"Iho 0* band i1s especially interesting since it is thought
that tho (+) i1nversion level corrospending to tho (-) level
which form» the upper lovol of this transition, might be
responsible for the perturbation occurring in tho low K* rogion
of tlic A2 band, doacribod iIn detail In section 7»3* It hao not

boon iInvestigated before, although tho 0o band wan analysed

mby Diolco and .istiakowsky, and, since tho two bands diffor
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only by a single quantum of the excited state carbonyl
vibration, they should boar some resemblance to one another.
As will emerge below, tho present analysis of the 0" band
is very incomplete and iIn view of tho importance of this
band, which will become apparent from the dlsoussion in
section 9« * 1t worst3 a more complete analysis in the future,
Tho lines were measured from tho two plates containing
the strongest absorption of 3®t 2 (the bond i1s much too
weak for measurement from the plates] of sot 1), In all,
about 3000 fringes were measured, and those produced the
770 frequencies roportod in table A3 of the Appendix, It can
be seen from fig, S»gzs®hich is a print of tho kind measured
for thi3 band, that although tho high frequency end of the
band looks quite normal in comparison with fig. 2.3”which ia
typical of the A series of bands, there i1s a very notiooable
decrease In intensity near the centre of tho band. In
addition, the fringes appear to be blurred out in this
region and this renders their measurement extremely diffioult.
The weaker frequencies of table A3 aro accordingly rather
Inaccurate and many are probably spurious. Further, the
low frequency end of tho band overlaps the neighbouring
(much stronger) A2 band.
The analysis of tho frequencies has been found very
difficult, due largely to tho limitations Just mentioned.
The it and rQ branches for I >-3 are quite regular and

have been analysed in a quite straightforward mannsr. It
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has been foxmd impossible to identify the remaining sub-
branches with any certainty, und the determination of

constants has been limited to the few definite assigxunents
reported in table A3# Of these, 32 were chosen as singly
assigned and reasonably froo from disturbance from
neighbouring fringes. |In view of the relatively small
number and limited range, i1t was decided not to attempt

a full scale least squares determination for tho ground
and excited state constants and tho vibronic frequency.
Accordingly, the best sot of ground state constants avail-
able 1fon other bands was employed for determining the
orrata but were not solved for . The energy formula
employed was made up from tlio tliroo excited state x"igid
rotor constants together with the throe most sifntficant
distox*ion constants and a torm linoox” in K* (tho latter
to take up any Coriolis perturbution) and finally tho
vibronic frequency* thoro were thus eight variables 1in
all to bo solved for. The constants obtainod aro .given in
table 7*10 together With thoix®™ standard errors, The
standard deviation of the residuals after tho final
iteration of tho solution procedure was 0.052 cm*“l* this
high value is indicative both of the poor precision of tho
frequencies and of the i1nadoquaoy of the enrgy formula

employed to describe the exoited state levels. The constants
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are considered separately below.

~1) OfF the rigid rotor constants, only D* and O < have
reliable values, since the iInformation available i1In the frequen-
cies employed does not permit b" to bo obtained with any
accuracy. The very high value for b*, given in table 7,10,
probably has n". grepxfAccuracy. U* and o° ” are obtained with
much poorer accuracy than In the bands described in the Oarliex”
sections of this chapter, but their sura gives the inertial
constant A" to be 8.750 10.009 cm*“l.

(i1) The vibronic frequency is obtained with sufficient
accuracy for use iIn a vibrational analysis, brand (23) could
determine only the frequency of the ra J 3 head for this band,
which i1s the frequency he lists.

(111) The distortion constants aro all obtained with a
precision of about 10>.

(iv) The value obtained for the constant whose coefficient
was linear i1n K*, here symbolised as ~ , 1s high enough to be
significant (1t produces an energy term of 1.2 cm*“l for K’elo)
but its standaxd error of 60$ means that little reliance can
be placed on its numerical value| i1t does indicate, however,
the probable occurence of some perturbation. A discussion on
this point is deferred until section 9.5«

A proper analysis of the band has been left until more
reliable frequencies are available for the oentral portion. To
obtain them, stronger absorption iIs necessary j but this

should not be obtained by raising the pressure of



absorbing gas, sinco still further broadening of the
fringes would result. Rather, the pressure should be
kept below 20 mm end a longer path of gas employed. The
experimental arravceir.ent has only recently boon modified
so that this could be achieved, tmt as yet no”*spectra
have been obtained with it.

Subsequent to this preliminary investigation, it was
communicated to the present author by limes, that the GO
band, and therefore this g, band, was probably type-C,
not type-B as reported (on very limited evidence) by Dioko
and Kistiakovaky (14) and accepted by Brand (23)] the
consequences of this Importent piece of evidence are

discussed in section 9*5»
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Kosuits part 2, the ground »tato of formaldehyde*



fITl. Tho nlcrgwavo spectrum.

The microwave frequencies measured to date for
formaldehyde have been, reported by Oka, Iiirakawa and
Shimoda (A4). As mentioned earlier, In section 4.2,

Oka'3 procedure for determination of rotational constants vas
somewhat arbitrary|] it was therefore decided to re-examine
these data, using the programmes developed for the present
work, so that a set of constants consistent with those
microwave frequencies could be compared with those obtained
from the ultra-violet work.

As mentioned in section 5*3, the fact that the ground
state of formaldehyde is ffanar means that only four
Independent, non-zero aentrifugal distortion constants are
needed to describe the centrifugal distortion up to first
order. Oka realised this but after on examination of the
li: “ available raicrowavo frequencies, (reproduced in table
g-; concluded that there was not sufficient variety in
them to allow unique solution for all seven of the molecular
constants (three rigid rotor and four distortion)j ho
therefor© computed flie four distortion constants from
vibrational data obtained from the infra-red spectrum by
Blau and Nielson (47). Uo calculated force oonstants using
a Urey-Bradley potential field, and the T"s obtained are

listed in table

jem/soc). His rotational oonstant D, given In table 8 .1,
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4829.73
14400.65
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40204 .60
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3884.87
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34100.32
3225_58
5136.56
7892 .03
11753.13
17027.60
24068.31
33270.80
45063.10
3510.85

5130.57
7362.60
1036651
14361.54
1959523
26358.32
34982.80
45835.58
7833.20
10608.74
14211,68
18841.20
24730. 40

C.D.G.

-3.43
-10.76

-22.89
-41.21

-67.52
-18.34
-34.31
-59.53
-97.44
-152.17
-34.24
-56.50
-90.04
-139.19
-209.39
-307.37
-441.19
-620.23
-86.09
-129. 60
-191.49
-277.98
-397.04
-558.34
-773.64
1057.00
1424 .66
-402.82
-559.60
-768.86
-1044 .94

—1405.16
crt ~

23U

E T'rots
TKISwie . Ote A
0.14 0,00
0.32 —6.03
0.24 —0.29
0.15 -0.01
-0.11  -0.43
-0.13 0.20
—-0.29 0.33
-0.47 0.71
-0.73 1.27
-0.72 2.32
0.29 -0.56
0.16 -0.80
0.07 -1.01
0.15 -1.28
0.24 -1.25
0.22 -1.17
0*66 —-0.lo
0.95 1.43
0.03 -1.94
0.16 -2.42

-0.20 -2.99
-0 .21 -3.21
0.10 -2.51
-0.35 -2,31
-0.43 - .78
—-0*19 2.83
-0.46 8.03
-0.30 -0.60
-0.27 1.35
-0.27 4.33
0.32 10.58
0.53 17.05
0.38 4.16
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was derived from thO single line « Oq”y whose frequency,
since both levels have E(b) »0, depends only om the distortion
constants and D (for all of the other linos = J m 0, so that thoy
con contribute no information about D). ;y applying; th» calcul-
ated distortion correction of -0.030 Mo, ho arrived at a value
for 5 of 36**19.22 He which he considered to havo a precision of
ClO i c. Ho then applied tho appropriate centrifugal distortion
corrections to the rest of tho frequencies and solved for the
rotational, constants <tand b, and subsequently with an adjusted
value of the distortion constant hacxx ao woll. Although wo
night not expect the microwave frequencies to deliver T *a
witicli reproduce thoOO calculated from force constants (in view
of the lack of variety mention©d above) 1t sooiiib Important

thiat tho best set of constants consistent with those frequencies
be obtained, together with their standard orrors and correlation
coefficients.

Accepting Oka’s valtie for D as cox-root, tho frequencies
have now been analysed using programme 2Hi >S5 (soe the Appendix
p. 313) 1n which all tho remaining six constants wore detorminod
staaultanoously by leant squares| those results (converted to
c;l-1) aro also presented #x table 8*2, (p<?-hj), and tho differ-

ences between tho obsex-ved and the calculated frequencies are
shown in table 8.1, col.5, In comparison with those from Oka*s
paper, 001.6; our calculated centrifugal distortion corrections
are given in col.™. The standard deviations of tho two sota appear
at the foot of the columns. Possibly one factor iIn th© wide

variation in Oka’e values la that ho gave the
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low Jt K transitiono a larger weight than the high J, K
transitions, 1f® does not state Just how this was done, but
oven so, It Is difficult to ima gine that this procedure
could accounil for tho much poorer fit that he obtained, and
it must be concluded that his solxitlon procedure was
inferior to the presont one*. It is quite informative
that the standard errors which emerge for tho ~c"a”™are high,
and that the numerical values/differ so markedly fro« those
calculated by Olca. This supports Tea"s conclusion that thO
distortion constants cannot bo dotorminod with any certainly
from tho microwave frequencies but gives point to the
nocossity for thoir determination from tho ultra-violet
frequenciese

In addition to the above calculations, tho frequencies have
boon nfcalysod using the 6 D formula (sco equation j*Zk) and
tho results are compared in tablo 8.3 with those obtained from
the U.V. results, hero, tho values of D and f)j are absent from
tho frequency expressions, hence only seven constants oaui be
solved for. As might be expected, the distortion constants

omorgo with rather high standard errors.

Vonatanto fro« tho ultra-violet spectrum.

Tho ground state constants obtained by solution for all

* It might be mentioned hore that the matrix given by Oka

in llIs paper (kh) as table 1, is dimensionally incorroot when
used In his equation 6. It Is tmlitfkely that this fault is
anything but a printing error.
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the variables entering into the energy exire»slon for thO
ultra-violet frequencies of the Aq, and bonds have

already boon reported in the previous chapter; for tio first two
of these bands they aro ropo&ted in table 3.3 for purposes of
contparison with the values derived by other methods.

As already intimated, tho beat way for obtaining ground
state constants from the ultra-violet frequencies Is to remove
the effects of tho excited stato by choosing pairs of linos
that contain a common excited stato lovol. Tho difforono®© between
thoir frequencies ¢jives the fi“oquonoy of a hypothetical
transition between the ground state levels concerned, he oan
obtain tho selection rulos for thoso pseudotransitiona from
tho normal ultra-violet solootion rules given earlier in sootlda

5 ,ki they aro givon in full below.

sa 0 E* E+

B~ E~

A K s1i12 0* O+
O’, O“

AJ Ootl E+ E”
Ak s 0, t2 0+ 0~
A j ss € 2 E* A» E+
E” fr

A>K B0, 1 2 0+ o:
0“ 4+ o

(The notation i1s explained in section 5.2). It can bo seen that

a wide variety of frequency terms is obtained.

TiocauBO of the smaller number of constants required to
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(Olca) (this work) A0 band A2 band A3 band
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describe the frequencies, l.o. only ground state conotants, it
Ixas beon foxmd possible to employ the distortion formulation
in terms of the ™"C’si the programmed routo is described iIn
section 6.~. Since also, definitive constants in terms of

the 6 D formulation are required in the calculation of oxoitod
state constants by the routo described in ooction 6.5» the
available combinations have been analysed using the D
formulation as well.

The frequencies measured for each of the Aq, A2 and Aj
bonds have boon used to provide”~combinations (between,of
course, alively assigned and undisturbed lines) and they have
provided 16, 90 and 100 of them respectively, making a total
of 336 in all* bach group separately lias been annlysod, and so
Ixas the aggregate of 336} the results obtained for both the
~C and P formulations are given in tables 8.2 and 8*3
respectively, together with the standard errors determined by
the programme for each constant (printed over the corresponding
digits of tho constants for brevity). The last two rows give
1tho numbers of frequencies or combinations used and the
standard deviations of the residuals for the relevant
determinations, (IIxoso two quantities do not quite tally in the
two tables because a fow frequencies wore added or romovod
botween the X- and the 0 sots of determinations.)

Vo fTirst consider table 8.3 where tho 1) formslation has
been employed} i1t can be soon that neglecting for the moment

the constants from the microwave frequencies in tho first
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column. the acroomant between the various determinations is
oxcollenti and the variation la within tlio liaata to bo
oxpootod from the quoted standard errors, the values iIn the
last oolumn have been taken as the definitive set and have boon
used for the determination of the »derived» excited state
constants, as mentioned in chapter 7. comparison of the two
sots of constant, derived solely from the A, bond indicates
that the fTull ecalo determination procedure hoa riven almost

as Cued a set of «round state Constanta as the combination
difference method, this indicate, that the excited state of
this band 1, therefore not intorferlnr numerically with the
determination of tho «round etate constants. The onersy
formulation used for the oxoited state ef this band la therefore
entirely adequate. A similar comparison for the A., bond
oonstonts shows almost the same level of arreomont for this
band also, but tle slifhtly loss rood agreement between tho
values for b"™ |Indicates that tho difflcuitios connected with
tho formulation of tho K* a 0 perturbation present in this
band, discussed at length in section 7 .3. are oausine some
numerical disturbance to the «round state constants. Inspection
of tho values obtained fohtho three distortion constants nj,.

D5 and DY) shows that little reliance can be placed on the
fleures obtained except to Elvo their order, ef magnitude,

tills is of no consequence since the contributions made by

those throe jointly to tho frequencies rises only to about

0.05 cm*™® in extreme eases.
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Comparison with the microwave constants in column. 1 shows
that b, LVjJ (and Dgj) are in good agreement with the ultra-
violet results but that the others» » Dg, and or® quite
significantly different, for the reasons just iIndicated, tho
deviations In end oall for no consideration. The probable
reason for tho deviations In Dg and <x 1s that they aro
dotominod from tho microwave frequencies as tho difforenoo
between, tho mombora of asymmetry doublota J *0, - 0)]
this limits tho amount of variation available for their
dotermination from such data, whereas in determination from
tho xiltra-violot froqufcicios, the pairs of levels used include
also many differing In K by two units, and in J by one or
two units (tills feature is particularly important in its
bearing on tho determination of b).

Vo now consider the Resulta in table 3.2, for which tho
'C  formulation was employod. For x"oasons already onlarged
on, those constants aro considered to bo tho ones most
appropriate to describe the goomotry and centrifugal distortion
behaviour of the ground state of formaldehyde. The throe
rigid rotor constants iIn tho last column liavwo been used to
cletorraino the i1nortial constants and tho moments of iInertia
Oto., given below in tablo 8.Jn the relations used for
calculating those quantities and their standard errors have
been given In section 6.6. (it might be repeated here that
tho standard errors quoted in tablo 8.4 ore obtained with the

aid of tho known correlation ooeffioients botvoon the three
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variables D, and b.)

Table 8.4.

A %8 9.405%8 on’l la o 1.79289 of’
©) D

B w 1.20531 " xo > 13.0187 &
<0 @)

C & 1.13417 * xc = 14.8683 it

®

a +0.0567 amu . Xn

The quantity A 1is the inertial defect defined in equation
6.Jg, Tho value obtained is iIn flood agreement with the value
0.0361 aniukK* calculated theoretically by Oka and Morino
(46) and (83).

Tho distortion constants calculated from the ultra-violet
work are in {rood agreement among themselves and tho values in
the last column are taken to be the bent values. The agreement
between thoso and tho constants caleulatod by Oka from
vibabatlonal data is also flood, especially if wo note the
eigxeriences of other workers who have tried to correlate
X ’a dorivod from vibrational frequencies and from rotational
apoctra. An interesting point whloh omorpoa from table 8,2
is that tho first two distortion constants ~CXXXi1 and
emerge with better standard errors from the ultra-violet
frequencies than from the microwavo frequencies (our treatment
since Oka did not obtain standard errors for his T *s)r while

the reverse is true for the remaining constants T-xxsjz and



Table 8.4.

Centrifugal distortion constants (6 )

Al - -3.0573 X 10“5
5 -

no - Psas2 x 105
3

an = Bees7 x 10 9

&)
A4 * 1171443 x 10~*

] 22) -A
Aij a 474656 x 10

a6« 71813 x 1074

Correlation coefficients.

Al A2 a3 A4 A5 a6
1.000 -1.000 1.000 0.988 0.972 .-0.989

1.000 -1.000 -0.988 -0.972 0.989
1.000 0.y88 0.971 -0.988

1.000 0,996 -1,000

1.000 -0.996

1.000
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T "xXzxz. "1inco, however, each set must ho regarded as «elf-
consistent, It is not possible to conbino allies obtained from
tho two sourcos and so the ultra-violet sot has boon chosen
go definitive.

Thio rotational and dlatojsrtion constants obtalnod fro»
tho Ac band combination differences are given in table 8«5
for tho formulation of centrifugal distortion in terms of
Kivolsou and 1ilson*s formula (tho 6 A formula, equation 5*21).
As explained in section 5»3* this formulation gives very poor
values for the distortion constants as can be soon iIn tho
calculated standard errors. The correlation coefficients
between tho various ore also given iIn table 8.5* Their
extremely high values suggest that a derived sot of constants
belonging to a better formulation might have iiad significantly
lower standard errors; tills is, of course, what has been
demonstrated above.

finally, 1t might bo mentioned that rillai and Cleveland
(81) have calculated theoretical riiotox™"tion constants for IICLIO
from the vibrational data of Blau and Nielson (C>7)I in tills
work they employed the centrifugal distortion formulation in
terms of tho constants introduced by Niolsen {9). Thoir values
are given below, but since this formulation lias not boon used
in tho prooont work, no strict comparisons can be made;
nevertheless, the first throe constants are somewhat closely

related to our hg, Dgj and DjJ, and it iIs therefore interesting
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that there i1s a close similarity botveon those three below

and the corresponding three in table 8.3»

De a 6.077 x10"
DiK a 4.029 X 10“5
Dj a 2.707 Xx10“6
V.« X.123 X1 0“5
h6 a 2.135 X 10~8
S = 3.953 X 1C*7

4The differences iIn signs arise simply from thelr respective

definitions.)
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Q.1. The ca.lll>ration,

The calibration procedure described at length In chapter-
3 deserves some special discussion. As demonstrated by Uaynoa
and by the present work, iron fringes can be measured with
a precision of about 0.006 cm“~ and, since for moat linos
from 8 to 12 fringes are measured, the calculated frequencies
have a precision approaching 0.002 cm . The frequencies
used for calibration were (mainly) the international values
(37) which had been set up by using combination differences
on a large number of assigned i1ron frequencies. The drawback
to usinn such frequencies is that there Is no jguarantee that
these frequencies, 1n offeet predicted, will correspond
exactly to the fringes measured* the presence of a weak
unidentified line overlapping one of the standard lines can
shift 1ts centre by a significant amount and the measured
frequency will be in error, inspection of table 3.3 indicates
that 1f such iInterference iIs present its effects are probably
not serious, since the frequencies recalculated from the
calibration constants agree with the standard frequencies
almost as well as could ho expected from the known standard
errors. However, Ilron arc lines are much broader than is
desirable for the lines of a calibration spectrum. It would
be bettor i1f the calibration fringos could bo measured
individually to something of the order of 0.002 cn*» or

bettor, so that we would not need to rely on a large number
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of measurements to reduce the standard error of the lines. As
yet, the frequencies of the much narrower lines obtained from
thorium halide lamps (see Her;car3 and tanlcy (82)) have not
been measured sufficiently accurately by enough i1ndependent
workers for their acceptance as replacing the iron are

standardse

9.2. The absorption frequencies.

As has already boon iInti! sated, the absorption frequencies
have boon measured with a precision considerably higher than
has boon claimed in the bent of previous work. In all, In the
present work, some 30,000 individual frin es have been
measured (producing almost 3,000 rotational frequencies) and
as aan readily be imagined, this measurement is by far the
moat time-consuming and tedious part of the iInvestigation. It
IS therefore necessary to ensure that the most efficient use
of the time i3 made. Some observations in. this regard have
already been made in section 3*5.

in )i.aynosls work and in the early part of the present
work, each absorption fringe was measured at least twice. A
thorough i1nvestigation subsequently showed that the difference
between these two measurements was, in general, considerably
less (by a factor of five or more) than the standard errors
of tlio frequencies that ultimately emerge, Consequently* a
reduction to a single measurement for each fringe was madej

no significant loss of accuracy is thereby i1ncurred, and the
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time of measurement i1s reduced by a.l;«ost 'Hh. It Is considered
that this advantage easily outweighs the loss of the chock
for accidental errors of recording oto. wliioh nirfit he
discovered as a roavilt of doublo measurement$ my such errors
other than rdnor ones, are practically certain to bo dotoctod
in tho mibsequent sorting and assi/mment of froquenclos.

In the next section it Is shown that the median of tho
standard errors of the final frequencies is probably a little
more than 0 .G85 on“1l, bine® for any one frequency tho average
number of estimations employed .in around ), tho standard
deviation of a single fringe measurement is of the order
0.01U cm (claynea found 0.009 cn*“l1l), Thla figure iIs rather
larger than the standard deviation of a .single measurement
of an iron fringe (0 .00% cn“~), which is surprising in view
of the wuch _1iallor half width of tho absorption lines. It
scoma thoreforo that the interference with the measurement
of a fringe-centre by/the-0 \;:éin of the photo raphic plate» and
a.1.0 by the relatively crowded surroundings iIn an absorption
band, is considerably more isportent with these absorption
fringes than with the broader iron fringes, i1t would seem likely
than that increasing tho width of tho channels in which the
absorption fringes are e&sured will have a beneficial effect
on the precision of measurement. This point i1s liscussed

further in. section >.6.
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9.3. Statistical mcthodn; the treatment of ernor:-;.

It cloos not Appear that previous workers In spectroscopy
have made use of statistical methods, beyond the determination
of Htgjhilard or probable errors, From the earlier sections of
tills thesis, i1t will be seem that there are a number of ways
in which tho work has been materially assisted by the uso
of statistical methods directly as a tool of investigation*
for example, in tho study of perturbations, oven in
establishing tho jusoslblo or probablo presence and location
of very weak ones; In tho use of correlation coefficients*
and in tho simultaneous solution of normal equations for the
totality of constants which may bo significantly involved in
the frequencies. That this last does not seem to have been
previously attempted, at least in ultra-violet work, means
that tho standard or probable orroro often quoted cannot
represent (and may grossly misrepresent) tho probalib accuracy
of tho quoted values of the constants, when they have been
obtained cither by ignoring the effects of some terms or
by assuming values (nhecessarily exact) for some of tho constants.
It seems that this tool iIs capable of much further development.
Some further discussion of tho present results, along the
more conventional statistical lines, follows.

In view of tho large number of rotational frequencies
measured in a band, for each of which an estimate of tho

standard error is available, a statistical examination should



STANDARD ERROR
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deliver sonic valuable information on the precision of the
method, experimental and computational, as a whole. Suoh a
study has therefore boon undertaken; for this, tho frequencies
of tho Aq bond shown in table A5 of the Appendix have been
chosen, since, firstly, this band is probably loss interfered
swith by superimposed bands and secondly, there ig?aﬁiQ-one
perturbation to consider (moreover a small ono, as shown 1in
sootion 7*2) the optimum conditions for obtaining: a good fit
of the molecular constants to the frequency data are present.
figure 9.1 is a histogram of the (statistical) frequency
of standard errors of the frequencies listed in table A5» The
total population is 750. As found also by kaynos (6) p-232, in
a similar survey of his Ap band frequencies, most of the
orrors (hero 7;3» lie botween 0.002 and 0.00%» The
median of the whole population lies at 0,0038 om"1l; this valuo
is slightly larger (probably significantly) than that of
Raynos*s data (0.0035 cn“~) but this does not indicate that
the present sot i1s inferior to the previous sot. Probably tho
reverse 1Is true since the present sot includes standard errors
derived from throe or more observations whereas Haynes
confined his iInvestigation to those with five or moroj since
tho standard errors derived from only threo or four
observations are likely to be significantly larger than those
from five or more, the effect of their inclusion iIs to shift

the wholo histogram to higher values.
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A more iInteresting quantity than the median is the
standard deviation of the whole population of errors
which here turn« out to bo 0.0053 ad‘“*. If we assume that,
(@) the frequencies chosen for the determination of constants
for this band are a representative sample of the total
population, (b) for the singly assigned linos chosejl for
tills dotorigination, the frequencies usod are true estimates
for each line, subject only to the errors of measurement
(for wliich v;e havo a measure iIn the observed standard
errors), and (c¢) the energy formula usod to describe the
frequencies i1s adequate (i.e. 1t contain» the correct terms),
then the standard deviation of the errors of fitting the
energy formula to tho frequencies should bo identical to
tho standard deviation of tho errors of measurement. The

two quantities in fact turn out to be respectively 0.0083 cm”

"see soction 7*2) card 0.0053 ar“™ (see above). The dis-
crepancy between tho two (it is surprisingly small) may
readily be accounted for by the following arguments»

(@ The lines chosen for the analysis are assumed
single on the basis of a necessarily incomplete analysis!
underlying unidentified lines, which may even have an
intensity below the level of observability, can shift the
pea-c of an absorption lino quite significantly. This
argument is strengthened by the fact that certain of tho
lines do show differences between the observod and

recalculated frequencies which are much larger than would
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bo expected from their standard errors. As an example,
ifT 2 oxclude those frequencies, 9 iIn all, which not beinr
part of a sub-branch which shows n continuous deviation,
nevertheless have residuals exceeding 0,020 cm -i, then
the standard deviation of the set of errors becomes 0*0070 mex*
IT Iinstead wo apply the strict criterion of rejection of all
observations which show deviations /Treater than 5 times the
probable error (3 times the standard error) of the sot (see
Marrenau and hurphy (Qk) p. ko$)t then only one of those
lar/re residuals can be rejected{ this single rejection
roduoos the standard orror to 0.0078 ai™*,

(b) TDio onor”™y formula used to describo the lines
(dotailed 1n chapter 5) is iIn several places a first order
approximation to a more complex formulation} this is particularly
so In the treatment of the Lido perturbation (section 5»*0
and also iIn the treatment of centrifugal distortion (section
5.3). Since, however, the perturbation in this bond (A0) 1is
vory small, as demonstrated in section 7*2, the formulation
used to doscribe i1t i1s probably entirely adequate; for the
distortion formulation this may not be the cose, however.
Such offeets wotild cause the residuals to deviate by some
significant constant or steadily varying amount (superimposed
on the errors of measurement)} iInspection of the residuals
shows no sifpiifleant trends, and 1t -ty bo conoludsd
therefore that the oner”™y formula iIs quite adequate for

dat» of the A0 band.
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We can apply the above treatment also to the residuals
obtained from the least squares solution of constants from
the combination differences on the AQ band} the standard
deviation of these residuals i1s 0.011 cm“l. The standard
error «f the combination of two frequencies 1is »riven by the
squaro root of the sum of their respective variances ($§-2).
It is easy to show that the standard deviation of the errors
of the whole set of possible combinations iIs given as

hi L the standard deviation of the imcombinod
frequencies} therefore it uwe allow all possible combinations
of the frequencies represented by the errors iIn fig* 9* »
then tho standard deviations of the errors of the combination®
i1Is 0.0075 cm*“1. If we assume that the combinations chosen for
the least squares determination are a representative
selection of these, then this quantity, 0.0075 cm“l should
be compared with the 0.011 cm“1l mentioned above.® The two
values bear roughly the some relation to one another aa do
the earlier pair} this suggests tlXKt the chief cause for the
discrepency lies in the uncertainties iIn the true frequencies
of the lines, and that the energy formulations used for tho
two cases are both entirely adequate. In effect this means
that both the excited state and ground state energy levels
have been adequately formulated.

A similarly detailed treatment of the errors obtained
for thk A2» or the bands has not been attempted, since

for these bands the magnitude of the deviations caused by the
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interference of underlying frequencies from different bande,
as well as from unidentified frequencies of the same band,
and the difficulties oft accounting adequately for the
perturbations found iIn them, iIs likely to vitiate any
comparison of observed and predicted errors. The iInvestigation
for the AQ band does, however, indicate that for a band
sufficiently well separated from other bands, the rotational
frequencies can be measured to very high accuracy, mostly
better than 1 0.00U a@a’l, and that the treatment of
rotational energies outlined iIn chapter 5 can make full use
of this accuracy in accounting for rigid rotor energies,

centrifugal distortion and for small perturbations.
9.*. Tho ground ntato constants.

The ground state constants have been discussed at length
In section 8»2. Here, & summary of the conclusions will be
given.

In the first place It has been shown that the set of
constants derived from the combination differences in the
ultra-violet frequencies ta significantly superior to that
derived from tho microwave spectrum.

Tho centrifugal distortion has been described by the X,
the A and the D formulations, discussed in section 5»3* The
constants obtained for the 6A"s of Xivelson and Wilson"s
formula have been sliomm to produce energy terms, for a given

level, which are much larger than the total centrifugal
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distortion itself'« It has been shown that this behaviour leads
to numerical difficulties which can be obviated by using the
derived formulation in terms of the D’a of equation 5.24«

The numerical values obtained for the D’s from the ultra-
violet combinations have been used In the determination of

the ™derivedX excited state constants™*

The definitive sot of constants has boon obtained using
the formulation, 1°ron thiB sot the moments of inertia
about tlio three principal molecular axes have been determined
ast

la » 1.792952 +0.00003 amu.St*
*) « 13.01865 10.0006 "
1c 14 .86832 10.0006 ”

The inertial defect of 0.0567-" amu.R2 is In very good
agreement with the value 0.0561 anu.X""" predicted by Oka and
Morino (46) and (84) on the basis of the effect of the zero
point vibrations. Used iIn conjunction with the same quantities
for the dideuterated molecule, those moments of iInertia
should deliver precise iInformation on the goomotry of the
ground state, bettor in faot than that obtainable from any
other souroo at the present time.
The final centrifugal distortion constants aroi

"Cxxxx * -Ikd7rj (-.04) x10*J cm*“l

zzzz ** -2.732 (t.o06)x 10-3 &

r xxzz * 1*64 (“»3) x10-3 *

xxxz < -8.94 ($.7) x10-5 «



9.5»

264

Those values arc In quite gold atreeuent with the ~Cea
calculated from force constants derived from the infra-red
frequencies, It would be iInteresting to discover the decree
of consistency of these X*a with the force constants of tlio

molecule,

The oxclted state of rortr.aideii.yde,

The 1nformation obtained In the present work on the
oxcitod state of formaldehyde i1s derived mainly from the
analyses of the bands of the A series. The oxcitod states
of these bands differ only in the numbers of quanta of the
excited state vibaatAijn V«qgj wo might expect then, a
smooth variation in the rotational constants (rigid rotor
and centrifugal distortion) along the series. Unfortunately,
although the bands AQ, Ag and have been analysed 1in
detail, the A™ band has not, as yet, been investigated, so
that there id an 1mportant gap iIn the series. In this
section wo will oot.rpai“e the rotational constants of the A
series of bands and show that there s indeed a very
smooth variation along the series. Following tills, the
perturbations found in the excited state levels will be
discussed} since sorce of these are due to "accidental™
degeneracies of other vibrations, we oan expect only
perturbations of the hide typo to show any smooth variation

along the series. The work on the band will bo considered



Table 9,1,

pariwon, of oxciteci state rotational constants > A series.”

Aq
051—
A» 8.75172
. 6
B» 1.12’\4(9)
5
C» 10123(2)
2
A 0.2655
V -5 .o147
6 fg)"S
@j £ - -
vV 3,55 s

See note» P.203.

Ai
(interpolated)

8.695

1.1110

1.0025

-0.288

_3-8“/\

-5.0-5

-3.0“6

A2

(TT
8.61a73

&)
1.09893

®
0.99309

(26)
-0.3159

-3.110 *

<D n
-4.69 “5

3% -8

A3

(10)
8.59301

15)
1.08599

@15
0.98417

©)
-0.3579

-21484*
1R %
_2.38)~8

5C



in tho light of the recent suggestion (33) of its typo-C
cliaraotor, and finally some comments will bo made on tho
sorios an to a2.

iratly, liovovor, we will consider the vibrational
energies derived from the analyses of the A series, if
we taJco “ieke and Kistiakoweky®s value (1) for tho
vibronic origin of the band, thon the succeasivo quanta
of the vibration have tho following values? 1,
1132.5 0* 1 1-72, 1163.5 cm“l; 2-"3» 1150.U cm”1.
Those fTigures show tho regular expected decrease duo to
onhamonicity. IT tho and A, bands are analysed (and
their analysis should present no more difficulty than that
of those bands which have already boon analysed) wo might
expect vory prociso data on the effect3 of nnharmonicity

in this relatively simple system.

A series? tho ririd rotor constants.

In tabic 9 .1, the inertial constants* (in cm”1l) and
tho inertial defect* (in asm. & are compared for tho
tliroo bands investigated (tho values for tho A™ bond are
intorpolatod). A3 far as can be judged, all four quantities
do, in fact show a vory smooth increase along tho series and

tills is in accord with tho expected lengthening of tho C-0

e Obtained from tho full scale solution of soction 0*3 and not
from the tlerivod* exoited state constants of section 6.6.
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bond due to the iAtriftfling number of quanta of 90W' Their
standax®"d orrors were determined by the methods explAi.nod

In section 6.5» that i1s by making uso of the cor&elation
coefficient;:- between the quantities D, 0 and b from which
the inertial constants A, D and C are calculated. The
degree of precision obtained f r the constants is very
satisfactory and some of the constants ax0 obtained to an
accuracy bettor than 1 in 30,000. “lion tisod in combination
-with data of similar accuracy for the rtoutoratod molecule,
wo might expect a very high, ¢precision in the calculated

geometry of the excited state levels concerned,
soriost distortion constants.

The three most significant distortion constants in the
7 Formulation (goo section 5«3 ) bp, D and Dj are also
presented in table 0,1 for tlio three bands. It con be seen that
whereas Dj shows sensibly no variation along the series, thd
Sy exhibits a largo,but smooth, variation, IL, varies less
regularly. e might attribute this behaviour to tho faot
that Dpj 1s In offoot a cross term, and 1t will be interesting
to see whether or not D?j for the band doos turn out to
be close to the Interpolated value given here, o night
hope that eventually, when sufficient bonds for both HC150
and DODO have been analysed, that those centrifugal
distortion constants can be correlated with forco constants

dovoloped for quite a complex potential field (tills latter
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would, of course), haves to be adequate to account for tho
inversion).

The remaining distortion constants 4. and Dg have
not boon listed iIn table 9»* deference to sections 7»2
to 7 twill show that they are obtained with very liigh
standard errors (so high, in fact, that statistically, the
values obtained for the constants in most casos can not bo

regarded as significant), and in accord with this, calculation

to only about 0.015 cn’” In extreme caseld. (Thie does not
nomi, of course, tlint their collective effect can bo ignored!
they fom part of a self-consistent sot of constants, and
mist accordingly bo used, with the values given.) Thie
behaviour i1s due, no doubt, to tho fact that formaldehyde

is close to tho symmetric rotor limit*
A soriost perturbations.

e First consider those perturbations believed to
bo of the bide typo (eoo sootlon 5.©). ThO main evilonce that
sue}) perturbations are present In the spectrum is that
there appears to be a perturbing level at 1£5 cn ™ below
tbe oi"igin of the A™ bond (see section 7*3) and thie could
very well be accounte * for by tho fact that the inversion
splitting for the Aq bend is known to bo of this order
(soo section 7*2 an bolotv). It is reasonable to supposo

thiat tho influence of tho \/GO vibration which 1s pro-
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diciinantly a carbonyl strengthening vibration, would havo

a minimal effect on the ability of the two hydrogens to
tunnel through tho potential barrier; we might therefore
pi“ediot an inversion »j>litting of about 123 cm , for the

Ar, band and this i1s iIn accordance with the observed behaviour*
"Hie beliaviour of the other bands (Aq and A,,) does not,
liamovor, Ffit in with tho pattern to be expected on the

basis of tho findings in the Ag band (tho A,, bond v;as the
first to bo iInvestigated in the present work)# In section
7.4, 1t Vv/as Aom tliatha gggiﬁﬂbation centred on tlio
rotational levels with K* &b could bo due to a perturbing
level at somewhat luaro than 125 cm_1 below the origin of

tho band i1tself* The forta of the perturbation as it
approachod degeneracy could not, however, readily be correlated
with Lide’o theory unless we assumed impossibly large values
for tho rotational constants of this perturbing lovel

(those should approximate to those for the perturbed state).
It was concluded in section 7*4 that there did appear to be
a perturbing lovel close to the region predicted for tho
lower member of tho inversion doublet but that i1t could

net be positively ldentified with thin lower inversion lovel,
Xn section 7*2» dealing with tho Aq band, a very small
perturbation was reported in the region expected for a

Lido perturbation. 1t is very hard to explain why there
should bo such a large difference between the magnitude of

tho Lido porturbations in the AQ and the Ag bonds* If tho
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band flhotfs similar behaviour to the AO bond tio shall have
to oast doubt on tho occurrence of bide perturbations In the
snootnii-" and will have to account In a different way for the
high K perturbation Ja thx] A, ,«band, It might be mentioned
hero that the evident>© for the occurrence of a Licio pertur-
bation in tho spectrum of didoutorated eyananldo (71) la
very United though there the observed diccrepenoles 1n
obo linos concerned nro difficult to account for in any
other way,

Tho other perturbations found in the bands i1nvestigated
are probably of a normal Coriolis character. The perturbation
in tho levels K* « O In tho A™ band con bo corrolatod with
the lower inversion mentor of tho \ hand (sc®© section 7«3)»
IT It turns out to be tho caso that tho assignment for
tho Hi bond contains the anti sy’no trio vibration IiaL..2 (coo
below), then tho product of the eryr.motry «pecios ofugts Q)
level and of tho excited state level of the A« band contains
tho species of tho rotations C and R In the Ca symmetry
group, (seo table **.17)? >0 thua have tho possibility of a
normal oriolia perturbation but this hag not boon
investigated further in the present work. Sene support»
or otherwise, for tld.s hypothori* might bo forthcoming

* 1t should bo mentioned here thot tho c."oica of axes for this
representation have boon olioson to ao over Into tho frame
as tho molecule becomes planar} tide is not in acoortxwith

tho usual identification of tho principal oxea for a 0g molecule
but those chosen arc obviously roe convenient here.

N.D. also, tho addendum p.207.
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from the analysis of the A”™ bond} the (+) level corresponding
to the («) level of the Co bond Is expected to lie in
roughly the same relative position to the excited state of
tlio AJ band ns iIs the situation iIn the next higher uonbora
of the two progrenaions.

*flie origin of th©® two remaining perturbations in tho

bond, one a large perturbation affecting mainly the

levels with K* »6 and the other a minute perturbation iIn the
K* & 0, are more difficult to account for. Ostensibly, one
of them may bo caused by the (+) lovol of the band (soo
below) whose origin lies about 200 cm™1 above tho origin
of the A« band} but there are a large number of combinations
of excited stato vibrations that o/d,d occur in tho vioinity
(not all of which need necessarily produce observable
absorption bands), and so the unambiguous assignment of
the perturbing levels will be very difficult.

Clearly much work remains to be done on tho nature
of those perturbations®* and, in particular, analysis of tho

band should help to clarify some points.
The Ci band, and the C series of hands.

Aa mentioned in section 7*5» the present analysis of
tho band has boon very incomplete, due both to laolc of
time and to tho difficulties inherent iIn tho frequencies

obtained from tho present sots of platos. It is possible
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that analysis on the basis of typo-C selection rules (see
below) might holp to clarify the analysis of tlio rollon

near tho caniro of the band. Some of the difficulty however,
IS connected with, the unexpectedly low intensity of the
central portion of the band, since tho fringes obtained In
tills region aro very weak and their measurements are likely
to be In error. It i1s possible tt"tt soute of thi3 loss of
intensity might be duo to the effect of .-axis selection
rules, as described below, but 1t Is tempting to ascribe

it to a rotational-vibrational mixing jihonomenon of tho

type postiitaied by Pople and Sidman (1) to account for

the intensity of the parallel bonds of formaldehyde. For
tills, these workers predicted that the intensities of tho
various sub-branches should bo proportional to the quantum
number K (1.o0. to tho amount of rotation about tho z axis)
aa veil as depending on the other factors described iIn detail
in soction 5*5 of this thesis* This would moan that tho sub-
branches terminating on K* » O should have r,ero intensity!

it is unfortunate that tho present ana”™ais is Inadequate to
confirm or deny this hypothesis.

It has boon mentioned above, and elsewhere In this thesis
that the CQ band and therefore tho C series of bands, has been
found to oboy typo-0 selection rules (53)1 this leads to the
assignment of tho CQ band to tlie combination of excited state

vibrations () ¢ 1CHg* which is antisymmetric to
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the operations of the symmetry group (see fTig, 4.1).
It is this 2 *« vibration that Poplo and Sidman (51)
suggested would play some part in brooking down the selection
rules which forbid this electronic transition (though the
offset of the symmetric vibration y”, » was expected to, and
indeed docs, play tho major part). Tholr suggestion there-
fore deserves a fuller, iIn particular a more gquantitative
investigation.

finally, iIn connection with the O series, i1t la thought
strange by tho prosont author that the C series of bonds
should terminate abruptly at tho aorabor (especially
since tho band is noticeably stronger tlian tho 0o band),
and that tho band actually observed In tho position
oxpocted for tho C2 band, i1s assigned by brand (23) to tho
vibrations + Vg™ n3 wr0"™. a superficial examination
of tho high resolution pictures obtained In this work for
this band indicates that i1t ooems to be of the oamo general
character as the bonds of the G seriosjy that is, the spacing
of tho rit hoods i1s similar and there is the same low
intensity In tho central region. It thoroforo seen» probable
that ";0" oliould now be ro-asaigned os ”C2M. A still more
superficial oaruiination of Brandla band (this band only
just appears iIn our photogmphod range and is appreciably
outside the properly focussod region) seems to indicate that

there aro two bonds there, possibly and some other bend]
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the settling of those points must avait further exporimentol
work.

The a 3cries ox bands.

Observation of transitions to the (*) members of the
inversion doublets coirrespondinr: to the (-) levels of tho A
series of bands have boon reported by frond (23) up to tho
member n,,. The present high dispersion work on tho A£ band
has shown no trace of frequencies attributable to an &2 banrt
(although wo boliovo that we have located i1ts excited state
level by perturbations in the levels of tho A? band, as shown
in section 7.3) and wo therefore believe that Brand’s
observation is spurious* A cursory examination of the
bend 3eerie to indicate that the rotational structure in the
rorrion whore tho a” band i1s oxpoctod to lie belongs to
the band. It seems that only for tho aQ band is there
evidence In the spectrum. Robinson and diGiorgio (25) have
published low temperature absorption pictures whore the aQ
band 1s soon to stand out from tho rotational structure of
AO band, botter than i1t does in tho room tonperature plates
of tho present vofcf. In our analysis of the AO band wo have
found a few lines unassignable to tho Aq band and we assume
that they are due to a0, It seems that the main evidence for
the location of the (+) inversion levels will corao from
perturbations of tho Lido type, discussod at length elsewhere

in tills thesis.



275

,0 urthor work,.

() Although significant further iIncrease iIn the
absolute accuracy of tho absorption frequencies 1is
unlikely until a more exact moans of calibrating tho
spectrum than tho iron arc spectrum is found« several
experimental i1nodification3 might ba made to increase
tho precision of measurement and also to extend tho useful
range of tho instrumont. At present, as It in described
in tho oarly part of tills thesis, tho apparatus nay bo
used for tho photography and thence the reduction of
absorption fringes between the rough limit« 2700 5 and
3800 5. Although many molecules have band systems within
tills region, it is obviously dosirnblo to bo able to extond
potential measurement both into the visible and further down
in the quarts ultra-violct.

Tho long wavelength limit is caused by the falling-
off of tho resolution of tho quarts Littrow optics and
the consequent inability to resolve adjacent fringes lying
ono order apart - tho condition for tho formation of
channels. Thus a secondary iInstrument with greater resolving
powor s called for, a grating spectrograph with a suitable
high quality grating being the obvious solution. As a
coi"O-llary to tho uao of hi kor resolution, the consequent
incroaso in dispersion which could bo obtained, would Increase

tho width of tho channels, so rondoring the measurement of



fringo3, especially of weak ones* more precise. Pilot work
on thoso linos lias recently beencarried out by ;r. D.C. Lindsey

with very encouraging i"esuits.

Tho limiting factor at tho low wavelength oxcl of tho
rango is the i1nordinate time of exposure required to obtain
a suitable donso spectrum. For iInstance, at 2700 %t tho
oxpoaure found necessary was 6 hourstf i1n this time, tmloaa
strict tomperature control is iIn forco, tho temperature ooa
vary sufficiently to cause tho channels to blur out and
oventually disappear, (1°C would be sufficient to completely
blur out the channels). Fosides tho need for a light souroo
of much higher intensity at these wavelengths, several other
modifications sould be made to make more efficient use of
tho available light. At each quartz/air aurl®aco in the
optical train, about 5< of the iIncident radiation (much more
at each prism face) i1s lost by roflootion, so that a
reduction in thoir number would bo beneficial. Two surfaces
could bo saved by combining the two radiation filters into
one, while four could be saved by removing the windows of the
Lummor plato housingj this latter procedure might not be so
dangerous with the present set-up as i1t would have been in
the oarlior, more open one. Also tho replacement of
the quartz Littrow optics (6 surl*aces) by a grating would
improve matters in this rospoct, but tho efficiency of blazing
would have to bo very high to achieve a positive 1mprovement.

A fTurther possibility which was tried iIn the present work is



to place a oonoave mirror behind the lamp thus almost
doubling the intensity. No detrimental offecto <aa to
tho fact that the source is no longer strictly incoherent
were detectable from a somewhat superficial examination.

It 1s now possible, with tho apparatus iIn its
present design, to move tho light source back to allow a
longer absorption cell to be employed. Tills is necessary
iT a proper investigation into the veakor formaldehyde
bands 1a to be made. It may even be necessary to employ-

a multiple pass cell but the optics must be cai"OfUully
designed to fill tho horizontal aperture of the bummer

plate, and also to onsuro that the final iImage (the effective
sourco) 1is as noorljas possible incoherent-, the additional
roflootion losses iIn suoh a system may well be serious,
however .

(rn) Tho most time-consuming part of an i1nvestigation
of a single band i1sInthc actual inoasurecjent of tho fringesj
tho subsequont operations of the analysis are almost entirely
governed by tho delay In tho availability of tho computer.
Tho obvious way to loosen tho time of measurement ia to make
i1t as noarly automatic as possible. At first sight, tho
boat method would ho to scan photometrically either the
spectrograph camera, the photographic plate, or an enlarge-
ment of tlio latter. The first possibility is ruled out by

tho very small area available for photometry| a sampling area
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of about 5 x 15 (possibly somewhat greater with the wilder
channels envisaged above) would bo tho maximum allowable,

nnd the light available in such a small area would require

an oxtreinoly sensitive photo-multiplier. Tho second
possibility is ruled out on similar grounds. The third
possibility sooris to offer nomo chnnco of success, although
hore the size of the groin enlarged from the photo,"rapid.c
plate would necessitate a sampling area rather larger than
the optimum for accurate estimation of a fringe peak. Tho
most feasible method of speeding up the measurement would bo
to etiiploy the present visual estimation procedure and to moke
all tho subsequent recording automatic. Thus the measuring
carriago would be attached to some digitising equipment

to record tho movement across a channel. Measurement
techniques along these l1ino3 (notably for use In engineering)
have boon developed by several workers, employing a Moire
fringe method of digitising tho transvorao movement, thO
counting being done electronically. Application of such a
method to fringe measurements would merely require that when
a fringe-peak has been centred (visually, as at present, the
depressing of a switch would transfer tho current reading

to a buffer store and thence to punched tape, ready tor input
to the computer. Althof£lr a few difficulties can be foreseen,
this technique should rosult iIn a time saving of considerably

more than 0,"J a further advantage would be the virtually
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coBipleto elimination of the errors that at present may occur
by tlio manual transfer of many tliousonda (about V million
In the present work) of digits. It i1s anticipated that the
possibilities of tluts technique will bo examined further,

(i11) The analytical prococlure described iIn chapter 6
has boon developed fully, and the only significant further
improvement would bo to roplaco tho intorrr.odiato manual
analytical stage, between computation of tho spectrum and
extraction of constants from tho assigned frequencies, by a
programed tocliniquoj this is likely, howovor, to X“equiro
such 1nvolvod projrruuEiing tliat tho offort would not be
justified (tho manual pi-ooodure tokos only a few days to
comploto). A few iImprovements to tho programmes as they stand
may Po culled forj clriofly, tills will consist of generalising
them to make them applicable to larger asymmetries than those
found in formaldohydo, or to rewrlto the selection rules for
somo of thom to make them useful for typo A and C bands,

(iv) Tho next absorption bond of formaldehyde wliich
should bo iInvestigated i1s obviously the band, so that a
comploto picture of the A auric3 of bauds is obtained.
Approximate rotational constants for tho preliminary analysis
may roodily bo obtainod by interpolation botwoen tho00
constants known for tlu> ronalning three bands, Hxis process

gives the following valuest
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D’ r 1.0569 od’l
s 7.638

b'* $ -0 0071%0

\/ S -1+.2 xIOmL cm

dej ° -5.0 XIO“5 H

V 8 -3.5 x10“6

Tho ¢ground state constants are or course known to vory high
accuracy wliilo tho remaining excited state distortion
constants may be neglected in tho initial stages. Tho value
for obtalnad by Dioko and XlatldtOViky (@) of
2,1*95.12 cm*™“l will be adequate. Vo might predict a "Lido"
porturbation in the region of high K*, but Ato .magnitude cannot
bo predicted with any certainty and i1t may initially be
neglected. The band 1s at present under investigation by
Hr. D,C. Lindsey.

After this band, several others merit attention. The B
series should be iInvestigated since Dieke and Kistiakowslcy
noted tho possible occurrence of a “lotational perturbation*
in tho levels of the excited state. Also, since tho (¢)
inversion lovel corresponding to the (-) level of tho B bands
lies sdno 100 cm*“l away, perturbations of tho strict Lido
type arc likely to be negligible. Hie G series beginning
with CQ closorvos noro attention, as already outlined in
section 9»3.

hopetition of those iInvestigations on the spectrum of
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dideuteratod formaldehyde will provide sufficient information
for a thorough survey of tho molecular geometry of
formaldehyde i1n several oxcitod vibronic states.

The other information derived from the rotational analysis,
in particular tho centrifugal distortion constants and tho
parameters describing the various perturbations, should
provide very usoful data for a thorough survey of tho
intomucloar forces of fomalclohyde in its first excited
state, i1t should enable force constants for quite an elaborate
force fiald to bo determined with the aid of tho known
vibrational frequencies. Then, 1f possible, the energies of
the unknown vibrations of the first oxcited stato night bo
determined and the source of some of the perturbations i1n tho

observed bands i1dentified.
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Appendix 1

The inversion of a symmetrical matrix ¢modified Choleski

wroceclnre)

We require tho inverse B, of a symmetrical «jatrix A, 1.0,
B -1
We first find a new matrix Y such that
A = YT.Y (AD)
and such that all i1ts elements below the leading diagonal are
zero. Then the elements yij of Y, are given in terms of the

elements of A by the following relationsi

Case i = J = 1

Case 1B ] 1L 1

y n - -1t - -8i
Case 1 * 1 4
Sii
yl Y11
Case 1 j @ ™M)
1 i-1
a _ _
ij yii U ALEARY
Ific calculate the elements of Y in the order » * Viz* ylI3»
eee yINnd y227? y23* *** y2n{ ynn* At can bo seon that for

a (riven Y2j* only previously calculated elements are required

T

for i1ts Ovaluation. Y 1is than known, of course by yHi a ytje
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Ma now prorcrultiply both sides of equation Al by B, whence

B.Yr o vy
It can readily be shown that Y*“1 has only zero elements below
its diagonal, and that its diagonal elements are ytl @11/yiA|
as will appear below, its remaining: elements need not bo

evaluated»

IT we now represent Y*"1 as % and YT as X, then

n
“ij e (A2)
© have the relations
zli & 1/Y0
215 € 0 (i~ J)
Zij @ ? (1 <T J] not needed)
and
xij &y u> 9
xij & 0 G< .D
therefore equation A2 becomes
n
ziJ “ biS-q0 %)

whence we have the following eases»

Case i « J

n
VAY | <) hJa*y js
Case 1 > j n

0O » bis yjs
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Prom these vle have

Case 1 « j * n
bnn *  1/ynn
Case I IS 3 p n
L1 1 n
Vil yil 30] +1
Case 1 > 1
Lo
bu & =it bis

Cince B is symmetricals pij m pijx g0 *pe
need not be calculated (it is bocause of this circumstance
that the upper elements of Z are not required).
If we calculate the elements of o in the order i1 brulj
Sw b md ot
bn,n-1» eebn, i n »J fcpy,* if* can *8***

seen (aa for Y) that for a fyLven J, only previously

calculated elements are required (bearing in mind that

bji = biJ*
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Appendix 2

kS
Coisinntor “rogrammoB.

(a) standard Programmes
(1) _kmtlne 95 The calculation of asymmetric Xx"otor energies.

Since wiap calculation of asymmetric rotor energies plays
an Important part in several of tho programmes described later»
tixe procedure has been programmed as a »orcury Autocode Routine;
that 1s, it i1s a self-contained Routine that can bo inserted
into a chapter of any programme requiring the calculation.
Hie ttoutine «takes provision either for tho calculation of the
reduced energy 12(b) alone, or for the calculation, as well, of
tho quantities E*(b) and <d"(b). Theso last two differential
quantities aro determined by calculating B(b-S’b), E(b) and
ob)|] the differentials are then given by t

li(h+% b) - b(b-£~b)

E"(b) 7nh

E"(b) UCh+ Sb)*St:;(b—bh) - 2f(b) (Ah)

Since the jxro ra?ur:cs used have a wide applicability, v/hich in
some cases can be further widened by relatively minor
modification, the following descriptions contain some reference
to organisational details; this is iIn order to facilitate the
use and possible modification of the programmes by subsequent
workers. In the block diagrams, the symbols appearing outside
the blocks arc signals, used for organisation purpoeos.
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Tor tho present work wo have set £b at 0.001, after proving
that this is sufficiently small for the expressions to
hold to the required degree of accuracy. The selection
between the two typos of calculation iIs made by presetting a
parameter M, (66 fox” i>(b) alone and 77 for the additional
differential gxiantitios) .

As indicated in chapter 5, section 3*2, the programme
rogx’iros on initial appx®oximation to E(b) hotter than iéQ as
the fTirst stage iIn an iteration process, fTor those levels with

3. As stated in section 5*2, these approximations ore
obtained from an empirical series expansion up to tho third
power in the argument J, tho coefficients of the expansion
being calculated for each value of I or K~. Since the zeroth
order coefficient is just K2, 21 coefficients are required
for a given value at b and those are stored in a standardised
part of the computer store, ready for use by the Routine
(actually 2h coefficients are input, the Utli, 3th and 6th
being zeros fair the non-existent K « 0”). Since in ultra-violet
work for which the Routine 1is specifically designhed, two
markedly different values of b are commonly encountered (i.o0.
for two different vLbronio levels), the Routine is designed to
allow for two values of b, and if tho second value differs
sufficiently from the fTirst to make it worth vrhllo to use a
second set of coefficients, these are also read iIn. The

appropriate set is called into play by specifying anothox*
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parameter* 0* (0o (zero) for the* first set* 1 for tho
second set). The calculating procedure is exactly that
described in section 5*2:1 tho secular determinant is
expanded as & recursion formula and i1ts numerical value*
y, Is obtained as a function f(w) of an approximation* w,
to a required root. When two values y™ and y2 are obtained
from two approximations w* and w2* the second differing
from the first by some arbitrary amount (0*01 ie employed
at present), then a better approximation* w”, 1is obtained
by the method of "regula falsil, desoribed in seotion 5»2.
A block diagram of the routine i1s shown In fig. Al

opposite. The following parameters must be preset before

entering the routinet

J and K for the two quantum numbers J and K*
N for the value of 9 | O and 1 for a U and an
L level respectively.

0O and M are set as signals as explained above.

B is set as tho value of b.
The answers are found iIn tho following variable storest

E(b) in E

E»(b) in E*

E"(b) in £
The main indices are left unchanged by the routine while the
primed indices are destroyed. The special variables apart
from E* E* and £ are not used.

It has been found thiat on the average* about 10 E(b)"s
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can bo computed every second,
fll) Programme - 102, The solution of normal equations.

This programme and i1ts modifications havo been
programmed by Dr# Poole. Besides solving the normal
equations to obtain the solutions, x*, they also calculate
the standard error, GJ 9 of each solution xt# and the
correlation coefficients, r”~, between every pairtf of
solutions x* and Xj,

IT lie express tho normal equations in the form*

A X » d

Vsee section 6,3/) then the solutions X aro given by

* _1 —
X » A d

e therefore calculate tho iInverse matrix B » A ™ by the
procedure outlined In Appendix 1, This matrix is then
post-multiplied by the vector d of the right hand aides
of tho normal equations to deliver the solutions x* The
inversion procedure as formulated in Appendix 1 is partic-
ularly amenable to automatic computation, especially when
tho A matrix is of order 5 or 6 or more. Since, however,
it entails much arithmetic Involving destructive cancellations,
many more decimal digits must be retained throughout than
are needed i1n the final result, to ensure accuracy* As
mentioned olsovhcre, wo employ double length arithmetic in

the computation by Mercury| that i1s, 17 deoimal digits are
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used for all operations. Nevertheless, for matrices of
low order, say up ton * 5 or 6, the much faster single
length arithmetic (to 8 or 9 digits) sufficesj our
Prograrsno - 100 1is for this case. In the present work,
however, such matrices have rarely boon met and we have
employed exclusively tho double-length technique, Zlion
computed, tho vector X i3 printed out to 9 significant
figures.

XFf at tho same time that we compute the normal
equations we also determine the sum of the squares of
the right hand sides of thextquations of condition, then
wO can use it with thogéolutions (when found) to obtain

tho sum of tho residuals, then the variance,cr?2,

of the input data is givon byi

N2 » (:"re2 - * _ a n
(thi3 is a normal statistical procedure). This quantity
gives a measure of the precision of the input data, as
fitted by the least-squares solutions found, Tho variance

2
and covariance matrix is then given by CT , B | 1its

elements ore

whenoo the standard errors, cr i# of tho solutions
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are known, and to correlation coefficients matrix (r*j) is
set up. The CT™ are printed out, this time to 3 significant
figures, as are the r~j when colled for (manually by way of
computer keys). As on index to tho precision of the
inversion procedure, the two matrices A and D are multiplied,
ati the resulting matrix, (which should of course approximate
to tho unit matrix of the appropriate order) is scanned and
thejelemant with tho largest deviation from tho unit matrix
is printed out for inspection.

Recently, tho full programme was condensed iInto a

(of As™)

single chapter, and the final iInspection stage ldescribed
was oraitted since tests shoved that with the matrices being
employed in the present work, rounding errora reduced tho
precision of the solution by only 2 o 3 powers of ton below
tho full 17 digits of the computation.

As written at present, tho programme makes provioion
for a normal equations matrix of order ~ 31* which is more
than enough for the present work. Tho programme has been
employed With great success in thoao programmes described
later where least squares solutions are called for. We
have found tliat tho time required to complete an inversion
is xcuglily proportional to the third power of the ordor of tho
matid-xj as an example, A 25 x 25 matrix oan be inverted in

about 6 minutes while a 7 x 7 matrix requires only about

20-30 seconds.
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(h) Programmes competed with frequency determination*
(i) 2CoC "‘uinsior jplato™N gl OijA™.

*xlio conversion of the frinird co-ox"dinatos r, X to

function of 2 conventionally

froquonoy valueo c”involvos t§ypolynomials, hero”called tho
I/warter piato polynomial} its nino coefficients aro the
calibration coofficionto. This programme 1s used for
determining the best sot of 9 coefficients, by a least
squares procedure, from an initial ai>proximato sot, using tho
fringe measurements of a number of standard frogquencios (the
calibration fibgquoncioa) spread over tho rango to be cali-

brated (See section 3**0* A block diagram is given in table

A 2.
For every measured fringe of every calibration frequency,
the channel numberA, and tho x value aro road In and stored,

Vol*«. lit
together with the standard™frequency, O~t and First approximate

values for n and A calculated fringo by frange from the
current sot of approximations to tho coefficients* After
tho list is complete, each aot of o-, A n and A In
turn 1a brought to the fast store of tho computer, the
corresponding equation of condition Is sot up, and its
contribution to the normal equations computed} on completion
of tho list, the normal equations matrix Is complete* (Sinco
A and a u are not independent of one anther (see section 3»k)
they oro determined in a short iterative cycle, i1*e. an
initial value for A n allows an approximation to A to be

found, and this iIn turn gives a better value for An*) Tho
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normal equations aro solved using the least squares
procedure of Programme - 102 (app* 2(a) (fi).)» Correlation
coefficients aro calculatod ond output from the computer
alone vitli the solutions (corrections to tho input values
of tho coefficients) ond their standard orror3. Tho now
sot of calibration coefficients are constituted, and used
to obtain a novr set of normal equations. This procedure is
continued iteratively until a sufficiently good fit to the
calibration frequencies is obtained. The standard and
recalculated values for these frequencies aro output after

*

“each iteration so that the course of tho solution procedure
nay be followed, 1iIn practice, throe iterations have boon
found ample oven v/hen a crudo sot of input calibration
coefficients has been used. The total time for a single
calibration run, employing throe iterations”™is a little over

10 minutes.
(iii_blc L.ft t-rdered ~“rocmcnclos.

A given absorption frequency occurs four or five times
between tho 0O-and Q-1ino3 in neighbouring channels on on
absorption print. Since several prints are measured eaoh
for a different pressure of absorbing gas, some 10 to 20
fringes aro usually measured for each frequency. Fringes
ore measured consecutively along a channellund any one
frequency occurs only once in a channelj hence tho measure-

ments of fringes of any particular frequency, occurring in

consecutive ohannels™aro found in the record book, separated
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by thoBo fringes of other frequencies. The function of
procraEimo JlU X .4 is both to calculuto tho frequencies
thonaelvos from tho fringe moaeuromonta, ami to sort the
calculatoa froquoncies into numerical order so that all

the estimates of a given frequency are placed in juxta-
position, ready for inspection and averaging by a subsequent
programme. It has beon written in the <Pig-F® machine
language of the Mercury computer, since tills technique 1Is
more amenable to the ootnple* sorting procoss involved in

tho procedure than is tho simpler Autocode language, A

block diagram is given in table A3.

Uiio data tape is prepared in suoh a way aa to facilitate
the sorting process* thus data ia road in for oonsooutive
channels starting with the channel with the highest number
(highest frequency)* for a given channel, all the measured
fringes from every used plate are input in tarn, and their
frequencies ax*o computed from tho calibration, and appropriate
"b-oorreoticn® coefficients. Some 7»> to 80> of these
frequencies are transferred to a reserve store to await* the
data of successive channels, Hie fringes lying at leas than
one order difference from the O-line are transferred to an
active store with the measurements of the same frequencies
from previously input ohoxmola. The latter are also sorted
out into orders and to facilitate this sorting procedurej

t .., four input constants arc read in at the head of the
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data tape, these being: the x values corresponding to

order differences of 1, 2, 3 and k from the O-line, The
frequencies are stored in parts of both, the reserve and
active stores, determined uniquely by the plate number from
which they came and by thoir channel number (or rather by
the difference of their channel number from the currently
input one); the mmportance of this provision will emerge
later. Besides the fregtienoy, the x value i1s also stored
in a uniquely determined part of the computer store.

As each fringe measurement iIs read, Its estimated
strength And character are also road In and stored. The
strength on tlio visually estimated scale is represented
by a digit in the range from O to 9, Inaddition, provision
iIs also made for a single character describing the
character of tho fringe; absence of such a character on
the tape Indicates a »good* fringe, well separated from
hoar-neighbours, The following teleprinter "characters™"
are used to indicate deviations from those properties,

) the fringe is merged with, yet resolved
from a neighbouring fringe, usually about
0,1 a™1 away; two such fringes will
therefore occur as a pair,

( f t ule fringe is probably double, yet
the two members are unresolved; resolution
of those fringes iIs often obtained on

prints with weaker absorption.
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n the fringe is very weak and might possibly
bo spurious*

h the fringe measurement is interfered with
either by photographic disturbance (dust
marks etc.) or by a strong fringe in a
neighbouring channel{ such a fringe iIs not
used iIn the later averaging procedure unless
it is the only recorded observation of a

particular frequency*

v.hen the current channel-ful of data(has been read in
and the frequencies computed and stored, the active store IS
scanned and the location of the highest frequency noted, krow
its location, the plat® number and channel number are
reconstituted and printed out, together with the x value.

Those throe quantities enable a given frequency estimation to
be traced back to the original print and fringe, should any
question about its verity arise. The frequency is then
printed out to four decimals, followed by the strength and
character,

Each frequency iIn tiio store, after i1t has been so used»
iIs sot to a negative value so that i1t cannot be used again by
the sorting procedure. The active store i1s then scanned again
for the highest frequency and so on until the store 1is

exhausted. The reserve stores are then sorted and those
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frequencies which will match with the next input channel
aro transferred to the active store, the rostTring replaced
In reserve.

The limitations imposed on the programme by reason of
the limited storage of the computer aro that fringes from
only four plates aro allowed, and that a maximum of six
fringes aro allowed in any one order of a single channel!
these limitations do not seriously limit the applicability
of the programme,

Ve have found that about 5*000 fringes oan bo processed

in about 30 minutea.
(Lin) HH I&.>»ean frequencies and standard errors.

This programme is designed to read frequencies from
the output tapes of HH 1,4, iIn prescribed groups (each group
containing all of the estimates of one frequency), but with
rejection of proscribed individuals, an* then to find the
mean and standard error for oach group. The prescription
is by way of a second tape, a steering tape, set up as the
result of examination of the output list from ITU 1,4# and
road conourrontly with the frequency tape. For each group,
and therefore for each final mean frequency, the steering
tape also contains the estimated strength, compounded from
all the individual estimates, togother with the character”
of the frequency. The conventions used for the character

differ somewhat from those of the previous programme, they
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are as fTollows:

) the frequency has a JTist-rOsolved near neighbour!

where resolution is only just attainod, the

frequencies of the lines will bo shifted
closer together end therefore 3uch frequencies
should be used with caution in tlio analysis of
tho bond»

) the frequency is probably the mean of ovorlying
fringes| i1t should therefore have a multiple
assignment in the analysis*

n the frequency riay bo spurious

k the frequency value is uncertain! therefore
in the analysis, i1t must not be used for tho
determination of constants.

Once all tho frequencies of a group have boen read into
the computer, the 3Ct iIs averaged and the standard error of tho
mean calculated. The mean frequency and intensity are then
output from the computer, followed by the standard error* Xf
the group contains less than three estimates, tho standard
error cannot be calculated, and so instead the letters F or
FFf arc output, signifying one or two estimates roupootivoly.

Because of the largo numbers of frequencies -which have
to be road in and then averaged in groups, and because the
information on the steering tape must bo exactly iIn step with
the groups of frcquoncios, the steering tape sometimes

contains an error whioh oausos tho groups to got out of step*



FIGURE A4. HR 16.
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Xai order to minimise the effects of such an error, a chock
has boon programmed to make use of a run-out (a length of
blank tape) always inserted for thx3 rmrpose between blocks
of 50-100 frequencies on tho main tape} whenever one or more
frequencies before one of theso run-outs Is to be rejected
from the averaging process, the computer is caused to ignore
all characters on the frequency tape until it meets throe
consocutivo blank characters, tliis can only oocur at a
lojxffth of run-out« Xn most of these cases (the asolvos
infrequent) the two tapes are thus brought back into stop
ready for the next group of frequencies; tho incorrectly
handled groups then stand out on the final tape sinco when
odd frequencies, not belonging to a group, are used iIn that
group* tho standard error becomes impossibly largo* Since
there aro usually only a few of these frequencies, tho errors
are corrected manually«

The programme is very fast; about 10,000 frequencies can
bo processed in about 15 minutes* A block diagram is given

in table Ah,
ftv*) further programmes*

Programme 1ilil*3A has been written to culoulate ?q,s
from the calibration constants and the measurements of the
fringes* Thoso 7 q°“s are used iIn order to obtain the b-
corroction polynomial appropriate for an individual plate

(see sootion 3*5)*
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FIGURE A5 CONTINUED
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Progrararne HR 1.7 calculates the frequencies at the baso
(o-lines) of the channels for a givon sot of calibration
constants; the results facilitate tho tracing on tlio prints
of fringes or frequencies missing from the analysis and there-

fore possibly overlooked in the measuremente

(c) Progra::j.io3 used in tho analysis.

() 11U L.V. Spectrum and Assignmentsr

The main points in connection with the spectrum programme
have already been disouasod in section 6.2. A block diagram
of the programme is shown in fig. A ?& The data tape is
made up fTirstly of a sub-title identifying the particular
run, followed by tho kR approximation constants (for the
calculation of tho E (b)»s, - see page jjsL, ) and by 32
molecular constants. Theso”™aro given in detail in the table
oppésite since their ordor has béen standardised and is tho
same (apart from tho last constant) as that for programme HR
3.55 to bo described later. The constants C, to C ore
parameters for two Lido perturbations of the type described
in section 5.%. The constants c25 to c,h are the rotational
constants for the perturbing levels of these perturbations.
Tho last constant identifies tho particular sot of rotational
constantsi injour convention, it consists of tho wavelength

of the band under consideration plus a running number
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corresponding to the successive refinements of the contants.

Next on the data tape come the specifications for all
the energy levels involved In the spectrum, beginning with the
ground state lovels,followed toy the exoited state levels
and finally the perturbing state levels (if any). The
energies are computed and stored as each specification is
road in.

The computer then reads in the list of observed frequencies
and strengths, (the output tape of HR. 1,6) ignoring the roat
of the material on each line of input. Finally, the sub«
branches required are specified. As each frequency is
calculated, the computer scans the frequency list for
frequencies lying within a small prescribed rang® (e.g, + 0.5
0"1'1) about the calculated frequency plus some iInput parameter
S, (this latter provision allows one to make some allowance
for any Oxpeotod drifts betwoeen the calculated frequencies
*nd the correctly assigned frequencies, 0,g, in the earlier
stages of analysis, arising from iInaccurate constants)) and
points out the deviations. The form of the output i1s that
shown 1n tablo 6-1£ﬂ)AbOUt 30 minutes computing time 1is
required to produce the frequencies and deviations for a
single bend*

A modification of this programme, HR4.30, calculates only
the expected frequencies of the band) 1i1n all respects but
those connocted with the assignment procedure above, it is

identical with HR 4,35.
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The RPsirnmortii are completad manually, by inspection and
plotting, when necessary, of the deviations throughout eaoh

sub-branch, in the manner described in detail in chapter 6#
(i) 1lu; 5,13  1Mine strengths and frequencies.

This programme allovs the lino strengths and frequencies
of any allowed transitions for the asymmetric rotor to bo
computed. Provision is made for either a, b or c axis
transition moments! transitions involving J,K “ho,hO may bo
calculated, this limit being sot by the fast storage capacity
of the present computer. A block diagram is driven in fig, AG6G.

In calculating the enerrry levels for tho frequencies and
also for the Boltzmann factor, the rigid rotor approximation

it being sufficient for the puposes of the present prog,
has been used ™ (see p. 1&K<2)Ff the two seta of molecular constants
are therefore TfTirst read In. At tho same time the maximum
values of K and K' respectively that are nooded in the
output are specified, so that unnecessary output 1is not
obtained. Hie required values of Jit are then road iIn one at
a time. For each J" the computer sots up the appropriate
asymmetric rotor energy matrices for all tho possible transitions
involving the current Jn, and successively diagonalises them
and stores tho eigenvalues! tho diagonalisation procedure 1is
that doacribod by Uonnett, boss and oils (71*). From theso
eigenvalues, the eigenvectors which together make up tho

transformation matrix are computed using the energy matrix

elements and the eigenvalues, by the method described by
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Gora (75)* and the vectors are collected together making up the
transformation, matrices (which diagonalioe the original energy-
matrices)« onoo all this material has been computed and stored,
the J»K elements of the symmetric rotor, direction cosine
matrices aro aet up% as described in section 5*5» and
transformed to the asymmetric rotor representation by means of
the transformation matrices already computed* This transformed
matrix is then scarmod and the appropriate elements picked out
and multiplied by the remaining factors of the direction
cosines and by the boltzmann facto. The resulting lino strengths
are then printed out together with the associated lino
specifications and frequencies iIn blocks, each block having a
common valudé oi N, 1 and \J*e

As an example of the speed of the programme when used with
the Mercury computer, for b axis transitions with a « a1l
and JT*=40» all the transitions are calculated and output 1in
a littlo over 20 minutes* This i1nvolves 16 matrix diagonal!satlots
4 1nversions and 12 matrix multiplications, each operation

being performod on matrices of order 20 or so.
Fill) T 81 clocular constants fro DV/frequercies™

This programme has been dosorlbed in detail in section 6.
of th*a thesis. A block diagram is given opposite, in fig* A7*

At the head of the data tape there are the approximation
constants for the ¢(b) determination (see p.isL) and the input

approximations to the molecular constants! those aro in the
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order Bhom on p.”oras for* the spectmn pro™rm-mo”™ except that
c- i1s omitted. The frequency dotn are presented in blocks,
each block containing all the chosen frequencies of a single
sub-branch. For this puposo, those sub-branches that are
dojrencrnto at low J", bq} aro split at higher J' by the asymmetry
pro considered as ﬂmggiiéhﬁ—axintj4 the degenerate linos arc
treated as the means of the two individual transitions} the
coefficients of thoir equations of condition aro also calculated
as means. As 0ach frequency in rend, various aifpnals and
parameters which uniquely identify it arc set up, then, for
the levels entering into the frequency, all of the required

B*(b) and Kn(b) aro computed; the whole of this
infomat ton relating to the frequency is then stored as a
block (a "datum') for future use. The form of a datum is given
in the table overleaf.

hon all the data have boon read in, the next cliaptor of
the progranno brings down oach datum In turn and calculates
the frequency of the line from the currcmt approximations to
the molecular constants, This quantity la subtracted from the
obsenved frequency to give the "orreturn” for tlio next least
squarea solution. Provision iIs made to print out each erratum
as i1t i1s calculated, since the completed array of errata
provides an indication of tho goodnoss of tho fit ob&ﬂlga to
the observed frequencies, for tho current sot of molecular

constants! since this i1toci of otitput 1s not usually required

until tho final iteration, it may be bypassed by settine one of



?latum for IfR 8»55

yo 3 u/t/p, as, Km, ¢hj
n 3 oM, }H, v=, spare

yz X  observed frequency

y3 erratum (" ob8 - ;-¢cale)
1l st transition 2nd transition (for a 7?2 freci,
only)
E(b)" a yh yio
E*(b)n S y5 yn
E"(b)m = y6 yi2
EC)y * 3 y7 y13
155(b)" s ysS YIU
E*"(b)* Z y9 y15
.3 . i
e(>p)h-i yi6 yrs Pertn 1
s(b?)K+i S yi7 y19
E(bP)in,i = ao 22
(oF) Y Y Pertn, 2
E(bP)K+l = v21 y23

*Xt will be recalled that the designations U, L, D opeoify trans-

itions originating on a +, and degenerate lovel respectively.

the keys on the console of tho computer, lhen all the errata
have boon computed, the comutor halts, since this stage

represents tho end of an iteration, Illae operator then deoides
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wictlicr or not to continue with tho itoratlvo procoduro. I 00,
thiC uo:ct chapter adjoin brineo doim the data in turrit tho
coefficients of the equations of condition (see table 6.2, p.m
aro calculated for each datura, and tho normal oquations are

sot up in the usual way. Y.hon tliia sto|fo has been completed,
Irograuvano-10S (pfzS®) is called in to oolve tho normal equations
and the solutions and standard errors are output from tho
compute*** these solutions give the improved values of tho
molecular constants of tho ground state and of the excited
otato.

Hie correlation coefficients may bo output or ignored as
required (usually only one sot; is needed in u run) by sotting
another of the console Iceys.

The 1mproved valuoa of tho molecular constants aro now
substituted for tho previously used values, the errata aro
replaced by nowly calculated values, ready for the next iterat-
ion of the above procodur®© (or for final print-out). As many
iterations as desired may be carried out* in praotioo, three
are found to sufflco.

In operation, tlio various stages requlro about the
following tpriicsi

Input of 350 frequencies and calculation
of b(b)s etc. 12 Mlaa#
calculation and print-out of errata,

per Ilteration 5 cdna#

Sotting up and solution of normal equations
par (order 25) 12 ttdnat
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(lv; :olocxaar constanta .Tao,. rdcrov.avo data.

This progrcumno follows tlie name general courno as the
previous one, the differences being:
1) The experimental data aro input by specifying each
Individual combining lovol together Kith the frequencyt this
obviates the nood for selection rules.
0) There la only set of molecular constants to bo solved for
since tho combining levels are in tho some vlbronic state.
Programme 1 t 3,”3 is written with the centrifugal distortion
in toms of tho fotir T "e for O.planar molecule. A jtodifloation
ul 8«™5A, i1s written in terms of the six D*s while a further
niodiflcation MR \h6Ff uso3 hiveloon arid iloon’s six A*8.
5) The use of the ~C formula means that for the calculation
of tho onorgy of and the coofficionts for the centrifugal
distortion, tho two matrices, tho -matrix and the -matrix

(nee section 5*3) must be calculated end stored.
N> A, =/0 ho-Iccular constants, from .hV combination, dlfforonoos,

Ilii | pogam;.ic is essentially tho sore as tho progrturao
;11 3.03 for miconave frequencies; tho only difference is that
rnovw provision is made for degenerate frequorcion as described
earlier i1n connection with programme It 3*35. odifioations
i... 8.63 and i1~u 3.70 differ from i 8,60 only in t3at for thomt
tic centrifugal distortion is treated In ter 3 of the six D*s

and tho six Ae~a respectively; they aro therefore similarly
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essentially tic 0 as the nicrovavo progra™.» M,: 3.1*5A and

lid 8,46.
(vl) l'art?lor r=ro maotrcn

A programo, hU 10.U, calouiato4 portxirbations of tho
Lido type; tliiThae been found useful In the investigation of
tuo forna of these perturbations»

Programme , :11.0 computes energy levels front Input
rotational constanta and may bo used for obtaining; predicted
combination difforeucos; those observed iIn tho cours®© of
analysis of a baud may then bo chocked for arithmetical errors»

A further jro{;raa;o, HI 2*3, calculates and tabulates

i YJrrE-H
tho roducod «OMIgles ".; 0 andjj¢*(b) for the asymétrie rotori

the tablea obtained aro found to bo vory useful iIn tho early

stogo* of on analysis.
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AnCiv.H--2 3.

Lista of Heqquerxcies ad Aacsifariata

Tablo Ai

A~ Band,_ part__ I* Lref__,section 7.3)

Aloni; eaoh line,the folloving quantities appear, 1in the

orhcr given.
>loan frequency, in et@'l
Estimated strength, scale 1 to 9

Standard orror of tho noan frequency

A s 0.000 - 0.002 ead1l
B a 0.002 - 0.004 o1
G = 0.004 - 0.006 om™
D a 0.006 - 0.008 era"1
E « 0.008 - 0.010 cm"1

F a more than o.010 or loss than 4 estimates
Assignments - soe p. 6t for explanation of the notation

Kote aioso frequencies are due to Kaynes (6) and the assignments
to Dr. Poole (see section 7 .3).

Zo, 000 =
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444 819 .1F) PP10,97?

444 619 .1B ppi7 7
443 877 .IB P025,6 PP14,8 PP33,5

443 308,1F pQi5 97

443 835 .1F
442 638 .1F
443 497 *iF
a4 1 726-_1F
441 4451 PP30,6
440 618 .1F
438 969 -1F ppl1.0?
436 454 .1F PP18,7
433 950 .1F PP33,5



479
479
479
473
477
475
474
474
473
473

473
47 1
470
470
470
4*9
4+*9
469
469
468

468
467
47
4%7
467
4%7
466
466

4*5

4+%5
4% 4
4+ 4
4+3
43
4%3
462
4*3
461

460
460
460
460

459
458

450®
457
457

940 *XG
673.1F
5+3 »jF
513.1F
427 .1F
985.1F
368 . 0F
544 _xF
993.3C
797 .1F

100.1F
595 «3B
944 _ xF
650 «xF
308.3F
739.1F
*53 ®f?
550.1F
088.3A
804.1F

494 _1F
987.1F
*01.1iF
398.1F
231.1F
X*5»3b

993 | IF
196.1F

447 »IF

317.1F
934 o*F
397 *iF
816 , xF
308.3F
187 ,xF
687.28
333.1F
844 _1F

902 .3F
737.1F
638.1F
003.38
933, 1F
850.aF
045._1F
736.1F
153.1F

PP38, x_
PPs s
PP33, 3L
PQ38, 30
PP33 ,3U
PQai , 6
PP X6, 6
PP9.8

PP 13 »7
Ps34 ,5

PQI4 *8?
PP19, s
PQ38, 3L

PP34, 3L
RP38, iU

PP39, XL
PP10, 8

PQs 2,6
PQ29. 3U
PQ19» 7

PP 14 »7
PP17, 6

PP33 *3U

PQ35, 5

PPu, 3
PP20,;

PQU. ¢ ?

PQ30,,?
PQ33. P
PP15. 7

PP18, 6
RP39,xU
PQI3, ¢ ?
PPI3 ,8

PQ18. 7

PQ29, xU

PQi 5 -87

PP30, IL



505 «S10,3F
504.501.2C
503.739.1iC
503.505.1F
503.446.iF
503.993.4B
502,845 _3F
503.493, iF
501.804.1F
501.114.3B

500.914.1F
500.300.2F
499.8 15.ad
498.297 .iF
498 ¢t -8-ATF
497 .878.3B
497 .37rtsB
496.666. X
49rt37s5«wB
49rt.193.3C

496 .0(53 . xF
49 50rtb. xF
494 .047 . IF
493 *477 =B
493 *3 18. IF
493 «824 . xF
492 .41S.4B
493 .1x3.xF
49 1.337*2B
490.89 5.2C

490.038.aC

PC13,7 -/
POao ,5
PPi1 5,5
RPa5, iU

PPs .7
PP13,6

PQI7.6
PO23 »4L
PO 13,7

RP 36, o
PP 18,4U
PP36, il
PQ3s ,3Ur"

P0O25,3L
PP30,3U

PPo . 7
PQai,5 PPax,3L

Po I3 ,6 pPp*3uit PQ14

PPi6,5

PO37 ,xU
Pog .8?

PP10,7 RPa6,xU

PPl 4L
PO X5,7
Poas ,3L

PP37.1L

489.965,2F? po1g9mt P0O10,8?

489.855.30
489.<552. 1E
488.594 .aC
488.3 50.3B
488.115.xF
437.810=1F
486 .73#VIF
43 608.3B

485.854 _aB
484 .40 1 =iF
483.x50. xF

482.677 _1F ~

482.3 50.aD
483.011.r0

480.661.1C
480.467.3C

480.309 =1iE
480.139.3c

PO33,5
PO37,31 PP33, 3L

PP17,5
PP21.,3U

PPXi.7 3

PQI16,7
/

POa-8, xU

P030,6 .
PP20.4U7?
PP1 5*1t
PQ33,5

PP 12,7

PP*%.s POl17.7



saz .04 1.1iF
527 91 LaF
537 .367*38

®333.30
53<5 .000.aC
525®393*338
534 .97 5 «3B
524 .638 . iF
53 .360.5B
534 .083 . iF

523 -979*28
533 -896.30
533 ®7 54*38
533 -631,1F
533 .413 *3F
533 .157*+*8
531.130.18
520 .833.18
520 «358.30

519 .987 . iF
519 .709 . i1F
sxg - 184. 1F
5«8 .489.30
5:8.045.3D
517 774 *sA
5«7 .393 .XF
517 =223 =iF
5 *6 -648.3D
5*1-053-38

514 X954 **8
s5+4 -805.20

514 -347.28
5«4 -X18 . IR
cvs .691.30
s+3 -389.3B
5+ .634.18
51> -470.18
5% _309*38
5+ .898.4B
.743.18
.563.18
-454 .48
.580.20

.3*5.38
.986 =2B
75 *»*f
.784.48
352.18
.934.28

510
510
510
509

509
508
508

507
5°7
505

PQ13,6
PP23, 1L
pP022,3L
PP17 »38
PPs3 6
RP23, 11U
Po 20,4L
PP 12,5
PP 15,4L

PP15.4U
PQ17»5

P87 »7
PP18,3L

PP9,6

RP24 ,oU

Pos.7
P0O14,6

PP34.1L
PO2 i ,4U
PQ18.5
PQai , 4L
PP18,31)
PP16,4L
P024,3U

PP10,6
RP24, iU
PP*9 3L
PQ15.6
PQ10,7

PQ19,5
PP+4 *s5

PQaa,4U
RPa5,oU

PQil,7
P0O34,3L
PP 11,6
PP »7 »4L
PP7 »7
PQ35,3U
PPao,3L

PQ33 »38

PQ23,3L
PP13. s

PO9 »7

PO25, 1IU

PP35, 1L



942 . 1F
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sq9 -474.1F
549 -360.4R
543 .966.38
547 .872. XF
547 -16*_1F
54a %793 *5f)

n
546 _*95_3F

54%e495 .3d

54 5 -903.3D
544 .907.5B
544 A73_4F

544 333 _.3F
544 -308.4B

549
549

)>
544 .095_4F
543 -331.2B
543 .294 . xF

543 .1*1 .3C
H54] e794+32
541 .6*9_5A
540

539

A7 .40
-490.3B
539 .078.3D
538 _.33b.XF
533-045.3B
537 -399.3B
537 -058,3F
53*-4*5- XF

53*-'93 .5B
535 93*.3B
535 -709-“:
53 5 359 .3a
53 5 -062.4B
534 -639. 3B
534 -368,48
533 .943. i1F
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704 «842 4.

704 &5*5 . 4b
704 <390 .4B
704 <005 =aE
703 .7 20 exr
703 «45s *IF
702 «9*4 .4B
703 4*05.iB
702 «393 - IF
703 =089 4
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RR9 »4

RR14» 5
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RR11,4
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RO10,6

R313,7
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RQS8, 5
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RR4»3
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RR 14,4
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RR13,3L
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Table A2
Ao Jand, part -2 - LZZLz
Key

Ae for tablo Al.

oxeopt * =

~>0,000 4=

——action 7.7\

probably spurious
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NS, £4

763.249 . iF
763.318.xF
763.433.1F
763.577.2E
763.653.iF
763.874
+-.05.2F
764.405.iE
764.541.iF
764.642.iF
764*952.aDb

765.163.1F
765.287.iF
765.369.iF
765.46a.xF
765.870 . iF
765.962.iF
766.114.1F
766.26 .2F
766.34 .2F
766.44 .2F

766.843.aF
766.924 3D
767.035.iF
767.279 .1F
767.515.iF
767.65 .iF
767 *985. iF
768.14 |iF
768.232. iC
768.325.iF
768.7 29 .aE
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253.3C
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545.3F
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55 -«F
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08 1. iF
28 2
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334.iF
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14 . 3F
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174
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78 . xF
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969 +iF
06 2 =iF
14 eiF
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RR8 f 8
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RRii, 9
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Table AO

a 'ad (ref, section 7{N\Y

1aSX

Tlie follovjanNg quantities appear INn t1© ordor given.

"lcen frequency

Strength on visual ecalo from O to 9

Character - aeo p.300
) ® close near neighbour (occurs in pairs).
)) ® probably double
n = probably spurious

* = frequency uncertain

Standard error of nmoan frequercy

(F al estimate, P~ = 2 estimates)

Assigmerts (see p.l56 for an explanation of the notation)

30, 000-i-
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197
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014

On
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470
063
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Sla
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0*o
405
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147
078

931
684

5°9

019
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794
667

340
038

904

I«

FF
0*014

0.015
0.008

0 «oo™

FF

0 .00S
FF
0.011
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0.010
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MM T T T
mTT

m T T
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793
798
798

797
797

797
797
797

797
796

796
796

795
795
795

795
794
794
794
794

794
794
793
793
793

793
793

793
793
793

793

791
79 :
790

790
790
790
790
790
789

7%9
789
789
788
788

995
636

359
986
636

510
397

139
031

913

L4

991
839

59 3

063
966
785

§ 74

393

094

8 53
573
46t

070
9:3
787
5*5

404

193
60 :

341

X 00

980
853

379
3A
o077

933

7 54

308

9*3

S8:

1*
I*

)

3)
3)

3K

3)

3»

0,013

mTTm

0.016
0.013

o .00y

0.010
0.005

R321 3L

RQat 3U



807 033 3)) 0.011
306 779 2 o S

806 579 ol #OO

SO* 333 4 0.013 RQig 3U
So* 180 ,> P

806 oag 2* F
3050ai 2* 0.0x6
805 665 3) F
805 534 4)) 0.007
805 343 3) FF

80s 3497 L9) FF
805 176 ) FF
|

805 034 F
804 90* I* F
804 814 1 0.0r3

804 =) 1 F
804 ,4; 1* F
804 103 5 _
804 .;, 1 0.004
804 033 x) FF

803 sas 3 0.007
803 573 1« F
803 323 a) FF
803 1*0 a) F
803 792 1

803 480 I» F
30a 141 i FF
302 033 3) FF

94 * 4 0 .00S
801 837  F

sol 684 a) 0.015
sol 533 3J 0.0X2 R$ao 3L

801 423 a) F RQ20 3L
81 s > F

30l 15> I* FF

300 973 3* F

300 873 x~ F

300 717 3* F

300 594 a 0.004

Qoo 404 |~ F

Boo 241 3= F

799 768 3> 0-0XX
709 *48 ) 0.007
799 483 X FF RQaO 3U
790 143 @) 0.009



316
316
Si~*
316
Sx*

3175
315
3 X5
814
8x4

8x4
814
813
813
313

313
313
8x2
812
3 Xa

812
312
311
3 XX
3il

811
3 Xi
311
310
310

310
810
S10
Sog
809

80g
809
303
80S
808

808
807
807
807
807

* W
~w
oW

559

314
173

739
533
102
09 X
755

S”
355
9*3
3 5%
747

58 X
40*
357
*09
3*0

200
110
807
628

395

39 3
139

033
87a
669

478
374
215

992
341

62*
333
983
720
204

0*9
893
570

435
191

0.007

0.004

0.004
FF

0*003

FF
0.003

F
0.004
0 .00*

F
0.005

FF

F

F
0.007
0,010

I;R

FF

FF
0.009

F

FF

FF

F
0.008
F

F
0.009
F
F
0.007
FF
0 .00*

0.00*
0.0l1

F
F
F

RP16 5

RQiz 3L

Roi3z 3U

R319 3L



33 S 300
335 798
3as 683
9aC 413
335 375

325
834
834
834
334

833 993
333 ;5

333 605
833 369
833 147

946
791
637

4 M
137

9 X3
773
504

9 X3
466

1SO
07 3
578

457
327

332
833
832
833
832

g 3X
33r
831
330
930

830
3|g
819
319
319

355
893

761
700
567

819 380
240
097
937
827

819
313
83

700

57 3
435
045

703

818
3 X7

43 X
311
8x7 134
3> 086
8X6 og7

317

I«

I«<

RQ18

R3 s 3

RQ16 3U
RP1l 4
RP X ;

RP15 &

7 3L

=7 3U

RIz I 5

RQao 5
RQao 5

RP X4 4



«35 <177
«35 .519
«35 .391
«35 =190
«34 .593

«34 ,643
«34 <135
«33 ««39
«33 +735
«33 .53 5

((33 044
33ae<9 54
«33 .79«
«33 ,f>03

«33 .29ft

3.163
333 .057
«31 .787
831 «593

«3i+455

«31 <355
«3°.987

«30 =730
830 *19

830 4395
«30.377
«30 =104
3al <943

839 741

8394547

839 <337
339 «053

338 .330
828 e517

838 «219
838 .118
837 .857
837 .741
837 .613

837 <473
837 .1*%1

83ft 797
8s* &4 7«
83~ .08 1

| FF
3. > 0»003
3> FF

5 0.005
3 0.007
| FF
2« 0.013
3> o0.o0fi
1) F

i FF

i FF
I~ FF

3 F

| F

2) 0.015
3) 0.011
| FF
3)) 0.007
| FF

t F

: F

3, 0.0009
3) F

3) 0.017
3, o.ooft
1) F

a) 0.0 19
3 0.008
3) 0.006
2 0.003
| FF

3 0 «00S
a 0.009
| FF

| 0.012
| F

1) F

- FF
e F

3 0.005
- F
a)* FF
3)) 0.011

2) 0.007

RP 13 5y
RP 9 3

RQ14 3L
RQ14 3u

RRa2 3U

RQ17 4

RR23 3L
R319 §

RP la 4

RQ15 3L

RP10 3
RQib 3U

RP14 §



S4S
345

788
858

345 503

845

*45

343
343
343

842
841

341
841

84t
841

840

339
339
339

339
838

838

337

337
837

337
337
83*

83«

33%*
336

33%

177
039

877

*97
533
3%
97 7%

343
*38

337
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510
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W WNW w® NN™
N/ N\

N® W W
A4
o/ 0

w
*
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<)

3)

|
3)*
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3

0.018
F
FF
F
0.008

RQ12 3U RR20
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RQ17 s
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RPlIo 4
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RR31 U
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RPi i
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RQ1 a
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851.763
3 51.666
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3 51.448

851.307
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850.803
850.638

850.535

3 50.405
350.385

850.130

849*917

349.731

849.603
849. r85

849.020
848.899

848,701

848.606
848.491

348 *347
848.146

848.002

847.863
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847.311
846.871

846.700
846.589

846.141
846.032
84 5.903
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RRis 3L
RO 3 2
RR33 5

RP10
RRi3

57
33

RQ 4 2
RQ 4 2

RQ13 4
RIls 4

00 O
o0 O
oo B
w ww
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Inversion Doublet Interactions in Formaldehyde
By J. E. Parkin, H. G. Poole, and W. T. Raynes

(William Ramsay and Ralph Forster Laboratories, University College,
Gower St., London, W.C.I)

Lidel recently showed that vibration-rotation inter-
actions of a hitherto unsuspected kind can occur
between the member levels of an inversion doublet;
he points out that, his formulation is specifically for a
molecule with the (non-planar) geometry of cyana-
mide, but that the qualitative conclusions should have
a wider applicability. Millen, Topping, and Lide2
found evidence of such interaction in the micro-
wave spectrum of cyanamidc.

In the ultraviolet absorption spectrum of formalde-
hyde, we have found, in several places, perturbations
of some magnitude, for which it is difficult to find an
explanation other than such interactions. The first
excited singlet state of formaldehyde is non-planar34
and is geometrically even more closely approximated
by Lide's model than is cyanamide itself; perturba-
tions in quantitative agreement with the predictions
of Lide’s theory may therefore be expected and arc
in fact found. A rotational level J,K of the O' state
active in a perpendicular band of this spectrum should
be perturbed by interaction with the J,K — 1level
and the J,K + 1level of the 0+state. The perturba-
tion is expressible in terms of three parameters, one
of which is the inversion frequency, the other two,
d0L and <, being also associated with the potential
function, its magnitude is sensibly linear with respect
toJ(J + 1), with the value very nearly zero for./ = K
and becomes large when (2K + 1){A —MB -f C)}
approaches the inversion frequency.

Our absorption frequencies have been obtained by
an interferometric method5 to high precision,
generally of the order of 0 003k. Our analysis of the
A2band (Brand’s notation3 reveals a perturbation,
strong in sub-branches with K' = 7and K’ = 8, but
not at all negligible over a considerable part of the
band, and a second perturbation which is strong in
the sub-branches with A" = 0 and is of markedly
different appearance, especially in that it is very
much more localised in the J,K field. A complete
numerical analysis has been made, by using about
3C0 of the 90(>—1000 recorded frequencies of this
band; these were selected as being only singly
assigned and free from near or overlapping neigh-
bours. Simultaneous solution was made for the six
rotational constants and ten centrifugal distortion
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constants of the ground and the excited state, the
band origin, and the two sets each of three L i
parameters required for the two perturbations
described. The first of these perturbations gives
126k for the inversion frequency of the 2i"(CO)
vibronic state involved in this band, and dol 74
X 1(H; e0l is found to be so close to the level of
significance that it can be ignored (the effect of a
small r0l would be to split the A'-dcgcneracy of the
high-A levels but, for the value found, at most a slight
broadening (< 0 05k) of the most perturbed lines
would occur; the lines concerned arc weak (7'~ 20,
K' = 8) and do not enable us to decide whether there
is such broadening). Agreement between the pertur-
bations observed and calculated with these values of
the parameters is excellent—to about OQlk for all
singly assigned and apparently single-component
lines, and within the resolving limit of our equipment
(0 09k) for practically all composite lines, several
hundreds of assigned frequencies in all.

The second perturbation referred to above
requires a somewhat more refined treatment. For a
prolate near-symmetric rotor, Lidc’s formulationlis
adequate for levels of high A but is inadequate for
describing a perturbation which is strong in levels of
low K, where there is large splitting between members
of the asymmetry doublets. To deal with this case we
have used a more extended treatment outlined by
Lide.8Tentatively we regard this second perturbation
as arising from analogous interaction between the
active (L level and the Of level of a vibronically
different state. On this assumption, there is again
good agreement with observation. The analogue of
the inversion frequency here is about 14k, indicating
the existence of a 0‘ level at 30,645k above the
ground state (since the origin of the A2 band is
30,658-58k); this may belong to the v'(CO) +
8'(CH2 state. If so, the corresponding O- level,
according to our preliminary analysis of the per-
pendicular Cxband, is at 30,819k (in agreement with
Brand’s recording3 of its A-hcad of K." = 3 at
30,875k). It would then appear that the inversion
frequency of the vibronic state active inthe C, band is
about 174k the considerable difference between this
and the 126k for the 2v'(CO) state may well be the
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effect of the replacement of a quantum of ff(CO) have been mapped, but for the bands concerned a
by a quantum of S'(CH2. similarly complete numerical analysis has not yet

Similar perturbations elsewhere in this spectrum “een carned out' (Received, May 24th, 1962.)



