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ABSTRACT

Microwave spectra of the partially deuterated nitrosomethanes CHEDHG
and CHDZHD have been re-examined. Analysis of the gauche {E‘} forms using
a coupled-level, reduced axis system Hamiltonian gives zero-point torsional

splittings of EE; = 922,01 (19) MHz in CH_DNO and 190.16 (14) MHz in GHDEND.

2
Cis-gauche tunnelling perturbations have been interpreted to determine the
cis !CS form) - gauche zero-point separations. The gauche conformer lies

above cis by 11.20 cm

in CHEDHG. Cis lies above gauche by 10.31 em” | in
CHDEHG. These results, taken with the GH3 and GDS data, indicate an
approximately incremental change in the effective torsional potential with
successive deuterium substitution, which can largely be rationalised on the
basis of a difference in the in-plane and out-of-plane C-H force constants.
Acetaldenhyde is found to be closely analogous.

In GHEDHD, a |+) - {-) near degeneracy at J=1 gives rise to peérturbed
1&H quadrupole hyperfine structure. This has been analysed by constructing
mixed wavefunctions which depend on the tunnelling parameters.

The microwave spectrum of chlorodifluorcacetaldehyde, ClFEEEHD, has
been measured for several isotop{c species. The spectrum iz dominated by
uc transitions of a gauche form, which hés a chlorine dihedral angle of
109.5%., An accidental planarity relationship has permitted determination

35

of the ““C1 guadrupole coupling tensor, which is cylindrically symmetric,

with X = -71.7(4) MHz oriéntated in the C-Cl bond direction. Vibrational
satellite data indicate a high barrier to gauche-gauche inversion of ~820 Em-1,
consistent with no observable splitting up to v=3 in the torsion and

M1 <— 0) ¥ g5 cm-1. Other satellite spectra suggest the existence of

anocther form, ~200 cm'1 ahove the gauche, displaying non-rigid behaviour.

The published torsional data for triflucronitrosomethane and trifluoro-

acetaldehyde (fluoral) have been re-investigated in order to reconcile
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discrepancies in the interpretation of microwave and optical results,
Vibrational coupling causes the effective internal rotation constant to
deviate from the rigid top-rigid frame value. Allowing for this, all of
the torsional data up to v=8 for CF3HG have been fitted to a single degree
of freedom model requiring only three constants fcm_t; FU = 1.982 (4),

U3 = 238 (2}, ?5 = =6 (2). Similar fitting of data for EFEEHG and CF3CDG

indicatesan incorrect location of the torsicnal fundamental among hot bands

in these cases.
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CHAPTER 1

Introduction
For a system consisting of a single molecule travelling in a field-free
region of space, the total energy, referred to the centre-of-mass of the
system, is given by the expression;

+ E

E = EO * + Erﬂt + EQ

vib
the term Eb contains all that has been neglected elsewhere, such as nuclear

EE].EE

and gravitational energy. The other terms are in order; the electronic,
vibrational and rotational ‘energies of the molecule, and the energy due to
the orientating effect that electrons have on quadrupelar (non-spherical)
nuclei,

The separation of the energy into components is not rigorous. Indeed,
it is the breakdown of the vibration-rotation separation which permits the
experimental determination of barriers to internal rotation by microwave
spectroscopy. Such barriers, hindering rotation about chemical bonds, are
of great interest to chemists. It is well known that the orientation of
the parts within a molecule affects its physical properties. What is
desirable, *therefore, is a theory to explain the barrier in terms accessible
to the chemizt. Such a theory has not been readily forthcnming1'2’3. This
iz not because aﬁy hitherto unsuspected basic forces come into play, but
because of the mathematical complexity of the problem.

The fundamental approach to the origin of the molecular potential
energy surface is the ab-initio calculation. For such a calculation, the
molecule may be regarded as an assembly of charged point-masses held
together by electrostatic forces. The total energy is then;

E:TH+TE+UHH+UEE+“HE

where the terms are; the kinetic energies of the nuclei and electrons, and
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the potential energies of internuclear repulsion, inter-electron repulsion
and nucleus-electron attraction.

Ab-initio calculatinﬁs of barriers to internal rntatiﬂnj+ give the
variation of the total energy with conformation. The barrier is analogous
to a vibrational force-constant and as such may be calculated on the basis
of the Born-Oppenheimer approximation. In this case, the term Tn is set
to zero. The total energy is then regarded as the total electronic energy,
which may be calculated using some assumed configuration of nuclei, and
using approximate electronic wavefunctions.

Nearly all ab-initio calculations of barrier heights are deone using
the LCAO-MO-SCF (Linear Combination of Atomic Orbitals - Molecular Orbital -
Self-Consistent Field) methodﬁ. Within this scheme, the molecular wave-
function is constructed using molecular orbitals, which are one-electron
functions depending only on the spin and position of the electron. For a
system with dn even number of spin-paired electrons, orbital wavefunctions
which satisfy the Pauli principle are sclutions of the Hartree-Fock (Self
Consistent Field) equations. These equations can only be solved for atomic
systems. The molecular orbitals must therefore be constructed from linear
combinations of atomic orbitals. The nominally infinite atomic orbital
basis sets must also be truncated in any practical calculation. The procedure
for calculating the barrier is then to evaluate the total energy at two
conformations and to subtract the results.

The stringent requirements placed on any ab-initio ecalculation of
barrier height are apparent when it is realised that the barrier constitutes
only a minute fraction {*'10'3$} of the total energyﬁ. This is in contrast
to 1£s importance in determining the gross molecular shape. Errors incurred
in the calculation can therefore not only affect the accuracy of the calcu-
lated barrier, but can also, at worst, cause the model to give the wrong

preferred conformation.



Possible scurces of errcr, within the Hartree-Fock approximation, lie
in the neglect of electron ceorrelation and relativistic effects., Electron
correlation energy arises because the probability of finding two electrons
at the same point simultaneously is zero. It amounts to ~ 0.5% of the
total enerqu. For molecules containing light elements, errors due to the
neglect of relativistic effects amount to ~ 0,1% of the total energyﬂ.

Both of these quantities are greater than the barrier height, successful
calculation therefore depends upon them remaining unchanged on moving from
ground-state to transition-state geometry,

Outside of the Hartree-Fock approximation, errors may arise due to
truncation of the atomic-orbital basis set, uncertainty of the molecular
geometry and neglect of zero-point vibrational effects., Truncation of the
basis set may seriously affect the computed total energy, but its effect on
the caleulated barrier height is, in some measure, under the control of the
investigator, This is because the computed barrier values can be seen to
converge as the basis set is expanded. The other effects, however, although
usually smaller than the barrier height, are more difficult to eliminate
completely.

The molecular geometry is an important assumption which is injected
into the ab-initio caleculation. There is a difficulty here because, although
an experimental probe (e.z. microwave spectroscopy) exists for the structure
of the molecule in its ground state, there is no such probe for the transition
state. The only approach to the transition state structure is therefore
through geometry optimization. Thiz entails adjustment of the atomic co-
ordinates (whilst maintaining a fixed internal-rotatiocn angle] in order to
minimise the total energy. Unfortunately, to do so effectively requires
some knowledge of the complete molecular potential energy surface. On the
cther hand, an accurately known gnound-staté structure can he regarded, to

some extent, as a naturally cptimised geometry. It is therefore to be
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expected, and usually fmund#. that rotation of a molecule into its
transition-state conformatieon, without allowing for relaxation of bond
lengths and angles, results in a calculated barrier height which is greater
than the experimental walue,

As mentioned earlier, for the purpose of the ab-initioc calculation,
the kinetic energy of the nuclei, Th, is neglected. This will introduce
errors because the molecular force-constants, and hence the zero-peint
energy, will change with configuration. This point is illustrated by the
study of nitrosomethane in Chapter 2, which is an example of an experiment
to determiﬁe the change in the internal rotation potential as a result of
isctopic substitution. (Ab-initio calculations, which regard the nuclel
in a molecule as immobile point-charges, are unaffected by isotepic
substituktion}, It must therefore be recognised that there is a contribution
to the barrier from zero-peoint energies (a few tens of w&venumbers]ﬁ which,
again, cannot be evaluated without some knowledge of the potential energy
surface.

Despite the difficulties, ab-initio (SCF) calculations are generally
successful in predicting the preferred conformations and approximate barrier
heights in small meolecules. Nitrosomethane, which is an example of interest
here, has been the subject of calculations, using truncated basis sets, and
without geometry optimisation, which calculate the barrier quite accurately
in agreement with experimentT'a. A theory of the origin of barriers to
internai rotation is therefore embedded within the framework of the Hartree-
Fock approximation. A problem with this theory, however, is that it entalls
consideration of the molecule as a whole, and canmot be generalised to very
- large molecules without the development of electronic computers of ever-
increasing sophistication.

What 1s needed is a theory to describe the barrier in terms of local

phenomena, such as might be discussed under the following headings;



(1) Rescnance and Hybridisation
(ii) Electrostatic forces
(iii) Steric Hindrance

{iv} Hydrogen bonding

{v] Valence co-ordinate zera-point energies

ivi) Dispersien (Van der Waals) attraction.
all of which are concepts familiar to the chemist and which are associated
with the idea of transferability from one molecule to another. Some progress
has, of course, been made in this directinnE’E‘g. To begin with, it is
obvious that (v) and (vi) are of less importance than the cothers because
they are neglected in the Hartree-Fock approximation {dispersion forces
arise as a consequence of electron correlation). It is also quite sensible
to make predictions cn the basis of observed trends within homologous
series of molecules. However, no general theory is yet available, and
theories which attempt to account for particular groups of molecules are
frequently upset by troublesome exceptions. This point will be discussed
further, using collected data, at the end of Chapter 3.

Apart from the theoretical difficulties in predicting barriers to
internal rotatlon, there are also experimental difficulties in measuring
such barriers accurately. These come about because it is often necessary
to interpret internal rotation data using a simplified model. The model
adopted, unless there are very largé amounts of data, is usually the one-
dimentional Schroedinger equation;

Ho= oo P S+ Vi)

where F(®) is related to the effective moment of inertia for the internal
rotation process, Vi) is the potential energy, and « iz the internal rotation
co-crdinate., Both Flet) and Vix] are normally expressed as series expansions.
It is then found that there are linear relationships between the terms in

10
the expansions of ¥V and F. As a consequence, the simultaneous determination
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of the coefficients of V and F, by least-squares fitting to the torsional
energy spacings, is an ill-conditioned preoblem. Determination of Vie}
therefore requires that F(«) be obtained from a precise knowledge of the
molecular structure, This fakes us back to the difficulty mentiﬁned
earlier, that there is no experimental probe for the transition-state
configuration. In addition, as will be illustrated in Chapter 4, there is
a difficulty with the definition of the internal-rotation coordinate of
when using a model with a single degree of freedom. WNonetheless, with due
attention to possible meodel errors, barrier heights can be reliably obtained
from spectroscopic data, especially 1f the results of far-infrared (FIR)
and microwave exXperiments are cnmbined1l'12.

Microwave spectroscopy is, of course, a principal source of structural
data in the form of molecular moments of inertia. It is therefore interesting
to note that, since powerful electronic computers have become available,
there has been considerable progress in the field of ab-initio structure
prediction. The calculations involved need to go beyond the SCF approach,
if they are to agree with the accurate results of microwave experiments,
and do so by including the so-called 'configuration-interaction' (CI) terms
to take account of electron cerrelation. The results are impressive, and
it }s now fair to say that the ground-state equilibrium structures of small
melecules (£ 30 electrons) can usually be predicted accuratelyiz. Such
methods may not be applicable to very large molecules, such as those of
biclogical importance, but they do underline the basic validity of the
electrostatic model.

One phenomenon that cannot be accounted for, in a theory that describes
molecules as collections of point-charges, is nuclear quadrupole coupling.
This arises because certaln nuclei have a non-spherical charge distribution.
Nuclear spin angular momentum then becomes coupled to the overall angular

mementum of the melecule as the gquadrupolar nucleus orientates with the
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electric field gradient Iin its vicinity. This causes the lines in the
molecular rotation spectrum to be split inte hyperfine components
representative of the nuclear spin states. Interpretation of this nuclear-
guadrupole hyperfine-structure (NQHFS) then, in favourable ¢ircumstances,
permits a tensor-analysis of the electrostatic field gradient in the region
of the coupling nucleus. Quadrupcle coupling is therefore an important
source of information about chemical bonding, and microwave spectroscopy,
again, iz an important source of such data.

If this section appears to over-emphasize electronic theory, then it
does so because such ilssues will be largely neglected elsewhere., The work,
as a whole, 1s more concernsd with the pragmatic business of collection and
interpretation of experimental data. Specifically, it is a study of internal-
rotation in small molecules, where an ap3 hybridised atom is connected to an
ai‘JE hybridised atom. The molecules for which new data are reported are the

partially deuterated nitrosomethanesz, ﬂHEUHG and CHD,NCQ, and chlorodiflucro-

2

acetaldehyde CLlF.CCHO.

2
Chapter 2 describes the assighment of the microwave spectra of gauche-
CHEDHQ and gauche-CHDENG, both of which are complicated by quantum-mechanical
tunnelling between left and right handed versions of the gauche conformer.
Alse given is an analysis of the 1QN guadrupole coupling, again complicated
by quantum-mechanical tunnelling, and a precise determination of the cis-
gauche Zero-point energy difference by identifying perturbations in the
rotatiﬁnal energy manifolds of these otherwise-localised conformers.
Chapter 3 describes the microwave spectrum of ClFEEcHU, studied as
. the starting point for a microwave analysis of chlorodiflucronitrosomethane;
ClFECHG, which is iso-electronic to it. Four isotopic modifications of the
35 37 35 35 18

ClFéCEHﬂ, ClFECCH 0 are used to

determine the molecular structure of the gauche-form. The isotopic data

aldehyde; ElFECCHD, ElFEECDD and

are also used toc determine the complete 35E1 guadrupole coupling tensor.
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Excited state studies of the C-C torsion indicate a high barrier (~-820cm”
for gauche-gauche interconversion. There is also evidence of a higher-
energy form, which is probably a cis-form. 'This form however gives rise
to an unusual microwave spectrum, which seems to indicate that it is invelved
in some facile tunnelling process.

Work in Chapter 4 tackles a long-standing problem; the apparent
dizcrepancy between optical and microwave torsional data for two molecules
having heavy symmetric internal rotors. These molecules are trifluoro-
nitrosemethane, CFBHG. and trifluorpacetaldehyde (Fluorall), CF.CHO. It

2
turns out fhat the discrepancies arise for different reasons. For CFBHG,
a reliable data adjustment is given using the torsional-potential least-
squares fitting program of appendix six. The result gives the barrier height
(238.401.6) cm'1} without recourse to structural data, and the problem of
determining the intérnal rotation constant, Fi&), from structure is discussed.
Far CFBCHD and CFBCDG, on the other hand, it appears that the fregquency

pozitions of the torsional fundamentals, in the FIR spectra, have been mis-

assigned due to superposition of several torsional hot-bands.



CHAPTER 2

NITROSOMETHANE

Introduction

The microwave spectrum,barrier to internal rotatien and preferred conformation
of nitrosomethane {EHBHG! were first reported by Coffey, Britt and 505331#;
The molecule has a bent C-N-0 group, due te the presence of a lone electron-
pair on the nitrogen atom, and undergees hindered rotation about the C=N bond.
Isotopic species with a symmetric methyl group {CHENG and CDENOJ therefore
give A-E type spectra15, which were apalyaed for the barrier height,.
Identification of the preferred conformaticn by microwave spectroscopy,
however, required study of the partially deuterated species {CHEDHO and
CHDENGJ. A molecule with a greater than two=fold symmetric internal rotor
has the same moments of inertia regardless of conformation. The partially
deuterated species [CHEDHO and CHDEHD} however have measurably different
moments of inertia for different crientations of the methyl group, It was
thus established that nitroscmethane, in the electronic ground state, adopts
the conformation with hydrogen atom eclipsing the oxygen atom, and that the
partially deuterated species exist in cis (planar-symmetric) and gauche
{asymmetric) forms (see Figure 1).

I
The microwave study of nitrosomethane was continued at the Bristeol

Laboratory by Paul Turner and Dr. A. Peter Cax16’1?. These authors reported

an accurate structure for the molecule, based on ten isotopi; species, and
canfirmed the methyl barrier determination on the basis of additions to the
CHEHD and CDBHﬁ data sets. They also undertock a centrifugal distortion

study for comparison with the harmonic force-field derived from the vibrational
fundamentals reported by Lﬂttke1aand Barnes et al1g. It was found that

reliable distortion censtants could not be obtained by studying species with
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Nifrosomethane Rotamer Definitions.

CH,DNO

8 ]
Cis. Gauche.
x=0° Spectroscopically

Indistinguishable Forms.
o =*120° (nominally),

Ot
'\._.) Dihedral Angle heredefined in terms of
the hetero atom ‘X. oc¢ is the
%) angle between the projections of
the N-0 and (—X bonds on to
a plane perpendicular to the
internal rotation axis.

Figure 1
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a symmetric internal rotor because of approximations necessarily introduced
into the torsicn-rotation Hamlltonian., This difficulty was effectively
overceme by studying the partially deuterated species.

On partial deuteration of nitrosomethane, the A-E type spectrum
disappears to be replaped by a spectrum due to three non-degenerate torsional
substates (see Figure 2). These substates, using the notation of Quade and
Linzﬂ, are denoted by the subscripts 0, « and -« attached to the limiting high-
barrier torsional guantum number. The Dﬂ state is localised in the region of
the cis potential minimum and, therefore, at infinite barrier, corresponds to
the cis form. The 0+ and 0_ states are symmetric and anti-symmetric
combinations of wavefunctlons localised in the gauche potential minima.

Eriopvta the nitrosomethane work, it had been noted by Hilb, Lin and
Hilsonaj, that the microwave spectra of the cis (0, state) partially deuterated

acetaldehydes, CHEDEHD and EHD2

pattern. Turner and CﬂxEE, in adopting acetaldehyde as a model for nitroso-

CHO, followed the ordinary asymmetric rotor

methane (the two molecules being inertislly alike), went on to show that these
spectra could be fitted to a Watson centrifugal-distertion Hamiltonian.
Spectra of cis-CH

2
1
same way T. These species therefore proved to be a source of structural,

DNO and cis-CHDEHD were then subsequently fitted in the

centfifugal distortion and dipole moment information relati?ely free from the
aomﬁlicating effects of interpal rotation; this extremely useful phencmenon
being due to an unexpectgdly large separation of the OD and U+ zero-point
energies. - B

The difference in the cis and gauche zero-point energies, in the
partially deuterated specles, must arise out of the effect of isotopic
substitution on the kinetic and the potential epergies. However, the kinetic
energy effect, which depends on the interpal rotation constant, F (&}, can

be calculated from structure apd shown to be too small to produce the
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TORSIONAL ENERGY LEVELS IN NITROSOMETHANE

<4
&,;'E_m _CHaNO_ _CH,DNO_
:\ 2E /
: 2A
Eﬂﬂ—_
200—
100—
]
0

FiEure 2
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observed shift. The zero-point separation therefore arises principally out
of the change in the potential, Vi«f}, with substitution. This change must
originate in a contribution to the effective potential from other vibrations
in the molecule, and is therefore due to an « dependence of the zers-point
energy of the other vibrations. 3Such a dependence is to be expected since
it is well established from infrared studiegga, and supported by ab-initio
calculationsgq, that C-H bond lengths and force constants show a strong o
dependence. The consequence, in nitrosomethane and acetaldehyde, is that
the Dc and D+ statez become energetica}ly izolated to an extent which largely
supresses éi; = gauche tunnelling. The cis form therefore behaves like
an ordinary asymmetric rotor to a high degree of approximation. This
approximation does however break down for certain states of rotational energy.
During the course af centrifugal distortion work cn tis part-deuterated

a¢8taldehyd622 and nitrosomethane 0017

» Turner and Cox noted that, although
the overall fit Fo the Watson Hamiltonian was good, there were occasional
perturbations. These were attributed to cis-pauche interactions, which cccur
when 00 state rotational sublevels lie close to D+ or 0 sublevels of
appropriate symmetry and-the same J (neglecting quadrupole coupling). It
was then apparent that, if the mutweally perturbing energy levels could be
identifigﬁ, and il the gauche energy levels could be calculated, it would be
possible to determine accurately the cls-gauche zero-point energy difference.
This would, of course, require detailed assignment of the 0+ state rotational
spectra which, because of facile gauche &% gauche tunnellin;, do not obey the
asymmetric rotor pattern.

Detailed assignments for acetaldehyde of gauche-ﬂHEDCHﬂ and gauche-EHDECHﬂ

were subsegquently carried out by Turner, Cox and Hardyzﬁ’gﬁ. These authors

were successful in fitting their observations to a Pickett Hamiltonian®!
(see later) which included centrifugal distortion terms. It was thus Found

that some of the gauche energy levels were also perturbed by interaction
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Wwith energy levels from the cis form. It was then established that the cis
form of CHEDCQO lies 15.55 em”™! lower in energy than the gauche form. This
result, and the opportunity to study a more complicated case in which
quadrupole coupling occurs, provided the motivation for the present study

of Eauche-CHEDHG and Eguche-CHDEND.
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PREFARATIVE CHEMISTRY OF NITROSOMETHANE

Nitrosomethane was first discovered in 1947 by Coe and Doumanjga, It exists
in equilbrium with its dimer such that, except at high temperatures, the

dimer is the predominant specles. Both the dimer and the monomer also have
a tendency to isomerise irreversibly to formaldoxime. The chemistry of this

system, ildentified by Gowenlock and Tmtrr;an29 and later clarified by Frost,

Lau, McDowell and Hestwoodaﬂ is summarised in Figure 3.

heat or solvent
U\ ;U of low dielectric const_ M ;0

N—N -
\, U light af
Me Mg U 19N ofroom feneg ?"Ie

Cis Dimer. Trans Dimer.

Low termp. (needle shaped crystals),
nf;e heu’r N L%t dark,
qagn%u ’rer%m vﬂpnur Ophl:lSE heating

HyC=NOH 55— CH;NO

Formaldoxime. uv light Figure 3

Chemistry of Nitrosomethane.

Nitrosomethane was originally prepared by photolysis of tertiary butyl
nitrite, but a varlety of starting materials are suitable for the photo-
synthetic rﬂut931+ The mechanism in these cases has been shown to involve
the re-combination of nitric oxide and methyl radicals32’33. For the
purposes of this work, iso-propyl nitrite was chosen as the starting materialaq
because 1t can be readily prepared from acetone. The methyl hydrogen atoms

in acetone are lablle as a consequence of the enolisation process, which
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3z

makes the preparation of deuterated acetone very straightforward. After

acetone deuteration, the reaction scheme used was as follows:

NaBH, HONO
Me,CO ~——= Me CHOH —= Me,CHONO
Me,,CHONO B tuer, mo*, etc] —= MeNO — (MeNO),,

Experimental
Two samples of nitrosomethane were required for the present work, one 33%
deuterated and the other 67% deuterated. Deuteration was accomplished by
mixing the_starting material (Acetone B.D.H. Aristar) with DED (Aldrich
98 atom % D) in the presence of a catalytic quantity of KEEQB. sml of
acetone and about 25mg of KE:;OJ was used in each case. The amount of DEG
used was calculated on the basis of complete hydrogen scrambling. HReactants
were left in contact, in air-tight evacuated tubes, for several weeks at
room temperature (+~20°C) and then checked for the presence of a C-D stretching
band in the gas phase I.R. spectrum. In the case of the lightly deuterated
acetone sample, this band was very weak.

In order to remove water and DEO’ acetone samples were distilled onto
anhydrous HESGIF and then onto calcium oxide (distilling directly onte Cal
is not recommended because the reaction between Cald and water is strongly
exothermic). After drying, samples were then distilled onto 10g quantities
of HaBHq. Drying was sufficiently thorough to eliminate the troublesome
evolution of hydrogen during the borohydride reduction, enabling the reactants
to be sealed in a confined space. BReactions were allowed to proceed
overnight and the resulting isopropyl alcohol, apparently adsorbed on the
remaining solid material, was liberated by gentle flaming.

Two different methods were tried for the nitrosylation of iso-propyl
alecohel. The first, a traditional bench method, invelved treating the

aleohol with a mixture of sodium nitrite and dilute sulphuric acid ['nitrous

acid') at 0°C, decanting the resulting isopropyl nitrite with a syringe.
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This method was wasteful on account of the high volatility of the product,

A far better method, compatible with vacuum-rame technique, involved the

use of N203 gas. Alr-free water (3ml) was distilled onto isopropyl alcohol
{3ml); the apparatus was then repeatedly filled, up to one atmosphere pressure,
with HEGB'

freezing the reactants with liguid nitrogen. The mixture separated into two

The gas was absorbed into the liquid phase by periodically

layers, an upper straw coloured layer being the crude product. HEDB
treatment was discontinued when the lower agueous layver began to show a
persistent blue colour. Residual H203 was removed from the product by
distilling'it onto Zml of strong agqueous NaCH, the product was then dried
by distilling it out of a methylated-spirit/dry-ice bath (~ -&0°C) onto
anhydrous MgSDﬁ.

Isopropyl nitrite was photolysed in small portions (0.2 ~ 0.5ml) in a
500ml =silica bulb with a borosilicate finger. The light source was a 400W
input Hanovia mercury vapour lamp surrounded by a water [illed silica jacket.
Briel sessions of photolysis (5 - 15 min), with the bulb as close as possible
to the lamp, resulted in a blue colour in the gaseocus phase and the appearance
of fine needle shaped crys£a15 of trans-EHeHOJE at the surface of the glass.
The borosilicate finger was used for periodic collection of the product to
protect it from U.V. light. Freezing the finger in liquid nitrogen and
flaming the bulb caused the crystals to evaporate and a bright blue ring of
nitrosomethane moncmer to appear at the glass-nitrogen interface. On
warming, the monomer changed into the colourless dimer. Completion of
photolysis was judged on failure to produce a significant crop of crystals.
The bulb was then pumped briefly to remove unchanged isopropyl nitrite and

gaseous byproducts before flaming to transfer the product into a sample

tube for spectroscopy.
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Sample Handling

Coffey, Britt and Eﬂggs1il obtained the microwave spectrum of nitrosomethane
by dosing from a sample of the trans dimer. For this work, however, the
dosing method used was that devised by Turner and Cox16’1T (see Figure 4),
Samples were stored at room temperature in evacuated borosilicate 'U' tubes.
Dimer in one arm of the tube was dissoclated by flaming and collected as
blue monomer in a ligquid nitrogen Dewar onthe other arm. On warming, the

monomer either dimerised or evaporated into the spectrometer cell.

TO ~—— —T0 —
PUHP SPEC~
® TROMETER ® M
%

{ MeNO)y M )
ZP™ ¢ m &N
- . N
- - HeND
S AT J Ly
'-TS;-“D Figure &

Spectra were recorded at dry-ice temperature with pressures in the region
0.01 ~ 0.,0% torr. Throughout a spectroscopic run, the pressure in the cell
dropped continuously with a half life of about half an hour. This effect,
due to dimerisation or iscmerisation of the sample, was not always a
disadvantage because it caused the resolution of quadrupole hyperfine

structure to improve with time.
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The samples, being inhcmogeneous mixtures, were hard to assess for
purity. Formaldoxime gives a microwave spectrum at room temperature but
not at dry-ice temperatur‘e36 and so0 was not a source of interference.
CHEDHD was the most abundant component of the 33% deuterated sample as
expected. Moreover, since most of the species present had already been
assigned in detail, ambiguities as to the origin of a line of interest
could often be resolved by comparing the relative intensity with that of a

known line and seeing if the relationship held on changing to a sample

with different deuteration content.
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PRELIMINARY THEORETICAL CONSIDERATIONS

For an extremely non-rigid species such as gauche-CH,DND it is not possible
to make a detailed assignment of the microwave spectrum on the basis of an
ordinary asymmetric rotor model. Some theory descriptive of the internal
rotation process is required from the outset. It also becomes necessary to
include centrifugal distortion corrsctions at an early stage in the analysis.
Nevertheless, it has been possible to account for the observed spectra on
the basis of a model having only one large amplitude internal degree of
freedom, and it has been possible to predict transition frequencies on the
assumption that rotation-vibration coupling occcurs entirely along the 'at
principal axis.

The initial approach, restricted to low J or particularly well behaved
lines, was to treat the ﬂ+ and G_ states separately wherever possible and
to intreduce the internal rotation perturbation by diagonalising 2x2 matrices
containing the most heavily interacting energy levels. This treatment is

similar to that used by Hirota Hirooka and Mar‘ino3T

in their analysis of
CHED-EH_==CH2 and, since only a-axis coupling is considered, is eguivalent

to applying the Hamilteonian

2 2 21
A,Pa" + BPy" + CPc” | QaPy + Na(PpPe + PcPy)
e i it Ry B R R
| APy + B+ CPT B
H +

In practice, only the off diagonal term in Pa is retained, so that the

perturbation calculation becomes simply;

{0} (113
1 E+‘]1,.I,:.. Kaua E+ JT 0
T K (o) T = a E (1)
aqa E_ JT T O

with the assumption that Oa is the same for all pairs of levels considered,
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Obviously, this approach cannot be carried too far but the formulaticn has
the major advantage of being constructed in terms of the gauche principal
axiz system. The expectation values <P52> {g = a,b,c] are therefore appropriate
to the calculation of first-order guadrupcle energies, and have been sufficient
to account for most of the observed hyperfine splittings. It will be shown
in a later section that, where the usual quadrupole theory has been inadequate,
discrepancies arise as a consequence of torsional (+ €% =) rather than
rotational near degeneracy.

Accurate fitting and prediction of hypothetical line centres has been
accomplisneﬁ using a computer program written by L. Halonen and P.H. Turpner

[see Appendix 7). This program sets up a Hamiltonian in Pickett's Reduced

27 a8

Axis System [RAZ) and includes centrifugal distortion inm Watsen's A-reduction™.

The Hamiltonian, including quadratic and gquartic angular momentum terms, is

as follows:

where 0 refers to the (+) and 1 to the (=) substate and, with V = 0 or 1;

_ [ 22 4 2 2 _ 2
H = ¥P"+YPFP"+ZFP -MvP -.ﬂ.JKvP P" - 8K P —EJV[F.[Px -Fy]]+

2 2 2
- 8K [B7, (P -P, ]

Hig

n

(T, + TEIRL,R, 0, o+ Ty (0,2, (R, 2 00, + T LR 2R ®), (2,000,
where [A,BJ+ = AR + BA

Only ¥ axis coupling is included so that representation 11P (X =0C, ¥ = 4,

Z = B} is fixed for this application. In practice, ED 1z set to zero so that
E1 = EE:, the zero-point energy difference between the o, and 0  torsional

substates.
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The philosophy underlying the derivation of this Hamiltonian is that,
for a molecule with a single aperiodic tunnelling co-gordinate, there is a
choice of inertial axis system which will eliminate the vibration-rotation
(Coriolis) interactiﬂna?. Assuming that the chosen axes pass through the
centre of mass of the molecule and that electronic angular momentum can be

neglected, the classical Hamiltonian for such a molecule becomes;

H=%al[b:l+ 1 %[ﬁ}(+dfh:|]r+ 1Y(E)E+Vfﬂ.]

2 2 “\at
"'__V_' L 1 L "y

Hrot Byib-rot Hoip
the wvector X is defined by

n _ i g = a,b,c
Xg = 2 Mig; 2% n = number of atoms

iz .
the vector ¥ is defined by

. 2

v E y 294
37 i deC

Since, for the present, the interest is only in describing the microwave
spectrum, Hvib may be dropped (provided that AE  is introduced into the
quantum mechanical Hamiltonian). The problem wgich remains is then to define
an axis system such that the elements of ¥ are all zero., This is equivalent

39,40

to choosing the Eckart axis system (EAS) for the internal motion {but

the RAS is not necessarily the same as the EAS in the general case discussed

by Pickett?!),

The conseguence of eliminating Hvib-rot in this way is that
the instantanecus inertial tensor I may no longer be assumed to be diagonal.
The resulting guantum mechanical Hamiltonian must therefore, in principle,
include three product of inertia terms. A further simplification is however
possible if a hybrid axis system can be chosen =0 as to exploit the desirable
properties of both the Principal and the Eckart axis systems. This axis
system (following Pickett) will be referred to (unrigorously) as the RAS.

For partially deuterated nitrosomethanes and acetaldehydes (near-prolate

rotors), the only important torsion-rotation interactions occur through

prolate type near degeneracies, therefore, although b and ¢ axis coupling
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occurs, only a axis coupling is important. The RAS is therefore chosen with
its a-awxis identical to the a principal axis, the principal axis system (PAS)
and the RAS are then related by a rotation about the a-axis which minimiseé
the Corielis coupling. The resulting Hamiltonian has only one praduct of
inertia term (identify Tﬁc H <1;l>} and the residual coupling is folded into
the state effective rotational constants.

The major approximation involved in wsing the RAS Hamiltonian as defined,
lies in the assumption that the tunnelling co-crdinate is apericdic. This
iz equivalent to saying that bunnelling gauche <= gauche is much more
important than tunnelling gauche <+ cis and is a good approximation except

where there occur appropriate accidental 0. < 0+ degeneracies. Descriptive

0
failures of the Hamiltonian can therefore be assoclated with the sought after

cls-gauche interactions.

Transformation of Parameters PAS < RAS

For hindered internal rotors, f+J and f—i state probability densities are only
appreciably large in the regions of the gauche potential minimazu {see Flgure 5).
Structural estimates of the PAS rotational constants can therefore be made in
the usual way, on the assumption that the effective rotational constants for
the gauche form are the averages of the effective rotational constants for
molecules in the (+) and (=) states.

An algorithm for locating the Eckart axis system for large displacements
of internal co-ordinates has been given by Pickett and Straussﬁl. This
provides a method for estimating I_lI for this axis system if the structure
of the molecule in its transition state (the trans form) is assumed. This
in turn provides a means for estimating the necessary rotation PAS — RAS

and hence T_ .
bc
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Wavefunctions for the CXY, Internal Rotor.

- 4 H_ Anfi-symmetric.

= Y,, Symmetric.

Fy, Symmetric.

Figure 5
40°
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The inverse of the instantaneous inertial tensor in the RAS has the form;

A ] 4]
r
=1
I = 0 Br Thc
0 b cr
hence;
i =8 =4
P r ; 1
_ . 1 _ z 2
BP = KBF + Cp} + 2,] {Er Er] + #Tbc
£
(B, +C) _ 1 fa4r
CF_- rE.r-EJ[BP .l be
where;
A =18 +A) =1 (A +a)
TR FT Wt Yy
_ 1 =1
Bp =3 (B+ + B} # Byp = > {Bﬂ + B|}

ete.
Subscripts r and p refer to RAS and PAS constants. The angle of rotation 0

required to bring the BAS into the PAS is defined by

ITan EQ[ = E_Ebc
(B, - C,)

also;
2T

[Sin 29[ - be

k 2 2
Br - GP] + ﬂTbc

Cos 20 = {Bp - ch

1
- H 2
J{BP Cr‘ 17 I'Tbc
& complete set of parameters for the PAS Hamiltonian may be transformed
into a complete set of parameters for the RAS Hamiltonian (and vice versa)
from a knowledge of the matrix elements in each case. Matrix elements may

A2 and the usual four way factorisation

be evaluated using Wang basis functions
of each J block results. The Wang block appropriate to a particular energy

level is given by the parities of J, Ea and Kc + Vv (see Table 1).
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Off-diagonal elements connecting states of the same parity but different

v are as fnllowsET;

K| P |K¥> =K

QX |pp_+ PP | 19> = Y 1a0a+1)

The transformation can then be obtained by equating the analytical forms of
the eigenvalues for the two different Hamiltonians. Only quadratic angular
momentum terms are considered here, giving the following;

Equating the 1 levels;

01

[ae)
+
]
1l

Eg + CD

E_ + C_ = ]3,1 + C1

Eguating the J = 1,2 Ka = 1 levels;

J(d+ 1)+ : s _ |dd + 1) + : Jid + 1) :
[—-—2 p-EtSp:| + 4Q2 = [—2 2, -25}+is ' 1.

upper or lower signs taken together.

Where
=R =0C
P P P
=B -C
r r r
= Al 2 {AB AC )
ESP ﬂE_ + p + = p + D
+
i |
ESP = AE_ + LY E{EEP * QCP?
-+
Al = A =4
- +
ﬁ&r = H1 - Hﬂ
ﬂﬂr = E1 = BG etc,

Also, from the matrix diagonal sum (trace) rule;

4B+ AC_ = AB_ + ﬁCr

B B r
Hence;
3,8, = 2,8,
Th‘c = # ||3PE = }PE
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2 -
ilTbc +'§F

?c &r

2 2
HflTbE +$P
J#Tbc’ + ‘%P’

28 - 4E_
+

A AR
+ 3 p

A -1 8A
384y

Wang Block Identification

etc.

- 27 -

- HﬂBP + EGI;J'

K Parity Sub block
E; for 0 and O,
Ka K. + 1 for 0. Jeven Jodd
Even Even EY E”
Even Odd E” E*
0dd Even ot 0
Odd 0dd 0 o*
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MICROWAVE SPECTRUM AND ASSIGHMENT

Microwave spectra were studied in the range 7.9 - 42 GHz using klystron and
BWO sources and a 3m X-band Stark cell (see Appendix 1). The parent species,
CH3HD, is a light, near-prolate rotor (K= =0.95) with uy = 2.3D and By, = 0.50.

The deuterium analogues are similar and spectra of all species are dominated

by s O-branch transitions. For the gaucheforms of CH_DNO and CHDEHG,

2
by @-branch lineé appear in pairs, usually situated within a few tens of MHz
of each other and having the same intensities, 3tark effects and hyperfine
patterns. The By, lines, mainly R=branches, are somewhat weaker and more
scattered by the effects of ro-torsional mixing. Despite the symmetry
relavation, the only uc lines observed in the gauche=f'orm spectra were weak
intersystem Eq+f—?ﬂ_i transitions arising as a result of intensity borrowing

from the corresponding My transition.

Gauche CH.DNO

e ket
The {+) and (=} 191 = Oyg transitions and the series 5,, - 5,. through to
S1T - BIE had already been assigned1ﬁ and meaSured16’ﬁ3. The (PAS) rotational

constants Bp + GP and BP - ¢P were therefore known to reasconable accuracy.

An estimate for the A rotational constant was made by substituting deuterium

into the published CHENG str'uctur'e”+ The quadrupole coupling constants were

estimated by taking a 2 : 1 weighted average of their values for CH3H0 and

ED3HG.
Work on the spectrum of gauche—CHEDHG commenced with the measurement of

the 202 - Im transitions and the 913 = 919 transitions. The latter were
located by extrapolating a plot of :EbafJ:J + 1) vs J{J + 1) for the already
known members of the K, = 1 O-branch series. The 9, - 919 {+] transition
turned out to be perturbed by a cis-gauche interaction (see later), but the
quadrupole hyperfine structure agreed with calculation.

The Ka = 1 R=branch transitions were assigned next. The rigid rotor

frequencies of the 211 - ‘I10 (3B + C)} and the 212 = 111 (B + 3C) were



- 20 -

estimated from the known rotational constants, but the observed transitions
deviate strongly from this approximation. The least perturbed transitions

were the 2 {+ ) and 2 -

127 1~ o
and below prediction and having Stark effects and quadrupole patterns similar

(-} falling respectively 31 MHz abave

12 - 111 (=) and 211 - 11a (+]

transitions were found to be 174 MHz above and below prediction with heavily

to their rigid rotor counterparts. The 2

perturbed quadrupcle patterns (see later) and anomalous Stark effects. Due

toe an avolided crossing of M states, the HJ

transitions were observed to turn arcund and proceed back towards the zero

= 1 Stark lobes for these

field line as the modulating voltage was increased. This peculiar behaviour,

seen also in the mono-deutero species of acetaldehydeﬁq and prﬂpylenezT, was

rationalised on the basis of a near degensracy between the 110 {+) and ‘I11 (-}

substates (see figure 6). Sufficient data were then available to solve for
Qa and for the (+) <= (-]} energy difference between the mid points of the

Ka = 1 asymmetry doublets (2& in the notation of ref. 37). This led to the

prediction and assignment of two strong intersystem transitions; the

2 (+) =1

11 {=) and the

215 (=) - o (+) (see Figure 6). A search was

also made for the 212 [+) = 110 (=) transition but this proved to be too weak

to be measured accurately.

11

S5till without knowledge of the A rotational constants, the My Q-branch
Ka = 2 and Ka = 3 transitions were assigned. It was hoped that the small 4
dependence of these lines would be of some use. By this time also, the RAS
Hamiltonian least-squares fitting program had been set up on the Bristol

computer. The it obtained (excluding the 915 -0 {+) ) was admirable,

19
estimating the standard deviation of an observation to be ~0.1 MHz, but the
A constants cbtained were not accurate, being strongly correlated with the

corresponding AK.
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Mixing of 0+ and 0- Rotfational Substates

In_CH,DNO
T A
- 24y T
=
o
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2
I~
5
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k=
“© 7] T
=
-
IS Ty
I = -
= 1!,1 -
0+ 0-
1

Figure &

20lid arrows are cobserved transitions.
Broken lines indicate interactionsz through Da'

The 1,4 (+) «» 1., (-) connection is particularly strong.
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The determination of the A constants was eventually accomplished by

assigning the u_ 4, - 313 and 303 - 2,, transitions. The 4, - 3 (-}

13
transition was found by means of a BWO and Klystron search and confirmed
via the 303 - 212 {-) transition. The 303 - 212 {+) transition, similar

in appearance to its (-) counterpart, was found by a Klystron search and
confirmed through the parﬁially obscured ﬁgq - 313 {+}. Predictions based
on the fitting of these data then led to the location of high J high Ka
transitions necessary for the determination of the centrifugal distortion
constants,

The data, fitted to the RAS Hamiltonian, are given at the end of the
chapter. A few perturbed transitions, excluded from the fit, are discussed
later under cis-gauche interactions. Determined constants are given in
Table 2.

Gauche CHD.NO

The (+) and (-] 101 - GGD transitions and the series “13 - 41& through to
817 - EIE had already been measured16 giving Ep and Ep to reasonable accuracy.
A and the quadrupole coupling constants were estimated as before. The data
Wwere then fitted directly to the RAS Hamiltondian.

The 2,, - 15, transitions and Ha = 2 Q-branches attributable to gauche
EHDENG were noticed during the course of the work on the monodeutero species.

The 2 and the 211 - 11ﬂ transitions were found close to their rigid

127 '
rotor frequencies, with quadrupsle patterns for the (+) and {-) transitions
averlapping in each case. The A rotational constants were determined from
the By, 110 - 101 transitions. These assignments were immediately confirmed
by prediction of the 211 - 202 transitions using the relationship

e, = 1101 * {110 - 101} = t211 - EGE} + IEUE = 131}.

Determining nz_ and extending the data set to high J proved to be more
-+

difficult. A period of extensive searching for (+) & (=) intersystem

transitions produced no result and so further pure-rotational transitions
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Rotational Constants

ddK1
El.}{,l
84,
5K,

T0 Transitions.

RAS

/MHz

/MHZ
/EH=z
/Hz
Mz

/MHZ

JEHz

gz2z2.01

306.31
2.37
-0.058
186

56 038.72
10 439.57
9 780.72
L6 037.84
10 437.55
9 T81.04

443.8
=1 222
T94
-218.5
M

451.1
=1 232
796
-222.0
392

(19)

{

4) ﬂla /MHz

(80)
(10}
(20}

(
[
[

l
!

B
C
(10) A
B
c

a) A /MH=
+

&)

&)

4)
4)

1.4)
8)
7)
9)
3)

1.9)
9)
8}

4}

Standard deviation of fit 0.749 MH=z

56
10

35
10

PAS

313.23 [ 9}

161.80
560.81
659.69
914.78
558.81
b60.02
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were measured in an attempt to uncorrelate AE_ from other parameters. This
+
led to assignment and fitting problems. ¥_ = 2, 3 and 4 O-branch transitions

a
came in close spaced (+), (-) doublets of identical appearance and it was
not clear which were (+) and which were (-). Various combinations were tried
and all resulted in a poor fit. Similarly, high Ka R-branches could be
located but did not fit well and could not be assigned unambiguously to
{+) ar (=). For some time, this gave rise to the view that the Gu~a4-ﬂt
energy- difference might be small, thereby spoiling the RAS fit. This view
was apparently corroborated by the relatively poor it of the cis-ﬂHDEMﬂ
spectrum to the Watson Hamiltonian (see data sectionm).

A11 fitting difficulties were eventually resolved by means of an RF
pumping experiment (see Figure 7). Earlier attempts to pump the 2,401 - E1qt+}
energy difference whilst observing the 211 - 110 transitions had failed due
to operational problems, but repeating the experiment whilst observing the
211 - EDE transitions led to an observable resocnance at ~88 MHz in both cases.
AE_ was then directly calculable from sum rules and its value was immediately

+

confirmed by assignment of the weak He intersystem transitions; 515{+} - ﬁnﬁ

515{“} - 505[+1, 616E+J = byel-) and ﬁ15{—] - 6ﬂ5f+}. These new data made

(=1,

it immediately obwvious that a number of cis-gauche perturbed = transitions
(see later) had been included in the earlier fit, distorting the parameter
set. When these observations were excluded, all (+), (=) ambiguities
disappeared and the assignment was rapidly completed.

Determined constants for gauche—ﬂimeﬂﬂ are given in Table 3. The final

it to the data is given at the end of the chapter.
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TABLE 3

Gauche-CHD.NO Rotational Constants

RAS
AE  /MHz 190,16 (14}
s
Tpe /MHZ 597.61 (10} 0, /Miz
TJ JMHZ 3.9 (1.1}
T,y /HZ -0.11 ( 5)
T, /M2 812 (163}
fy /MHZ 47 721.83 | &) A, Mz
B, 10 038.48 (18} B,
C, 9 499.67 (18) c,
A, 47 722,02 ( 4) A
B, 10 037.28 (18} B_
c, 9 499.71 (18) C_
84, /KHz 227.9 | 1.3}
AJK -597 { &)
aHD 393 (2]
84 ~115.3 { 5)
EKG 191.9 ( 1.0}
&4d, /KHz 228,3 (| 1.0}
nJK1 -598 [ &)
nK1 gz i 2}
SJ1 -115.4 [ &}
EKi 192,84 ([ 1.0)

T2 Transitions

Standard deviation of fit = 0.106 MiE

PAS

83.46

47 771.55
10 335.36
9 202.96
47 672.34
10 334.15
g9 203.00

(

71
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NITROGEN-14 QUADRUPOLE COUPLING

Most of the microwave transitions of CHEDND and CHDEN'D show hyperfine

structure due to MH (I = 1) guadrupole coupling and most of the quadrupole

patterns can be fitted with the usual first order theoryﬁﬁ. However, for

the gauche species, certain patterns refuse to £it this scheme. This problem
arises because the rigid-rotor wavefunctiens implied by the usuwal treatment
are not good state descriptions in the event of strong ro-torsional mixing.
This is particularly true of transitions involving the highly perturbed
1TU{+] and T11{-} substates in EHEDHG+ Here the hyperfine components fall

in a different order to that predicted by the rigid approximation, making

it difficult to assign F quantum numbers or to determine hypothetical centres

in this case, unless (+) % (-] mixing is taken into account.

Guadrupole Coupling Theory

Although internal angular momentum affects the mass distribution in the
molecule, it does not physically couple with the overall angular momentum.
In effect, internal rotation modulates the overall rotation velocity in such
a.waj,r as to leave the total angular momentum unaffected. J is therefore a
good quantum number in the first-order guadrupole coupling limit, so that
only the coupling between J and I needs to be considered in calculating the
quadrupole energy. The quadrupole energy expression therefore retains its

usual f‘orm&‘? in terms of g J;

E = elq jﬂm*”-J{J-a-HI[I-&-H
q J 2] (23 - 1) I (21 -1)
where © = FIF + 1) = J{J + 1} = I{I + 1)

- B -
and a; = WAl M o= g Z = space fixed axis

The effect of internal rotation arises in the evaluation of g ’E Although J

is unaffected by internal motions, the expectation value of ¥*V/427 must now
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be taken as the average over the torsion-rotation wavefunction. Hence;

qy = <YV, My = I 3z=| I, M) = D
Appropriate torsion-rotation wavefunctions can be constructed as linear
combinations of rigid rotor basis functions. In the case of a two-fold near

degeneracy this gives 'IJJW =€, LPJ"E‘ + G, Y sy

where the Cn are eigenvector elements.

Hence;
a!
2 2
a = C <J'r:] fJT>+G2<J1‘5 [-&z, J,e
MJ = J throughout.
Each of the brackets in the above expression are amenable to the Bragg -
Gﬂldenﬂﬁ treatment, so that the quadrupole energy expression, in first order,
becomes;

o2ttt [ (@ omlngt o) Jr 0 189 |
]
g =a, b, ¢

where Y (I,J,F) is Casimir's function'> and X, = €0 37V/3g* expressed in
the molecule PAS.

For practical evaluation of Ei and CE’ all that is required is a knowledge
of the energy difference between the unperturbed states and the overlap

37

integral connecting them.

Consider, for example, the 110f+] and 111{-} substates in EHEDHU.
E (a) (0, (s}

N = E f'l,“:| ) = .li+ + E+
E_':G:I = Ef{}]t1{-}] = .H.- + ':- + ﬂE_
PP I [ B e '
1
hence | (0) (1)
T-'] E + Qa T E+ 0
a g ‘0 0 g (1
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cos¢  -sing
sing cosf

Where T =

and Tan 2¢ = 20,/ (0 - /%))

the columns of T are the eigenvectors, hence;

Eg (igh =y [cos*;ﬁ['xsg < 11u| R | 1502 + sin*gﬁ[xgs <1”] Py |1,,>]
Eg (1171 = v [cosiﬁiﬁ(w <l owg | gy simg) % gl ez ] o

which simplifies toj;
(+1, _
Eg (150 = ¥ [-){CC caa’gj( -?{bb sin*,ﬂ]
=3, _
By (14970 =¥ [-J(bb casi;ﬁ -—ch sin?g@ ]

Cuadrupole Coupling Constants

Principal axis quadrupole coupling constants for gauche-CH_DHO and gauche-

2
CHDEH'D were determined by least-squares fitting, using the computer program
described in Appendix 4. The program essentially makes use of spectroscopic
line splittings and freguency derivatives of energy levels with respect to
rotational constants, but expects its input data to be unperturbed by the
effects of internal rotation. The data input to the program were therefore
corrected, where necessary, using the theory ocutlined in the previous section.
(ol (0}

2 E 1 ) required for the correction were obtained

from unperturbed energy levels calculated using the PAS rotational constants.

Energy denominators (E

These constants, used also in calculating derivatives (3E/MG, G = A,B,C),
were obtained by transforming the RHAS rotational constants (see Tables 2 and
3},

Details of the quadrupole data fitting and internal rotation corrections
are given in the data section. Corrections were generally small or unnecessary,

the J = 1 —» 2 transitions of gauche-CH_DNO were not used in the fit because

2
these are used in a test (next section) of the guadrupole-coupling/internal-
rotation theory previously outlined. Determined quadrupole coupling constants

are given in Table 4.
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TABLE 4
Principal axis Quadrupole Coupling Constants /MHz
Species Xaa Xbb 'ch 'xbb - xcc
Gauche EHEDHQ 0.45{261_ -5.97(13) 5.52(13) =11.485(21)
Gauche CHD,NC 0.78(6) -6.09(3) 5.31 {3) =-11.393(15}

Perturbed Quadrupole Fatterns

As mentioned earlier, the J = 1 — 2, Ha = 1 quadrupole patterns of gauche
CHEDNG deviate considerably from those predicted by the rigid-rotor
approximation., This is due maintly to an accidental near degeneracy (see
Figure 6) of the 1Iﬂt+} and 11II-} rotational substates. Calculation of
the gquadrupcle patterns using the torsion-rotation wavefunctions described
earlier, however, gives a perfectly satisfactory agreement with experiment.
Hypothetical line centres for the six J = 1 — 2 transitions observed
were obtained by least-squares fitting te the calculated pattern. BResiduals,
given in Table %, are within experimental error except where identifiable
experimental difficulties exist (see table). Figure £ illustrates the
difference between the gquadrupcle patterns, for the four most perturbed
transitions, before and after introduction of the internal rotation
perturbation. The spectra shown are actual oscilloscope traces recorded
using the Sweep adapter described in Appendix 3. It should be noted however
that the Stark modulation voltages given were chosen in an attempt to
simultaneously present all of the hyperfine components, and do not necessarily

"correspond to the conditions used for the actwal frequency measurements.



TABLE 5

CH,DNO J = 1 -3

- 40 =

2 Ka = 1 R Branches

(a) Partially resolved from GHDEHD 202 -

{b) Partially resoclved

[c) Interfering line?
(d) Interfering line on 41834.05

(e} Interference from 2 - 2 Stark lobe.

Ta

on 39048.3%

‘ Fitting
Transition F=-F lhbsfMHz Weight Obs-Cale./MHz | Comments
E+ _ 1’+
1 1w | 2=z 41168.88 1 ~0.043
2 -1 41168.48 2 -0.027
“ner.ao ) 3 -2 41167.06 4 +0.038
1 =1 41165, 48 1 =.05%9
27, - 110 1=0 39047 .64 1 +0.113 {a)
1 =1 Shoulder on 3 - 2 0
19045, 38 3-2 39045.83 4 -0.008
2-2 39044 .05 1 -0.106 + (o)
2 -1 39043.65 2 +0.002
2. -1, 1 -1 IGT13.40 1 +0. 064
12 11 422
39711.48 1.9 % 39711.68 [ -0.044
2 -1 39710,79 2 +0.068
2 -2 39710.03 1 -0.027
271 -17, |21 £1835.60 0 +0.409 ic)
2 -2 41834.78 o +0, 253 (dl
weszo | 2 -2 41832.62 4 ~0.005
1 =0 41830.67 1 +0.019
2;2 - 1;1 1 -1 39572.67 1 -0.024
39569.95 | 30 %% 39570.05 6 £0.016
1 -0
oot 39568, 38 2 -0.038
2;] - 1;0 z -z §1305.96 1 -0.095
1 =0 §1305.27 1 +0,123 {e)
2 - 51304, 54 2 +0.008
3.-2 61304, 14 i -0.013
61306, 32 1 =1 41301.58 1 +0. 006
Comments:
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Gauche—CH,ONO  J=1-2 Quadrupole Patterns.
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Further Work (Quadrupole Coupling)

It should be possible, in principle, to evaluate guadrupole coupling constants
in the RAS or preferably the Eckart axis system {(EAS). Then, since the
rotation required to bring the EAS into the PAS is known from the off
diagonal elements of the EAS inertial tensor, it would be possible, provided
that the rotation is large enocugh, to determine the complete guadrupole
tensor. 3uch an approach is similar to the method used to determine dipole
moment orientation from IAM studiesﬁa’#T. Evaluation of the EAS guadrupole
coupling constants however requires expressions for the expectation values

of the direction cosines of the guadrupole z-axis in the EAS. Such

expressions are not yet available at the time of writing.
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CIS-GAUCHE INTERACTIONS

For nitroscmethane, in a field-free environment, total angular momentum

(E =4 + I) is the only true constant of the motion. F and M, are therefore
good guantum numbers and the restriction AF = 0 applies rigorously to the
interaction of all close lying states. The predominant selection rule
however, obtained in the first-order quadrupole coupling limit (J + I — J)
will be &J = 0. In addition, parity is conserved, so that the restrictions

E+

, 0"« £, 0% and E7,0" «>E, 07 also apply. (i.e. neglecting quadrupole
coupling, the complete cissgauche Hamiltonian only factors into two blocks.)
In order to determine the cisz-gauche zera-point energy difference, it

is necessary to overlap the 0, and ﬂ+ torsion=-rotation energy manifolds in

0

such a way as to account for perturbed transitions on the basis of accidental
near degeneracies. Ill-fitting lines however, need not always be due
directly to AJ = 0 cis <= gauche interactions. Possible reasons for poor
residuals {obs-cale.) are as follows;
1) Direct, &J = 0, cls-gauche Interaction.
One of the levels involved in the transition lies cleose fo ancther level
of appropriate symmetry.
2) Indirect, &J = 0, cis-gauche Interaction.
& level in the same Wang block as a level involved in the fransition lies
close to another level of appropriate symmetny.
3} Second Order Quadrupole Interaction.
AF = 0, AJ = :1, *2 near degeneracy (which may be a cis-gauche interaction)
causing shifts in individual hyperfine levels and leading to a poor
estimate for the hypothetical line centre.
4) High Order Centrifugal Distortion.
Descriptive failure of the Hamiltonian, particularly for high J, ﬂKa £ 0

transitions.
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5) b and ¢ axis coupling.
Descriptive failure of the RAS Hamiltonian due to a choice of axis
system which does not fully cancel the torsion-rotation interaction.

For the purpose of calculating the rotatienal energy levels of
£is-CH,DNO and cis-CHD,NO, the data of reference 17 were fitted to Watson's
A-reducticn Hamiltonian33. The computer program used was the same as that
used for the gauche species (Appendix 7), but made to revert to a PAS program
by setting all coupling parameters and (-) state parameters to zerc. In
addition, the cis data sets were expanded (see data section) and the already
measured perturbed cis lines were re-checked. Transitions giving poor

residuals were, of course, excluded from the fits,

EﬂEDHD
FPoor residuals for the transitions 1551“ - 1611,12 and 155,10 - 1_61',13 and
for the J = 17, 18 and 19, Ka = 3 series of cis-CHEDHO were recognised as

being due to cis-gauche interactions by Paul Turner16. The perturbation

of the 155 - 1r5~|h asymmetry doublet {see Table 6] is consistent with either
the 155 or the 16# levels being pushed together by interaction with a more
widely split doublet in the gauche species. An RF pumping experiment

performed during the course of this work showed that both of the 15_ - 16#

5
transitions are resonant at ~18.5 MHz, which is the calculated unperturbed

15, splitting. The perturbation therefore definitely cccurs at the 16, levels.

5 &

The lowest J transition, in CHEDHD, known to have a perturbation large

enough to be due to a direct cis-gauche interaction, is the 91a{+l - 4. _(+)

19

of the gauche species. It follows that; either the 9__(+) level (Wang block

18
07) is interacting with one of the nine J = 9 levels in E and 0  in the

cis species, or that the 919[+} level (Wang block 07) is interacting with
one of the ten J = 9 levels in E' and 0% in the cis species. All of these

2J + 1 possibilities were investigated as follows:
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TABLE &

CH.DRO Perturbed Transitions

{Abstracted from data section at end of chapter)

Cis Form
Transition Obs-Calc./MHz Notes
25,11 ~ 38 -1.05 ()
155,11 - 16&'12 31.48 (2)
]55110 - 16&,13 -25.22 {2}
1T3,14 - 1']"3’15 =1.06
183'15 - 133,16 £.81
193-15 - 193,1T 17.05
23#.19 - 23&.20 6,53
2hy,20 ~ 24,21 11.53
234,21 = 234,22 19.21
26“122 - 26&,23 30.81
Gauche Form
9,[;}+ 9%’ 4.49
105700 - 937 1.87 13)
Notes
(1) The 122’10'- 122111 transition is unperturbed, therefore the 113,8 level

is pushed up by 1.05 MHz.
{2} RF-microwave double rescnance experiment (see text) shows the perturbation
to occur at the Il'il_,4 levels.

(3) Perturbation due to C axis coupling (see text).
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Firstly, three of the cis levels, the QET’ 923 and 919, were eliminated,
since transitions involving them are unperturbed. Secondly the cis
1ﬂ25 = 93? transition was measured, thus eliminating the 93? level. Alfter
this, a simple computer program was written to overlap the calculated cis
and gauche energy level manifolds. The program added a trial gauche-cis
zero-point energy difference {(one of the 15 remaining possibilities) on to
all of the gauche energy levels, and then printed out the AJ = 0 near
degeneracies of less than 50GHz. This method was used in order to ensure
that the final scheme not only accounted for known perturbations, but alse
did not predict perturbations which were known not to occur. Only one
scheme turned out to have the desired properties (see Figure 9), the 91SE+J
level lying slightly above the 936{0}' It was thus established that the
zero-polnt of 5§uchE-CHEDHO lies 335.7, Glz {11.20 cm_1J above that of the
cis species.

As might be expected from the discussion earlier, not all of the
perturbations encountered in the spectrum of CHEDHD are attributable to
cis-gauche interactions. One case in point is the +1.9 MHz residual of the
13!,10{-] = 927[—} transition, which is probably due to ¢-axis coupling.

At low J, the energy levels of the (+) state manifold lie below their (-)
state counterparts, but overtake as J increases, eventually giving rise to

b and ¢ type (4] «>* (-] near degeneracies which are too close to he absorbed
by adjustments in the rotational constants. The perturbation in gquestion
probably occurs through the connection 101-10{_} £—>1QD’1D{+} (energy
separation 26.83 GHz) arising from the interaction Hamiltonian

HC = 01’: Pc + NC {E‘a Pb + Py Pa}'
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CH,DNO__Gauche-Cis Inferacfions. AEgc=11-20cm?’

E/GHz E/GHz
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GHD“NG
If the potential function Vi{R®} is considered to underge an incremental
change for each successive isotopic substitution at the methyl group [see
next section), then the gauche potential minima in GHDEHD should be expected
to be lowered in energy with respect to the cis, by an amount equal to the
rise which occurs in CHEDHE. To a crude first approximation therefore
{i.e. neglecting kinetic effects), for CHDEHD, EEC_E (note reversal of
subscripts) should be expected to be ~11.2 cm-1.

The behaviour of the residuals of the cis and gauche CHDENG data sets
(see data section) are certainly conzistent with the view that the cis zero
point energy lies above that of the gauche. The gauche data show an
excellent fit up to J=17, whereas the cis data show a generally poor Fit.
This suggests that the high Ka, 0+ energy levels have become enmeshed with
the low Ea, Oﬂ levels in a way which is generally perturbing. Moreover,
the J » 18, Ka=3, Q-branch transitions of the gauche form are perturbed,
as are the J * 18, Ka:z Q-branch transitions of cis, suggesting that these
perturbations may be mutual.

The lowest J transitions in CHDEND having perturbations large enough

to be due to direct cis-gauche interaction are the cis-8 8 (-1.38 MH=z)

1?-31

and the cis-B1T-T25 {=1.07 MHz). The 8., level is evidently pushed down

17
by ~1.2 MHz. This again gives rise to 2J+1 possibilities for bEc-g' many

of which can be eliminated easily. Firstly, the 8__(+), 8, _.(-}, 8, (+) and

17 18 27
Bzﬁt-] levels have well-fitting observations associated with them. Secondly,

to set the cis-BiT level adjacent to the gauche J=8, Ka:G,T or 8 levels

makes EEC_E so large as to leave no possibilities for perturbing any of the
observed gauche levels. Careful computer searching then gave rise to the

view that the CiS-E1T level is best placed slightly below the 835[-} level,
...‘|-J

giving 8E__ = 309.2 Gz (10,31 cm
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Although there is.little doubt that the proposed zero-point energy
separation is correct, the resulting energy level scheme does not give as
satisfactory an account of the data as in the monodeutero case. In
particular, although the scheme predicts where most of the observed
perturbations occur, it does not always account for the observed pattern
of residuals. This applies especially to the gauche J ¥ 18 transitions.
For some time, this gave rise to the view that the scheme had failed, and
that the origin of the apparent shift of the cis-B17 level had some other
cause. The possibilities here however are very limited: Both the BIT - BIE
17 ~ 518 transition is
unlikely to exhibit the effects of high-order centrifugal distortion. The

and 817 - TEB have normal quadrupole patterns. The B

possibility that the 318 and 725 levels are both pushed up by identical

5 = 923 has

been observed, so that an indirect perturbation via a close degeneracy at

amounts was also investigated and rejected. Moreover, the 63

835 is ruled out. All of this leads to the conclusion that the perturbation

at 317 is a genuine cis-gauche interaction, which in turn indicates that
some of the interaction effects elsewhere in the energy manifold have been
absorbed into rotational and centrifugal distortion constants. This is not
very surprising, since to eliminate from the fits all of the transitions
made suspect on the basis of JEC_E = 309.2 GHz, would reduce the data set
to a size inadequate for determination of all of the distortion constants.
It therefore follows that the high J energy levels calculated for GHDEHD
are not necessarily accurate.

In fact, there s a variety of ways in which the cis and gauche data
sets can be fitted. For example, in fitting the gauche-CHDEHﬂ data, the
11

{+}, 11 - 103 {+] and 12 - 1133{+} transitions were

2g = 1038 2,10 7 2,11

omitted. These transitions, however, can be fitted at the expense of being
unable to it any of the data above J=17. The rotational and centrifugal
distortion constants resulting from this alternative strategy are given in

Table 7. They are not grossly different from those in Table 3, but



TABLE 7

= B =

Gauche CHD.NO Rotational Constants (Reduced Axis System) obtained by

fitting all data up to J=17

67 Transitions

EE; {MHz 190,60 (186}
Thc /MHz 497.32

TJ /KHz 13.8

Tk1 fHz 0.5

T]_{2 fHz 235

yv=0

47T721.81  (4)
10039.03 (20)
9499.15 (20)

220.5 (1.7)

-574 (5)
393 (2}
=-120.2 (&)
195.2 {1.0)

Standard deviation of fit 0.096 MHz

v=1

47722.04  (4)
10037.81 (20)
94499.16 (20)

222.4 (1.2)

=580 (4)
3596 (2)
-121.2 (9}
197.2 (1.0}
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illustrate the uncertainties which occur from a somewhat arbitrary choice
of data set. The fit given in the data section was in fact chosen because
it involves the greatest number of transitions and produces similar
distortion constants for both (+) and (-) states.

It is nevertheless apparent, by examination of the (+) <= (-) splittings
in Table 8, that the Ka=3 Q-branch series of sauche-ﬁHDEND iz perturbed.
This perturbation iz predicted to occcur when &Ec-g = 309.2 GHz even if the
actual residuals do not obey the pattern expected. Moreover, none of the
cther trial zero-point separations give rise to a perturbation in this series.
The difficulties encountered, therefore, arise as a consequence of making
a least-squares data adjustment under unfavourable clrcumstances.

Figure 10 shows the overlap of the caleculated cis and gauche energy

manifolds.



TABLE 8
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Gauche-CHD. WO K _=3 Q-Branch Transitions

Transition
3,13 7 153,1&
3,14 0 173,15
3,15 © 183,15
3,16 ~ tg3,1T
3,17 ~ 293,18
3,18 ~ 23,19

(+]

{+]
(=]

(+])
(-]

(+]

(=}

Obzerved Freguency/MHz

¥ Splitting/MHz

8819.72
BB13.16

12291.32

12283.96

16706.03

16697 .57

22184.92

22181.46

28831.73

28825.90

3aT21.22

36718.96

B.56

T.36

8.46

3.46

5.83

2.26
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INTERNAL ROTATION ANALYSI3

Incremental Change in the Potential Function With Deuterium Substitution

The potential function for internal rotation is conventionally expressed

A% a series expansion;
Vi) = %Zn Vv, {1-cos n)

which, for a molecule with a three-fold symmetric internal rotor, contains
only terms where n 1s a multiple of 3. Moreover, if the series 15 considered
to converge for n > 6, V, corresponds to the effective barrier height.

If the.harrier is considefed to arise purely as a consequence of the
o, dependence of the total electronic energy, partial deuteration of a uCH3
internal rotor should not be expected to reduce the symmetry of the potential.
The symmetry is, however, effectively reduced, as is evident from this and
other work. One way to treat deuterium substitution is to assume that the
effective potential undergoes an incremental change with each successive
izotoplc substitution. This approach, which is based on an idea originally

put forward by Walker and ﬂuadeﬁs, was first applied to the acetaldehyde

datazé_by Thorvald Federsenqg. Using the mono-deutero species torsional

energy spacings, ﬂE: and &Eg-c’ Pedersen was able to predict the same

quantitiez for the di-deutero species. His predicted AE- for CHD,CHO was

2
in good agreement with the experimental quantitygﬁ, but there was no
experimental result available for comparison with the predicted ﬁEE_C
(see later work). The method will now be tested again using the more
complete partially-deuterated nitrosomethane data.

Incremental change in the torsional potential with isotopic substitution
corresponds to the postulate; that the effect of isotopic substituticn at
a given position in the methyl group is the same regardless of the state of

substitution of the rest of the methyl group, which may be formalised as

follows:
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Firstly, it will be convenient to ascribe a value of &« to each
hydrogen or deuterium atom in the methyl group, so that in nitrosomethane
a hydrogen having ®=0 is in the cis position, a hydrogen having o(=120
is in a gauche position and so on. Then, split the total energy of the
molecule, so that there are three energles (denoted EE or EE | assoclated
with the locations of the H or D atoms, plus an energy Eu for the ground-
state geometry or Et for the transition state {top of the barrier) geometry.
The total energy of EH3ND in the ground state, for example, then becomes;
EtDt (ed=0) Eﬂ + ED + 2E¥2D

and in the transition state;

_ .3 H H
Eiop (%= 60) = E* 4 2E. 0 + B o

H H
{Note that, by symmetry, E120 = EE#G etc. ).
It is now possible to relate the Un coefficients of the potential expansion
to the differences in energy between conformers.
Let the number of primes attached to a Un coefficient represent the

number of deuterium atoms in the methyl group of the species to which it

relates. Then note that, by symmetry;

v, = “E = Uq = UE =0 {for GHE-}
L11] mi i it
“'T :Uzzvﬂ=v5=ﬂ' (for EDB-:I
(It will be assumed that potential coefficients for n > 6 are zero).

-
Also let vf = E - ED'

Then, by considering all possible methyl isotopic variants, the following

eight expressions are easily obtained;

1 V=V EEEG lao - EH - E?Eﬂ

2) “: = Ve + EESL + E?au - Eg - EE?ED

3R+ V) 4 ivé FVD) VY = Vs EH + EEG + Efau - ED - zEfEO
4) BV & 5: w2+ V) -V = Ve ED + g+ Engg EH - 2,
5) 20y + Uy + Uy + V) = (Ef - ED} ' {E12ﬂ g,

6) 2V, + u; s u: + vﬁ} E (Eg.- ET) + {E12ﬂ E?EG
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i i r H o H

TV Wy o+ Vg e Vg = Vs 2B+ EDgo - Eo - 2E550
n " " D H H

8] FI+\F3+U5 =UF+2E50+EIBD-EU-EE?ED

from which, after some manipulation, the following may be extracted;

T (] 1] L] e

al v, -1V = ¥V, -V = WV, =V,

3 3 3 3 3 3
" 1 " n

b1} ?I + VS = -{U1 + FS}
' t " "

b2) UE + Uﬁ = -{UE * vﬁi

which raises the following points:
If the potential for internal rotation undergoes an incremental change for
each successive isotopic substitution;

al The HE coefficient for a partially deuterated species is the substitution

weighted average of the UB coefficients for the ~CH3 and LCDE species.

b} The energy differences between cis and gauche potential minima are egqual

and opposite for -CHED and -CHD2 species.,
49

In the original derivation by Pedersen °, the potential series was assumed

to be truncated at n=3. By retaining the series up to n=6 it can also be
seen that; in respect of establishing the cis-gauche potential difference,
there is unit correlation between U1 and W5 and also between UE and Uﬁ.

Note also that v5 makes no contribution to the energies at the turning points
provided that they occur at 60° intervals (i.e. provided that UE is the

dominant term].

Internal Rotation in Nitrosomethane

In order to test the hypothesis in the preceeding section, it is necessary

to make use of CHBND and EDEHG data. Infrared torsional fundamentals for

these species have not been observed and there has been no microwave analysis

of torsionally excited states. The vﬁ contribution to the potential in each

case is therefore unknown. Van Eijr:kSID has, however, recently re-analysed

all of the available data eliminating some earlier approximations to obtain

(in en”');
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-
1

= 405.3 (2)

=
I

= 390.0 (3)

from which it is expected;

=
[1]

400.2

[
1]

395.1

Internal Rotation Constants

The internal rotation (F) constants for CHBHD and CD3HO are also derived
from the parameters of the IAM fibsﬁﬂ. These F constants, which appear in
Table 9, ﬁere used as a guide in arriving at a structure from which to
calculate F constants for EHEDNG and EHDEHG. The structure used was as
published1?, but with the methyl group constrained to be symmetric about
the internal rotation {(z) axis and adjusted to reproduce the IAM value for

Ty Tg = 3.253(3) ul? rfor CH,NO and 6.49701) ui’ for CI:I:,PFHZI}E":r

« The z-axis
iz not co-incident with the C-N bond and is defined such that the methyl
group is tilted slightly away from the oxygen atom. F constants were
evaluated from the methyl end of the molecule, wsing ground state moments
af inertia. The computer program given in Appendix 5% was used for this
PUrpose. HnﬂHEGMSﬂWCﬂWMWdFWMHMhfmmﬂmﬂwmfw
the cis partially deuterated species, and these appear in Table 9 for
comparison with those obtained here.

For the partially deuterated species, F is a function of of. For these
species therefore, F was also computed, purely from structure, at intervals
of 30°. Fi{«), in both cases, underwent one cycle of smooth change in 260°.
A Fourier series, adeqguate to reproduce F in the regions of maximum prdhability
for the torsional oscillation, may therefore, 1n both cases, have the form;

Flet) = F. + F, cos .

0 1

DND (see Table 9); F (%=0) = 6.7267 cm™ 1

T F' ®=120°) = 6.3246 cm™ .

For CHE
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TABLE 9

Nitrosomethane Structure Used For Calculation of

Internal Rotation Constants (Bond lengths IE Angles/Degrees)
r{C-H) 1.0%80
r{C=D) 1.0977
r{C=H) 1.4800
r{N=0) 1.2114
nic-z 109.15
NZCLZ(tilt) 1.07
cAi=0 113.2

=1
Internal Rotation Constant F/fem

Species This Work Van Eijck

CH3HG 7.7130 7.7130

CD3HO 5.0176 5.0272
cis—CHEDND 6.7267 6.735
gauche-CH,DNO B.3246 -
CiB-CHDEHD 5.4475% 5.431
gauche=CHD _NO 5.5968 -

2
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Reproducing these values with the above expression requires (in cm'1l

Fa = 6.4586
Fi = 0.2681
Similarly, for CHD,NO; F"(0°) = 5.447Scm™ ', F"(120°) = 5.6968 cn™ . Hence;
FH = 5.6137
F* = -0.1662

1

Data Adjustment

For the purpose of fitting the nitrosomethane torsional data, the computer
program given in Appendix 6 was used. Energy levels were calculated using

the Hamiltonian;

d d
H = -d_DL{FD + F1msﬂd_¢(+ &% UHH - cos ne )

expanded in a free-rotor basis and diagonalised numerically. 40 basis
functions gave sufficient accuracy.
] ] ]
Taking the derived parameters ¥3, Fﬂ and FI’ the CH2

8E- = 922.01(19) Miz and 8By . = 11.20(1)en” ', were fitted to U, and V
1

DHNO torsional datas
)

2
I

yielding (in cm_

V., ==17.0063

L]

1

]
HE = 38,3669

{two parameters for two data constitutes a numerical seclution, not a least-

squares fit, but a spurious degree of freedom for the fit was generated by

giving E(0_) - EIDD} = LE- + bEE_C to the program, along with the independent

datal.
13 i ]
1 2 27

F?, then gave rise to the following predictions;

! 1L LL]
= -v1 and Vv and using the derived parameters Uj, F. and

Assuming V 0

&E; = 170.15 (ef 190.16{14) observed)Miz.

= =13.04 (ef =10.31 ﬂbserved}cm_1.
h

ﬂE"
g=C

Fitting the EHDEHD data gave (in cm
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bl
V, = 14.4353 {cf ¥

] = =17.0}

-

n
HE ==31.8544 {cf vz = 38,4}
Thus, the pattern of coefficients is quite well predicted by the incremental
theory when the potential is truncated for n » 3. The theory actually states
that the cis-gauche potential differences will be equal and opposite for
-GHED and -GHIJ2 species. From the Fourier expansion;
3
= oy - 0} = =
ﬁvg-c = Vit20®) - wioe) 4[1;14'?21'?1‘1'?5}
Hence, in the present approximation:
! =1
ﬂ“i&c 16.02 cm
i

AV
B-C

-13.06 cm”

The Effect of V.

o]

When the barrier to internal rotation, for a molecule with a three-fold
symmetric interpal rotor, is determined solely from microwave data For the
tersional ground-state, the derived value for v3 contains a contribution

due to the neglect of V& and higher terms in the potential. This limitation
on the accuracy of v3 has to be accepted because U3 and Uﬁ always remain
correlated in the absence of data for torsionally excited states. Such is
the position for nitrosomethane. There is however, good reason to believe
that nitrosomethane will have Vi in the region ~-5 to ~-20 em™'. This
follows because experimental Vﬁ determinations for comparable molecules

11,12,51,52

appear always to fall in this region {see also Chapter 4).

Furthermore, the contributicn to the effective UE frem the interaction
between internal rotation and other vibrations, calculated in the harmonic
approximatiﬂnﬁ, appears always to be negative and ~-5 cm-1 for acetaldehyde
and isovalent species. It is therefore important to assess the consequence
of neglecting Uﬁ when applying the potential increment theory.

The parameter which comes out of the microwave analysis of ground-state
torsional splittings, and which iz invariant with respect to v&' is the
scaling factor for the A-E splittings b4,, defined such that;

-El-ﬂ = Y{0E-DA)
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0

Van Eijck5 y in his re-analysis of the CH,NO and GDBNG data, did not state

3

ED explicitly, but it can easily be calculated {rom U3 and F using the

torsional Hamiltonian. The results are as follows:

SO CDyNO
F/em™ ! 7.7130  5.0272
vy/em! 405.3 389.96
-&GIHHZ 2142.98 239.05
These aﬂ values agree, within three standard deviations, with those obtained
by Turner and cox' 1 {-ﬂO = 2149.3(9.9) MHz for EH3H0 and 240.8(8) MHz for

CD3HU}. Now, by taking &4, and F it is possible to calculate Ua for various

o

assumed values of vﬁ. These results are given in Table 10 (numerical
solutions were again obtained by least-squares fitting, a spurious degree
of freedom for the fit being generated by observing that the E-state is

doubly degeneratel.

]
H3 and UE

i
the weighted average of Vz and U3 as before. This, of course, reguires that

?5 is invariant with isotopic substitution, which is only a good assumption

with regard to the electronic contribution to FE. Nevertheless, as soon

may now . be calculated for assumed values of UE, by taking

as the first calculation involving ua iz performed, it is immediately
apparent that this assumption has no consequence in the potential increment
theory.

A calculation was performed with U; = U; = =6 cmri. The appropriate
welighted averages of U3 and H: (calculated from the guantities in Table 10}

are thus (in cm_1];

]
UE = 404,361
n
v3 = 389.439
i 1 ] T r L)
Using the derived values of FG’ F1Ir v3 and U6 and fitting ﬁE; and EEE c as

before gave;

v, = -16.9127 (ef =17.0083)

]
1
(]
VE = 38,2782 (cf 38.3660)
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Variation of V.
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With Respect to V. (all units are cm™ )

OH,NO CD N0

F T.7130 5.0272
-4 0.07148219 0.00797400

Uﬁ U3 ?3
0 405.300 389.960
-2 406.627 391.478
=4 407.955 392.998
-6 409.283 394.517
-8 410.611 396.038
=10 411.940 397.559
=12 413.269 399.081
=14 414 .5498 400.604
-16 415.927 402.128
=18 517.257 403.652
=20 418,587 405.176
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]
Values obtained previously with UE=D are given in brackets. Thus V1 and

T
vV, are hardly affected by the inclusion of V..

L1 L] 1 L] L] L n *
FD' F1, U3 and Uﬁ and UT z -v1 and VE = -HE as before, the following

predictions were obtained;

Furthermore, by taking

u; = 170.22 {cf 170.15) MHz

1 -1
ﬁEE—ﬂ = =13.05 (cf -13.04) cm

n B -
Then, fitting to the observed AE; and AE___ gave (in cm 1

s

1

LU}
Vo
It may be concluded that neglect of the U6 contribution to the potential

v 14,3892  (cf 14.4353)

=31.8000 (cf -31.8544)

has no significant effect on the determination of v and v, coefficients
from torsional ground-state data, provided that the Uﬁ contribution is

folded into the effective Ve

The Effect of V, and V

5

T LLJ L L]
Since there are four data IbE:, AR s ﬁE; and ﬂEE_c} and eight parameters

1
g-c

:u;. u;, u;, vé and v;, v;, U:, u;} and only two combination rules, i.e.:
T L] 1] 114
V1 + ?5 = -th + UE}
and
1 L] L1 L1
“2 + Uﬂ = —i?z + U#] ’

there exist, in principle, a family of solutions which satisfy the reguirements
af the potential increment theory. The question remains as to whether any
af these solutions are physically reasonable.

Table 11 shows how u; and U; change with the inclusicn of assumed values

T T n L1}
for Uﬁ and HS' Shown also are the predicted values of ﬂE; and ﬂEE_C using the

n ] n ]
arbitrary additional constraint; Uq = —Vﬁ and F5 = —WE. With this constraint

L]
the system shows no tendency to converge on the observed ﬂEE_¢ far

W L4 UB. Moreover, the constraint is not physically unreasonable if

n#3
the substitution effects are to be equal and opposite for the two isotopic

"
species. It seems sensible to conclude that the discrepancy between ﬁvg-c
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TABLE 11
The Effect of 1|.I';.r and U;
V; v; Assl;lmed Assnlmed Preﬁlicted Predii;cted
v, Vg AE-/MHz 8B,
=17 . 0063 38.3669 o W] 169.89 =13.042
=17 .6428 44.9173 o =10 172.93 =12.567
-22.3233 36.1397 +10 0 174,45 =12.623
~22.9370 42,7770 +10 =10 176.94 =-12.299
-28.3124 40,8290 +20 =10 179.75 -12.1B6
-33. 7666 39.0701 +30 =10 181.38 -12.218
34,3229 45,8798 +30 =20 183.11 =12.216
Target Values ——= 190.16(14) -10.3101}
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L1}
and -ﬁ“g—c arises out of approximations inherent in the potential increment

theory or in the derivation of the fixed parameters used in 1ts application.

Scaling of V, and HE

One notable property of the ?1 and ?2 coefficients determined earlier, using
a potential series truncated at n=3, is that the following relationship is

obeyed to a good approximation;

lIiIr_II
1 -c V

L1}
E=
where ¢ is a scaling factor.

- = =

L) =-C UE

m n
This suggests the possibility of predicting bEc-g by using ﬂE; to find the

scaling factor.

‘ -
Starting with U1 = =17.0063 cm 1

"
the CHEDHG data, use of ¢ = 0.833 in the above relationship fits ﬂE: and

and 'I.fé = 38.3669 as determined from

predicts;

LE__g = 10.58 (cf 10.31 observed) cu” .

Given the difficulties inherent in the calculation of the fixed parameters

which were used, this is a very good prediction. It is also interesting

49

because it suggests a means of refining Pedersen's earlier prediction - for

"
the unknown ﬂEg-c of acetaldehyde,
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INTERNAL ROTATION IN ACETALDEHYDE

The microwave spectra of the gauche partially-deuterated acetaldehydes

were studied by Turner Cox and Har't:ls.r‘:“:'EI giving:

aEi - BO4.5 (1) MHz

L] -
bEg—c = 15.55 cm

BE= = 183.6 (1) Mz
It was not possible to determine ﬂE;_c because no definite cis-gauche
perturbations were observed in the spectrum of CHDECHD, The purpose of
this section is to use the potential increment approach; in conjunction with
the most up-to-date information available, to predict ﬂEZ_E and compare it
with the known experimental data.

Species of acetaldehyde with a symmetric internal rotor have been

11,12,21,50,52,53,54,55

subjected to a number of barrier determinations » With

interest directed mostly towards GHEEHG. Only Far-Infrared data and IAM

studies involving direct diagonalisation of the torsion-rotation Hamiltenian
will be considered here.
Direct diagonalisation IAM studies of CH

Bauder and Gﬂnthard12 and Van Ei‘]‘v.‘,hc“ﬁ":]I

3CHCI have been published by

and it is difficult to choose between

them. Bauder and Glnthard restricted their data set to J € 3 and reported

1

F = 7.6408 cm™ and -4, = 2070.025 MHz. Van Eijck appears to have fitted

0
more data and reports H3 = 401.0 {1.7) cm™'. In this case, F, calculated
from the IAM parameters, is 7.6405 cm-l. A recent IAM study including wv=1
52

data, by Petty and Baker™ , 1is yet to be published at the time of writing.

The most detailed analysis of the Far-Infrared spectrum of CH,CHO is

3
that of Hollenstein and Hintherﬁﬁ. These authors report the following

1

transition frequencies (in cm™  );

V(18=04) = 143.75 (10)

Y(1E-0E)

142,03

Viza-14) = 114.41 (10)
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These data were therefore combined with the microwave ﬂﬂ of Bauder and
Ginthard and subjected to a weighted non-linear least-sguares it to the

Hamiltonian;

T i v
H = 'FB&P + 23(1-cos 3n) o+ Eﬁ (1-cos 6et)

Details of the fit, including calculated energy levels, are given in Table 12,

Weighting coefficients are 1/¢* for the observation in question. 4. was

0
assumed to have¢= 2 MHz. m is the limiting free-rotor gquantum number
{see also Appendix 6). The determined parameters are [in cm'1];

F = 7.6441

v3 = 416.6

UE = =18.6
The F value obtained is comparable to the IAM results (g.v.). The U3 and
?5 results are similar to those obtained recently by Crighton and 531155.
who fitted the Far-Infrared data of Hollenstein and Winther5#, but not ﬁO’

1

and used an F constant of T7.8588 em  calculated from the structure reported

by Iijima and Tsuchiyaﬁﬁ. Crighton and Bell used an unusual definition of

Vie{), but after this is taken into account, their results correspond toj

1 1

Vo = 415.0 (1.1) em  and V., = -22.3 (1.7) cm .

3 ]
At this point, it is appropriate to comment on the physical significance

of the V. term. Quadeﬁ has calculated the contribution to the effective V

& &

term from the interaction between internal rotation and other vibrations.

In the harmonic approximation he finds the contribution to be -4.72 cmF1

for CHEGHG and -5.50 cm'1 for GHECDU. Ab=initio calculations performed by

Crighton and BellE?Ir using structures in which the methyl group is

constrained to be symmetric, indicate that the electronic contribution to

vs is ~+1 cmf*. There remains the possibility that a three-fold dependence

of the internal rotation constant has been folded inte the U'6 termTﬂ (see

also Chapter &4). The data can indeed be fitted with the following parameters

tin ::m'1];
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CHICHD Acetaldehyde..
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Torsional Potential Pragram WFIT
3 Fold Dominated Potential

40 Basis Functions

1

El
[ =
.
e

my  al Obs Obs-Calc Weight

DE- DA 1 i 0.06904860 0.0D0D0D1T 5 0.22471E+09

1E=- JE F4 1 142.03000000 D.D1816181 100.00

1A= DA =3 1] 143.75000000 =0.01774&130 100.00

2A- 1A T =3 114.41000020 =0.00044824 103.00
E.5.0. of an Observatian = 0.253939E0/5qrt (Weight)

Estimated Parameters E.5.0.

FO Tabbh135625 0.00083004

V3 416.63175229 0.08B135572

Vé -18.59500421 0.06B808352

Correlation Coefficients.,
FO v vé

1.0000
0.7986 1.0000

-0.41371 -0.8124 1.0000

Energy Levels

Iml Odd (Sin) Wfn. Even (Cos) Win.
0 rTa. 4G3238R2
1 Fh 01228727 ThaS1228727
F 216.52612564% 216.52412548
3 218.21098012) I3Z.62142835%
& 146,09925732 I66.09925732
5. 429.18B893527 L29.1BRO3527
"6 GBT.IGFE2GTT 5)6.58643621
7 589.83894404 S5E9.83894604
-] 700,21439767 TIDL21639757
9 BeT.32738413 B2T7.5719%170
10 FTD. 53442997 QF0.B3442997
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Fﬁ = 7.704

E'3 = =1.08

V3 = 422.7

“6 = =4.72 (assumed)

but the F3 term obtained is far too large to be physically reasonable.
It must therefore be concluded that the potential determination will benefit

from additional data and possibly the inclusion of even higher terms in

the potential expansion such 3552 Ug.

t i
Calculation of V. and V., for Acetaldehyde
Since the"h’6 term is expected to have no significant effect on the

2 coefficients for the partially deuterated species,
RiL}

the most straightforward procedure is to start with U3 and HE

which already have the ?6 contribution folded into them. For CH3¢HG, taking
! from the fit given earlier, and Bauder and GMnthard's

determination of U1 and V

coefficients

F = 7.6441 cm

-b, = 2070.025 MHz, gives;
Vy = 404.25 e

For CD,CHO, V. from the IAM fit of Van Eijck’’

is already in the appropriate
form. Hence:
m =1
v3 = 392.1 (5.0) cm
The weighted averages are (in cm @ );
400.2

=5
n

==
L]

396.1

Internal Rotation Constants

The F constant from the fit to the GH3CHD torsional data was used as a
guide in arriving at a structure from which to calculate F constants for
CHQDCHG and EHDEGHD. The structure used was that published by Nsberger,

Bauder and Gﬂnr.hardSE

but with the methyl group constrained to be symmetric
about the C-C bond. F constants were evaluated from the methyl end of the

molecule using effective moments of inertia. For -EH3 and -CD3 species,
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rotational constants were obtained from reference 50. For the partially
deuterated species, the data of references 22 and 26 were [itted to
appropriate A-reduction Hamiltonians and the rotatiomal constants were
used after correction for centrifugal diabor‘tionaa. In the case of the
gauche forms, effective rotational constants were taken to be the average
of those for (+) and (=) states after transformation into the PAS. F
constants for the cis forms of GHEDCHO and CHDEEHG have also been calculated,
from structure, by Van Eijck50. These are given in Table 13 for comparison
with those obtained here. F constants for CH3CH0 and GD3GHD calculated
from Van Eijck's IAM parameters are also given.

Fiel), for both partially deuterated species, again undergoes one cycle
of smooth change in 360°. Using the guantities in Table 13 therefore gives

(in cm_1l, for CH

2DCHCI;
L)
F0 = 6.3034
1
F1 = 0.2364
and for EHDEEHG;
i
Fu = 5.5588
L1
F'I = =0.1515
These coefficients are in good agreement with those obtained from a much

earlier calculation by Knopp and QuadeSg.

Data Adjustment

The procedure used was identical to that given earlier for nitrosomethane.

)
Taking the derived parameters ?3, F'::J and FI’ the CHEDCHG torsicnal data;

1 ] - T
8B = 804.5 (1) Miz and 0E___ = 15.55 cn ', were fitted to U and V,

1

yielding (in cm™ )

T
Yy
L]
v, = 34.4919

-EJ 01 TB
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Acetaldehyde Structure used for Calculation of Internal Rotation Constants

riC-H, )} |
Me 1.0966
riC—DHe)
r{C=C} 1.5005
r{C=0} 1.2038
r{c_Hald! 1.1237
A
C:E;Hﬂe 10947
C=C=0 124.72
AN
C'C'Ha[d 113.93
Bond lengths HE Angles/Degrees
Internal Rotation Constant :’cm_T
. . 50
Species This Work Van Eijck
CH3CHG T.6447 T.6405
CDBCHG &.9740 4.9380
cisthEDCHD 6.6298 6.679
gauche-CHEDGHﬂ 6.2752 -
cis-CHDECHD 5.4073 54634

gauche-CHDECHG 5.6345 -
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f Ll n

A=suming U1 = -v1 and UE = -UE. and using the derived parameters U3, FCI

L]
and F1, gave the prediction;

ﬂE; = 175.08 (cf 183.6 (1) observed) MHz

L1 =1
ﬂEE_C = =16.93 em .
L1] L] ] "

T
Assuming “l = -c'ﬂ1 and EE —cve, and adjusting ¢ to fit BE- gave;

c = 0.915
mn _1
ﬂEg—c = =15.37 cm .
In order to test these predictions, the microwave data for EISEE and

gauche26 CHDECHG were fitted to appropriate Hamiltonians and the resulting

constants used to calculate rotational energy levels. These energy manifolds
were searched for co-incidences, using assumed values for ﬂEc—g' Degeneracies

closer than 2 cm™| were printed and examined in each case.

ﬂEc—g = 16.93 |L:m"J (507.7 GHz) predicted cne close degeneracy in the range

J o= 0 — 20; 182'|?£cisl with 1Eﬁ'15¢+]. The cis 182,16 - 182.1? iz

unperturbed, so that this scheme fails. Reducing &E:_g has the property

of moving this Hazzicish, Ka:&[gauchei degeneracy to lower J,
n 1

ﬂEc-g = 15.37 em  (460.7 GHz) predicted close degeneracies at;
1&2_12tcisl ‘*’1ﬁ¢‘1gt+ﬁ and 1nq’11[—},_alsc; 122,11[cis} *+'12qg[*] and
IEﬁB[']' The cis 1&2!12 - 1&2‘13 iz unperturbed; so that this scheme fails

alsp. There is, however, a poor residual, in the cis data set, for the

10 927 transition {(+0.44 MHz). This residual could not be eliminated

1,10 7
by the inclusion of sextic distortion constants, whereas poor residuals for
the higher J ﬂKa=i transitions could be so eliminated. This suggests a
further small reduction in ﬂEZ_E to place suitable gauche Ka=ﬁ levels
slightly sbove the cis 9,,. Such a scheme gives; as"c_g = 442.4 CHz

(14.76 cm'1i and, as iz required, predicts there to be no other perturbaticns
in the observed data set. Perturbations are predicted to occur at J=14,

Ka:T and J=23, Ka=5 and J=27, Ka=# in the cis spectrum, bearing in mind

that these levels are not likely to have been calculated very accurately.
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These levels are also not associated with transitions occurring in the

frequency range covered at Bristel, and cannot easily be observed. The

calculated K doubling at J=27, KE:A is, for example, only ~2300 MHz.
ﬂE:;_E = 14.76 cm ~ for CHD,CHO must, at this stage, be regarded as

a tentative assignment, although it agrees closely with prediction. Taken

kil

T
3 and the observation; EE; = 183.6(1)MHz,

with the derived parameters, F;, F:, v

it gives (in cm“1i;
_I -
L1]

FE =

The collected results of these investigations, for nitrosomethane and

v 7.9261

=31.3045

acetaldehyde, are given in Table 14.

- T4 -
TABLE 14
Internal Rotation ParameterstaJ
Species AE= /M
p = /MHz ﬁEch FG F1 v1 vE U] awg_c

CHEDHD 922.01019) 11.20 | 6.4586] 0.2681] -17.01| 38.37 | 400.21.16.02

CHDEND 190.16(14) | -10.31 | 5.6137]|-0.1662 T4.44]=31.85 | 395.1|=13.06

CHEDCHG 804.5 (1) 15.55 | 6.3934| 0.2364 | -B.02) 34.49| 400.2| 19.86

CHDECHO 183.6 (1) |[-14.76 | 5.5588|-0.1515 T.93|-31.30 | 396.1 |-17.53

{a) all quantities in 4::m-1 except where indicated.
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DISCUSSION

Apart from acetaldehyde26 and nitrosomethane, there have been only two other

determinations of conformer zero-point energy differences in partially

deuterated methyl species. These were in methylamineﬁu, CHEDHHE, and

61’52, CHEDGHED and GHDEDHID. The asymmetric mass distribution of

the internal rotor in these species, gives rise to ang dependence of

methanol

effective moment of inertia for the torsion, even if the rest of the
molecule is considered to be rigid. This o dependence contributes to the
energy difference between torsional substates, but in all cases it is
insufficient to explain the measured energy difference. It follows, given
the Born-0Oppenheimer separation of electronic and vibrational energies,
that contributions to the energy of the torsional oscillation occur through
interactions between the torsion and other modes of vibration. These
interactions manifest themselves as modifications to Fl«) or Vi), as a
result of any « dependence in the coupling of the torsion with other
vibrations, or as a consequence of any « dependence of the zero-point

48

energy of the other vibrations . These two mechanisms will be discussed

in turn:

Potential Effects

Consider a molecule in which the torsion is frozen. Then, for a given
(fixed) walue of «, the complete vibrational Hamiltonian may be constructed
in terms of isolated vibrational modes and then transformed into the
appropriate molecular basis. The Hamiltonian for an isolated wibration is;

Htgl = P:fca- )

ﬁ;"‘
where m; is the reduced mass and “x is the potential function. Ux depends
on the complete electronic wavefunction and so is dependent on the positions
of all nuclei, but an appropriate average over all vibrations will be assumed

to exist.
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Transformation into the molecular basis reguires introduction of the coupling

between vibrations (which occurs through the kinetic energy);

— (0) . T 7
H H
1 (0) ' 1 0
-1 H H
T 2'-\\ T = 2‘\..
P (o) 0 Ny
- n L n .l

then, since the vibrational guantum number v is a good quantum number for
the ground state, a v=0 matrix may be constructed with the zero-polnt energies
of the various modes as its diagonal entries. The trace of this matrix is
the total'iern-point energy and is invariant with respect to transformation
of basis. Therefore, within the Born-Oppenheimer approximation, any zero-
point energy difference between isclated conformers must arise through an
of dependence of the potentials, and hence force-constants, of all or some
of the vibrations. In this respect, there will be a small contribution due
to a slight change in the average geometry, but the major contribution will
be due to any o dependence of the methyl group stretching and bending force
constants.

The effective potential for internal rotation, on the assumption of
no coupling between torsion and other vibrations, may then be constructed
as follows;

UMJ:%“HI+%HH

where Ee is the total electronic energy, and Ezp is the total zero-point

1
energy excluding the torsion. Now, within the Born-Oppenheimer approximation,
Eeliﬂl is three-fold symmetric; therefore, any difference within the minima
of the effective potential is the zero-point energy difference between the
hypothetical isolated conformers. *

The above is the physical basis for the incremental potential theory
given earlier. The assumpticns inherent in that theory are therefore;

1} that the Bern-Oppenheimer {electronic/vibrational) separation is

valid.
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2) that the slight changes in the reduced masses of the various
vibrations, on geing from one isotopic species to another, can
be neglected,
3) that there is no coupling between the torsion and other vibrations.
The third assumption is by far the worst and results in a breakdown of the
incremental approach in the event of a vibrational contribution to the

torsional kinetic energy.

Kinetic Effects

The torsional eigenvalue spacings at v=0 are not eguivalent to isolated
conformer zero-point energy differences, firstly because of the & dependence
of the rigid top-rigid frame internal rotation constant (q.v.), and

secondly because of tunnelling, which causes the isolated conformer description
to break down. The addition of the torsion, however, completes the total
vibrational Hamiltonian, so that the sum of the v=0 torsicnal eigenvalues is
equal to the sum of the conformer zero-point energies, provided that each
conformer zerc-point energy iz taken as the sum over all vibrations including
the torsion., The zero-point energy differences between isclated torsionless
conformers may therefore be obtained by correcting for the torsion, i.e.

by taking the differences between the minima in the effective torsional
potential, but oply if there is no ecoupling between torsion and other
vibrations., The effect of coupling is to alter the distribution of energy
between the torsion and other modes and hence to modify the rate of
tunnelling. This is eguivalent to a vibrational contribution to the effective
mement of inertia of the torsion and hence to Fiet). Furthermore, this
contribution may be strongly « dependent. The molecules under consideration
have Cs imirror symmetric) forms, in which only ﬂ“ vibrations may couple

with torsion in the normal-coordinate description, and E1 (asymmetric) forms
in which all vibrations may couple with torsianﬁ3. The degree of coupling

will also be expected to change for different isotopic species, which places
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a limitation on the applicability of the potential increment thecry. This
limitation occurs because the potential and the kKinetic contributions to
the torsion, from other vibrations, cannot be distinguished using torszional
data alone, 1l.e. changes in F(&) may be modelled by changes in V(<) and

vice versa6'10‘59

1
obeyed approximately in the investigations given earlier, is therefore

. The result that the rule V; = =V and vé = U;, was only
probably due mainly to a pseudo-potential contribution from the coupling
between torsion and other vibrations. It is remarkable, however, that the
incremental approach was so successful, especially with the inclusion of
the scaling factor c¢. This may indicate that a substantial cancellation

of coupling effects can be expected, with ¢ representing a correction for

the differences in ccoupling between the -CHED and ~CHD, species in each case.

Methylamine

The first determination of a conformer zero-point energy difference, for
a partially deuterated species, was that in CHEDNHE. In this case,
Tamagake and Tsubciﬁﬂ determined the trans-gauche energy separation, ﬂEtE,
from variations in microwave inversion splittings. There are two large-
amplitude internal degrees of freedom in this molecule; rotation about the
C-N bond and inversion at the nitrogen atom, and these two processes allow
alternative paths between minima in the potential energy surface. The

investigators were therefore able to calculate AE from the spectroscoplc

tg
inversion parameters, and subsequently to confirm it precisely by identifying
perturbations due to trans < gauche interactions. They reported

AE, = T.060 cm'1 and combining this with other microwave and Far-infrared63

te
torsional data, calculated a set of torsional parameters. They noted a
considerable difference between their fitted F(«) and its counterpart
calculated from structure, and attributed this change to coupling between

torsion and other vibrations. This interpretation may, however, require

some modification, as will be shown.
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MckKean and cu-worker323 have made extensive use of iszolated C-H

stretching frequencies to determine properties of C-H bonds. Their work
is based on the idea that the stretching frequency of a C-H bond, observed
free from Fermi Resonance, corresponds closely to that of an isolated
oscillater. In this approximation, the C-H stretching force constant may
be deduced directly. These isoclated C-H stretching frequencies might also
relate usefully to conformer zero-point energy differences as described
above.

If the isoclated C-H bond is assumed to be a harmonic oscillator, its
absorptiaﬁ frequency is given by;

' 1 [k
W(C-H) = 57 J o
where k is the average force constant..

The zero-point energy is;

(0) N
o |Honl o> =3 ‘E* = 3hyl(C-H)

If the rest of the molecule is assumed rigid, as required for the oscillator

to be isolated;

m, (M-m,}
ot o Ho

where M is the molecular mass and Mgy is the hydrogen atomic mass.
Isolated C-D stretching frequencies cannot be observed for the type of

molecule under consideration here, but a hypothetical isolated C-D stretching
frequency, on the assumption that the force-constant is unaffected by

substitution, is given by;

Yic-I) = Y(C-H) EE = Y{C-H] | ™ (M-m,)
w3 my (Hem )

This provides a simple method, for estimating the C-H stretching contribution
to the conformer zero-point energy difference in partially deuterated methyl
species, by observing the difference between C=H stretching frequencies in
different rotamers, and by observing that;

B & 313 (C-H)  etc.
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in equations 5 and & of the potential increment theory given earlier

(page 55).

Hence, in the absence of torsion-vibration coupling;

BV gy ¥ 203 (C-H)=Y, (C-D)+)/ (C-D}-3 (C-H) ]

g
2 3[1-|"H . ] (%, (C-H)-) (C-H))
'EE- g

Similarly;

ﬁ"".‘f-‘]_m _H)=y {CoH
Voo 3( 'EEJ rqi{c H)=)), (C-H))

where, by definition;

- -2
ﬂvgt = -ﬂVtE = ﬁ{U1+V2}
For CHD,NH,, McKean and E111s%4 report (in cm™');

2
Eéic-ﬂi = 2955.5(5)  (gauche form)

1%{C-HJ = 2B80.0(5) {trans form)

which give;

" -1
ﬂvtg = =10.63 cm

Lpplying a small correction to the observed W(C-H) frequencies for the

change in reduced mass on golng CHD
1 -
AV, ¥ +10.62 cm !
te

This is in favourable gualitative agreement with &Etg = T.06 cm-l, but not

5 -CHED gives;

in agreement with the reported internal-rotation parameters. Tamagake and

Tsuboi®® give (for V. !

g = 0 in cm

1}

37.815

-26‘ . 006 . c

AV = -8.86 cm .

It follows from these potential parameters that although the trans zero-

point lies above the gauche, the trans potential minimum lies below the

gauche. This artefact can be traced to their large value of F2 = 2.3 cm‘1.
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As mentioned before, kinetic energy parameters may give rise to pseudo-
potential effects and vice-versa. The simultaneous determination of Fil&f)
and V() is therefore, at best, unreliable. Thelir torsional data, corrected

for nitrogen inversion effects, were therefore re-analysed with the

coefficients of F{&) held constant at the rigid top-rigid frame valuesﬁa.

9

]

This gave (in cm

HI = 6.10
[ ]

V, = =16.45
hence;

m.r;g} 7.76 cn”

This compares very favourably with the quantity calculated from the C-H
stretching force constants, bearing in mind that torsion-vibration coupling
and any o, dependence of C-H bending force constants have been neglected.

It appears to indicate in this case that the observed aEtE arises mainly

from the & dependence of the C-H stretching force constants.

Methanol

Conformer zero-point energy differences in the partially deuterated methanol
species were investigated by Serrallach, Meyer and Gﬂnthard51 during the
course of an extensive valence force-field refinement. These authors
initially adjusted force-constants from the vibrational fundamentals of the
four symmetrically substituted species, CH30HHD and CD30HID,and found, in
the wibrational potential function, that significant deviation from local
C3v symmetry of the methyl group was required in order to reproduce the
observed methyl C-H/D stretching frequencies. This initial force field
predicted the fundamentals of the four partially deuterated species,
GHEDGHID and EHDEUHID, with good accuracy, the partially deuterated data

being used for subsequent refinement, and also enabled the conformer zero-

point energy differences to be calculated. They predicted the trans form
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to be more stable than the gauche in the ~CHED species, and the reverse

in the -CHDE species, the differences being +9 cm-1 for -CH species and
1

+10 em” for -0D species. These predictions were approximately confirmed

by study of rotamer interconversion rates in low-temperature inert-gas
matriceaﬁz. The results were held to be consistent with the methyl in-
plane (trans) C-H stretching force-constant being greater than the out

of plane (gauche) force constants. This is alsec directly evident from the
CHDE species (i.e. ~isolated) methyl stretching frequencies which were

reported (in cm"IJ;

CHD.OH  CHD,OD
}{ (C-H) 2978.8 2080.2
}é {C=H) 2919.3 2019.5

Hote, incidentally, that the trans-gauche splitting of »{C-H]) is in the

64}‘

opposite sense to that found for methylamine (lone-pair trans effect

Nitrosomethane and Acetaldehyde

HcKeanEJ has reported the methyl C=H stretching frequencies of CHDECHO as
(in cm )3

lé[C—H] 3002

;é[C—HJ = 2945

r -
Jsing these data, as before, gives a contribution to ﬁug-c of +8.12 cm 1.

This is in good agreement with an estimate of +8,33 cm-1 obtained from a

more complete normal co-ordinate analysiszﬁ. It is also in agreement with

the direction of shift obtained from the microwave analysis of CHEDCHD data

r -
[AE = 15.55 cm 1]. The C-H stretching contribution is, of course, not

E=C
expected to account completely for the observed torsional spacing, but it
is probably the main single contributeor. Moreover, the same situation

should be expected to prevail in nitrosomethane since there iz some
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indication that, in general, for a -GH3 group adjacent to a double bond,
the C-H bond in the plane of the double bond is stronger than the out of

plane bondfa.

Concluding Remarks

It is clear that a major contribution to the conformer zero-point energy
differences, in molecules with a partially deuterated methyl group, is
attributable to asymmetry in the C-H stretching force-constants. 3uch a
conclusion is consistent with the observation that isclated C-H stretching

23 and is also

frequencies differ between conformers of the same molecule
a further indication that, in general, the methyl group does not possess
Ejv symmetry, but has only the symmetry of the molecule as a whole. This
asymmetry, in the case of acetaldehyde, has also been predicted by the
high=level ab=initio calculations of Pulayzﬁ. Furthermore, the ordering
of the torsiocnal eigenvalues in partially deuterated species is dictated
by the resulting vibrational contribution, unless changes in torsion-
vibration coupling, or the of dependence of the internal rotation constant,
make contributions which offset this effect.

The observation that the symmetry of the methyl group is affected by
its environment relates also to the extramolecular surrcundings. McPhail,
Snyder and Straussﬁs have made sclid-state variable-temperature studies of
the splitting of the asymmetric stretching vibrations of the 'CH3 terminus
in long-chain alkanes. The stretching freguencies, and hence force-constants,
were found to exhibit an apparent cos 5« dependence in the region of the
torsional minimum, this being attributable, at least in part, to inter-
molecular effects. Such environmental effects also relate to other systems.
For example, by {reezing out the 180?% flipping motion of weakly bound HOD
in the crystalline hydrates Haﬂloq.HEG and LiI.BHED, two distinct O-D

stretching freguencies are observedﬁﬁ. Similarly it has been shown that
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HH3D+ ions, in HHquUﬁ crystals, have four possible orientations of the

N-D bond at low temperatures, two of which are degenerateaT.

- 85 -
CH,DRO AND CHD,.NO DATA

Raw data and details of least-sguares data adjustments are given in the
following pages.

Hypothetical line centres for gauche-GHEDHG (Table 15) and gauche-
CHDEHG (Table 21) were fitted to the Hamiltonian given on page 21, using
the computer program given in Appendix 7. Hypothetical centres for the
cis-forms (Tables 19 and 25), obtained mainly from reference 17, were
fitted to the v=0 part of the same Hamiltonian. Additions to the cis-data
sets, made during the course of this work, are given in Tables 20 and 26.

Individual hyperfine components and residuals from the quadrupole fit
are given in Tables 16 (for CHEDHD} and 22 (for CHDEHUJ. F is the total
angular momentum quantum number. AF = +1 transitlons are labelled Ffdh F,
AF = 0 transitlons are labelled with a single F [i.e. implying F< F).
Where two gquadrupole components overlap, the frequency is taken to be the
intensity weighted average of the two. HRelative intensities of gquadrupole
hyperfine components were obtained from reference 42. The anomalous

J=1 = 2 hyperfine patterns of gauche-CH_DNO have already been given on page 40,

2
State mixing parameters, which were used to correct the observed

quadrupole splittings for the effects of internal rotation (see pages

36 = 38 for details) are given in Tables 17 and 23. After correction,

splittings were fitted to R;a and {ILb - HEC} {Tables 18 and 24) using the

b

obtained from rigid-rotor calculations,; using the effective PAS rotational

computer program given in Appendix 4. <P;>. <PZ» and <PE> values were

constants which appear in Tables 2 and 3 (pages 32 and 35). (+) and (-)
states were treated separately for this purpose.
The unresolvable effects of deuterium {(I=1) guadrupole coupling were

neglected throughout.
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TABLE 15

Gduche Mono-deutero Nitrosomethane. CHZONO.

A REDUCTION REPRESENTATION IIR

UPPER LEVEL LOWER LEVEL V=0 CHAR
v J Ka Ke vV J Ka Ke CBS/MHz oBsS-CALC WEIGHT xu "L
1 1 0 1=1 0 0 0 20218.55 =0.010 a - 0
0 1 0 1-0 0 O 0 20220.32 0.0460 100 - 100
0 2 1 2=-0 1 1 1 3I9569.95 D.158 92 = B7
1 2 1 1 =1 1 1 0 &1304_32 =0.012 3 = 3
1 g 0 2 -1 1T 0 1 40423 68 N.0%1 o - 0
0 2 0 2-=0 1 0 1 40&27.20 D.166 100 - 100
0 4 1 1 =1 b 1 1 1167400 -0,.082 75 = 0
0 2 1 1 -0 1 1 - 4183320 -0.196 75 = 7o
1T 2 1 2 =1 1 1 1 39045_.18 0D.o00% 2% - 30
1T 2 1 2-0 1 1 0 39711.48 0.190 2% - 70
1 i 0 03 -1 2 1 K 1617907 0.046 0 = 25
o 3 0 3 -0 2 1 2 15924_.92 D.014 100 - 92
0 & 0 & =0 3 1 3 3I7ISE_&7 -D.084 100 - 20
1 & 0 4 -1 3 1 3 37593.41 =0.03%0 o=- 18
0o & 1 3 -0 4 1 & 030.72 -0.133 BL - &9
1 [ 1 T =1 & 1 K 00773 -0 00L& 11 = 16
1 3 1 4 =1 S 1 5 1369117 -0.01@ 12 = 15
0 5 1 4 -0 5% 1 5 13525.6%9 0.011 8% - BE
1T & 1 5 =1 & 1 & 1BE7I.B3 n.ooz2 12 = 15
n 5 1 5 =0 &6 1 ] 1891987 -0,037 285 = 28
1 6 1 6-0 & 0 & 3797818 =-0.208 15 = 100
o 7 1 &-=0 & 2 S 15947.30 -N.5673 0,000 86 - Bé
o ¥ 1 6=-0 T 1 T 25207.%3 =0.069 86 - B7
1 T 1 &6 =1 T 1 T 25143.58 -0.021 13 = 14
1 8 1 7 -1 8 1 8B Z2298.7H -0.028 13 - 14
o8 1 7=-0 8% 1 & 3IZ2I80.91 D.127 846 - BR7
0 8 1 ¥=-0 T 2 & 39548_.3%7 =0.199 B6 - TS
1 B 1 7 o0 7 2 5 40081.81 D.068 13 = 71
0 2 1 8=-0 9 1 9 4LO&LI2_LT L LRSS 0.000 B& - &7
T 2 1 8 -1 9 1 % 40326.566 0.095 13 = 14
1 10 110 - 1 9 2 7 I4800.21 1.873 0,000 14 = 34
o011 2 9 =011 210 10256 -0.054 51 - 57
1 11 2 9 111 2 10 F108.34 -0.090 £0 = 51
n12 210 = 0 12 2 11 12519.95 =0.,038 53 = 58
112 210 - 112 2 11 12%2&6.6% -0.0%5% &1 = 50
o1z 2 11 013 212 16734.67 -0.023 5% - 55§
113 2 12 112 3 10 28332.95 -0.013 £9 = 18
013 2112 =112 3 & 27473_83 0.108 55 - 5
013 & 10 - 074 311 3548111 -N.002 100 - 59
Y13 & 9 = 1 14 3 12 ITIQR LN 0.088 o - &1
013 & 9 =014 3 12 IT0944D =-0.007 100 = 20
1 13 L 10 = 1 14 M ISTEL.18B =-0.0&1 0o - 11

LT 13 211 -1 1% 212 1674180 =0.10%9 41 = 49
014 212 - 014 213 21807.25 D067 56 - 5%
014 L 11 = 01% 312 14391.69 -2 LTkl 0.000 100 - &8
014 & 10 -015% 3 13 14708.72 =3.163 0.000 100 - 87
114 & 90 - 1T 15 3 13 16977.14 N.084 ag-=- 31
1 14 & 711 =115 312 14666.90 =-0,127 o = 14
T 16 212 =114 2 13 Z21814.20 =D.0%8 41 = 4B
D15 2 13 - 01% 2 14 eTTRILTE D144 57 = 5S4
1 1% 213 - 11% 2 14 ETTPRILG? =0.006 £0 = 48
016 216 = 014 2 15 ILADL. TR 0.043 59 = 54
116 2 14 = 116 215 34L69B.65 D.013 &0 - &8
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TABLE 15 (cont/d)

UPPER LEVEL LOWER LEVEL V=0 CHAR
Vv J Ka Ke Vv J Ka Kc OBSSHMHz OBsS-CALC WEIGHT %u %L
D17 3 15 =0 186 4 12 2393165 1.81é 0,000 83 - 99
117 315 -1 16 & 12 2370B.TO -0.182 24 = 1
117 3 14 = 1 16 & 13 2B3T76.46 D168 18 - 1
D17 14 = 016 & 13 2RBE10D.BL -0,.022 T4 = a8
01" I 16 -01% 3 17 83516.03 -0.031 s - B
119 3 16 -1 19 3 17 Bavs.17 n.oov 22 - 22
020 317 =D 20 3 1B 11%317.2% D.009 T4 - BD
1 20 317 =1 20 IR 11291 0.003% 23 - 22
02 3218 = 0 21 3 1% 14T7TRZ.93% 0.D28 T4 = BN
1 21 I 18 - 1 21 T 1% 14753%3.02 -0.024 &5 = 22
T 22 & 19 = 1 21 S 146 35511.4D -9, 164 0.000 3 - 1
D22 L 18 - 0 21 5 17 I6998,.40 eT.042 2.000 9F = a9
122 & 18 =1 21 5 17 369%1.78 -9_,93% D.000 3 - 2
122 319 = 122 3 20 1B9AI.TH =0.104 27 -~ 22
022 319 = 0 22 3 20 18998.13 D.034 72 = T8
oD 22 L 19 = 0 21 5 14 I5553.15% eTL.870 0,000 g7 = 78
023 3 20 =023 3 21 240462.26 0.131 1 - 79
1 23 3 200=-1 23 3 21 Z24003.89 -0.065 29 = 27
0D 26 3 21 =0 24 3 22 290BS_L& 0.057 &% - T8
1 24 I 21 =1 24 3 22 2O9L3 B3 =11 .15%1 i1 - 2
025 3 22 =0 25 3 23 ZABESLED -N.048 47 = T8
1 2% I 22 -1 2% 323 I68L2.14 0,066 32 - ez
028 & 24 = 0 28 & 25 BB&ALES n.&0% 21 - 94
1 28 & 26 = 1 28 & 25 B851,.22 0.262 g - &
0D2% & 2% = 0 29 4 264 1147927 -0.435 90 - 93
129 & 25 = 1 29 & 26 11463.11 =0.302 11 = 7
130 4 26 =1 30 & 27 14672.11 D.210 12 = ]

Parameter Value E.5.0D.

BE/MHz 922 008347 0.193892
C Txz/MHz 306.309407 0.0383%4
TifKHz 2. 367001 D.798607
Tk1/KHz -0.000058 0.o00010
Tk2FEHZ -0.186310 0.019902
X0 fMHz P7B0.723283 N.060245
YOfMH 2 EE0IB.T716350 D.0%6142
IDfMHZ 10639, 568548 060912
X1/ MHz @7E1.038728 D.039704
Y1/MHz 56037.881299 D.102322
I1/MH2 10437.553551 D.0L2478
DJOSEHEZ LT BIBTLZ 1625225

DJKDJEHZ =1221. 9814659 £.095394
bEO/KHZ TOI_6L2359 6.835300
di0fEHZ =21B.45172¢4 N.BELSZ24
dK0/KHz 190, 712437 31.3720948
bJ1/KHZ £51. 0725483 1.915322
DIETFEHZ =1232.032436 P ETTI56
b1/ KEHZ 7055053322 T.TOBSLY
dd1/KHZ -222.083615 1.076%902
dKk1JKH2 I92. 286146 2.TL2169

Weighted S.D. of Fit 0.1LB955% MHz
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Transltions Showing Resolvable Hyperfine Structure

- BB -

Gauche-CH..DNO

R-Branch

(For discussion of J

1 — 2 Transitions see text)

Relative to
Transition F'¢ F Obs/MHz  Hyp.Cent/MHz Obs-Calc «/MHz
353 2;2 3,2 -2 15925.54 1.52 0.098 -6.00 (16}
4,3 -3 15923.54 -0.48 -0.072 Weak line
2 -1 15922.60 -1.42 -0.007
353 2;2 3,2 -2 16180.58 1.51 0.088 -6.05 (16)
4,3 -3 16178.58 -0.49 -0.082 Weak line
2 =1 16177.69 -1.38 0.033
“+nﬁ 3:3 4,3 - 3 37360.01 1.34 -0.006 -5.36 (16)
S,4 = 4 37358.23 —0.44 0.008
3 -2 37357.59 -1.08 -0.002
“En 3;3 6,3 - 3 37594 .65 1.24 =0.106 -4.97 (16)
S,4 = 4 37593.00 -0.41 0.038 Partially
3 2 37592.40 =0.01 0.068 resolved
Tie 6;5 T-6  15968.63 1.33 -0.073 -5.31 {19}
8 -7
6 5% 15066.64 =0.66 0.039 Weak line
E;T ?gﬁ 8 -7  39549.66 1.34 -0.041 -5.36 (19)
3-8 0.6 0.019
T 6‘% 395"1?-55 - " ? "
8.7 T2 g ; -
7 6} 40081.14 -0.67 0
1{11' 16 957 o-8 34801.43 1.82 0.001 +8.29 (16}
d 11 - 10 34801.09 0.88 -0.027
10 - 9 34798.14 -2.07 0.025
" -
132,12 = T%39 :i _ :;} 27974.01 +0.18 o
13 - 12 27973.5
- +
135 12 = 1239 15 ]; 28333.10 0.15 -0.034
13 - 12 28332.66 -0.29 0.078

Contsd
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GauchE~EH2DNO Q-Branch
Helative to
Transition F Obs/MHz Hyp.Cent/MHz (Ob=s-Calc X /MHz
n;E - a:& 4 033,53 2.81 -0.060 -11.24 (16)
] 9029.70 -1.02 0. 024
3 9028.71 -2.01 0. 040
by = Ao, & 9010.58 2.85 -0.020 -11.38 (16)
5 9006.67 -1.06 -0.016
3 9005.73 -2.00 0.050
51, - 5;5 5 13528.55 2.86 -0.009 —11.47 (16)
6 13524.54 -1.15 -0.047
4 13523.81 -1.88 0.033
SIQ - 5;5 5 13494 .07 2.490 0.031 =11.61 [16)
(31 & 13490.04 -1.13 -0.027
4 13489, 24 -1.03 -0.017
515 - 613 6 18922.74 2.87 0.003 11,47 (16)
(3t} T 18918.74 -1.13 0.017
5 18918,03 -1.84 -0.016
6;5 - &;6 6 1887473 2.90 0.033 -11.59 [16)
7 18870.68 -1.18 -0.003
{TH) 5 18869.98 -1.85 -0.026
s;ﬁ 55& 7, 5 37978.83 0.65 0.039 +5.23 (19)
[ 3T7976.87 =1.31 -0.087 weak
?;6 - ?;? 7 25210.20 2.87 0.007 =11.48 (16)
{IH) a 25206.14 -1.19 -0.011
: & 25205,57 -1.76 0.002
?;ﬁ - ?;? i 25146, 44 2.86 -0.003 -11.43 (16)
() ) 25142.41 -1.17 0. 009
6 25141.82 -1.76 0.002
a;? - B;a g8 32383.36 2.85 -0.006 -11.41 (16}
(JH) g 32379.30 -1.21 -0.007
7 32378.80 -1.71 0. 004
S;T - &g 8 32301.62 2.86 ' 0.004 -11.45 (16)
9 32207.56 -1.20 0.003
{TH) 7 32297.03 -1.73 -0.016
9g 979 g 50435, 31 2.84 -0.008 -11.358 (16)
10 40431.26 -1.21 0.010
8 40430.78 -1.69 -0.015
QIE - 9;9 9 40329.50 2.84 -0.007 -11.36 (16}
10 40325. 44 -1.22 0.000
8 40324.99 =167 0.005%
11;g - 11; 1 11 £ 9103.39 0.83 -0.009 -3.31 (19
! 10,12 g102.15 =041 0.009
‘159 - 115 40 11 9109.16 0.82 -0.021 =3.28 (19)
’ 10,12 9107 .93 =041 0.011
125 10" 125 . 12 12520.95 0.97 0.005 -3.87 (19)
' ' 11,13 12519.50 —0.48 0.003
12; 10 " 125 19 12 12527 .65 0.97 0.003 -3.87 (19)
' ' 11,13 12526.20 -0.48 0.004

Cont/d
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Gauche-CH_DHO Q-Branch
Relative to
Transition F Obs/MHz Hyp.Cent/MHz (bs-Cale */MHz
13; " 13; 12 13 16735.72 1.10 0.012 -46.40 (19)
' 4 12,16 16734.07 -0.55 -0.006
135 " 135 12 13 16T42.90 1.10 0.010 ~4.80 (19)
; 'S 92,14 16T41.25 -0.55 -0.005
l#; 12 145 3 14 21808, 45 1.19 -0.017 -4.77 (19}
' ' 13,15  21806.66 -0.60 0.004
Thy 4n = 14, 13 14 21815.40 +1.20 -0.009 —4.80 (19)
' ' 13,15  21813.60 -0.60 0.005
155 13 155 15 2778507 1.35 0.032 -5.41 (19)
’ d 14,16  27783.04 -0.68 -0.021
155 13 155 14 15 27790.94 1,32 0.000 -5.28 (19}
’ " 14,16 0 27788.96 -0.66 0.000
16; 14 155 15 16 34696,22 1.44 0.020 -5.76 (19)
4 ' 15,17 34604.,06 -0.72 -0.010
155 14 155 15 16 34700.11 1.46 0.037 =584 (19)
d ' 15,17 34697.92 -0.73 -0.019
192 197 19 8516.42 +0.39 —0.014
3,16 377 48,20 8515.84 0.9 0.013
197 195 19 8495.56 +0,39 -0.012
BT THIT 45,20 B4ga.08 -0.19 0.012
20 207 20 1131771 0,46 -0.020
3,17 318 4521 1137.02 ~0.23 0.011
207 20 20 11292.40 0.49 0.012
317 318 49,21 11291.66 -0.25 0,011
213 1 - 215 g 2 14783 .46 0.53 -0.032
' ' 20,22 14782.66 -0.27 0.012
2:; 18 = 213,19 21 14753.57 0.55 -0.010
' ' 20,22 14752, T4 -0.28 0,001
22 227 22 18998.78 0.65 0,001
319 7520 50y 15997.80 -0.33 -0.005
22t 22t 22 18964.38 0.62 -0.026
319 7320 5075 1ges3.a5 -0.31 0.014
237 237 23 268043.01 0.75 0.012
3,20 32V 25 24 24041.89 0,37 0.000
+ +
23 23 23 24004 .63 0.74 0.005
320 THA 5554 24003.52 ~0.37 ~0.002
2&5 a1 24; 25 24 29986.31 0.85 0.022
! ' 23,25  29985.04 -0.42 -0.005
24t 247 24 29944 ,69 0.86 0.035
3,21 3122 5305 29943.40 -0.43 -0.017
252 25 25 3I6886.7T 0.97 0.052
322 77323 5. 56 36885.32 ~0.48 -0.020
25 - 25t 25 36843.09 0.93 0.015
322 23 5,006 3esat.70 ~0.46 -0.001
Mote: (JH) obtained from Ref. 43.
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State Mixing Parameters CH.DNO Qa

,

Yo

E® - ES| /MHz

313.22 MHz

1 2 g/ Cos? @ 3in® @

1?0 174 225.8 35.09  0.6695 0.3305

175 17, 1574.1 10.85  0.9646 0.0354

27 2, 2029.1 8.58  0.9778 0.0222

27, 23, 3370.6 5.26  0.9916 0.0084

37, E 4733.8 3.77  0.9957 0.0043

37, 3:3 6065.3 2.95  0.9974 0.0026

a:3 47, 8339.6 2.15  0.9986 0.0014

b1y q:q 9657 .7 1.86  0.9990 0.0010

514 515 12845,2 1,40  0.9994 0.0006

514 515 14146.5 1.27  0.9995 0.0005

5;5 66 18248.2 0.98  0.9997 0.0003

615 61g 19529.3 0.92  0.9997 0.0003

e Tig 24544 . 4 0.73  0.9998 0.0002

e T;T 25802.0 0.6¢  0.9999 0.0001

a:? 8g 31727.0 0.57  0.9999 0.0001

81, 87q 32957.6 0.54  0.9999 0.0001

g 99 39785.9 0.45  0.9999 0.0001

g M 40986.1 0.44  0.9999 0.0001

107 40 1ﬂ;g 48706.8 0.37  1.0000 0.0000
5;5 62, 823.7 18.63  0.8980 0.1020

Tae Tos 1543.2 11.05  0.9633 0.0367

9 G 4136.1 4.31  0.9944 0.0056

115,10 M5g B880.6 2.02  0.9988 0.0012
13 10 1159 9228.2 1.94  0.9989 0.0011
125,11 125710 12282.9 1.46  0.9994 0.0006
125,1I 'm;10 12672.1 1.42  0.9994 0.0006

Cont/d
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State Mixing Parameters CH.DHO
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'E}a = 313.22 MH=z

ES - E?|/MHz
1

?¢1 géé ? 8/ Cos® @ Sin? @
13; 12 135 iy 16475.8 1.00 0.9996 0.0004

H k)
133 5 135 1 16910.7 1.06  0.9997 0.0003

¥ £
1&5,13 1“5.12 21521.2 0.83 0.9998 0.0002
1#5113 14;’12 22006.5 0.82  0.9998 0.0002

4= -

1 1 27466, ) ) .

52,14 52,13 T466.0 0.65  0.9999 0.0001
155,1& 15; 13 28006.5 0.64  0.9999 0.0001

k]

167 "
6315 152,14 34341.6 0.52  0.9999 0.0001
165’15 155,1ﬁ 34042, 7 0.51 0.9999 0.0001



TABLE 18 - 93 -

Program Chi.
Quadrupole data - g=~CH,DNO.

Number of observations = 372

J Obs/MHz Res/MHz Weight
2+ 1 2= 3+ 0 3 -4.19000 -0.50123 0.00000
2= 1 2-3-0 3 -6.31000 -D.52202 0.00C00
I+ 1 3= 4+ 0 4 ~5.39000 -0.00410 1.00009
-1 3= 4-0 & -5.02000 D.36459 J.00000
&+ 1 3= 4+ 1 4 =11.27000 0.21161 1.00000
b= 1 3= 4- 1 & -11.41000 0.07160 1..00000
5# 1 4= 5+ 1 5 -11.49000 -0.01379 1.00000
5= 1 4= 5= 1 5§ -11.63000 ~0.15384 1.00000
6+ 1 5= 6+ 1 6 =-11.4 8000 =D.01368 1.00000

= 1 S= 6= 1 & -11.60000 =0.1337%8 1.00000

6- 1 6= 6+ 0 &6 5.23000 0.33680 0.00000

6+ 2 S= 7+ 1 6 -5.43000 0.18194 0.00000

7+ 1 &= 7+ 1 7 -11.4 8000 -0.22%87 1.00000

7- 1 &= 7= 1 7 -11.43000 0.0199¢4 1.00090

7+ 2 6- 8+ 1 7 =5.42000 0.10371 D.70914

B+ 1 7- B+ 1 8 -11.41000 0.2155%% 1.00000

- 1 7- B- 1 B8 ~11.45000 -0.028E0 1.00000

9+ 1 B=- 9+ 1 9 -11.38000 0.01015 1.00003

- 1 8- 9-1 @ -11.36000 0.12962 1.00000

9- 2 7=10- 1 1D R.28000 =0.10172 1.00000

11+ 2 9=11+ 2 10 =3.31000 D.04678 0.70914

M= 2 9=11= 2 10 =3.28000 D.18464 0.70914

12+« 2 10=-12+ 2 11 -3. 87000 -0.071097 0.70914

12=- 2 10=12=- 2 1 -31.87000 =0.30244% 0.7091¢4

13+ 2 11=13+ 2 12 =L.40000 -0.34751 D.70914

13- 2 11=13= 2 12 =L .40000 -0.J3856 0.70914

T4+ 2 12=-14+ 2 13 -L.77000 0.35635 N.70914

T14- 2 12-14- 2 13 =L _ BOOOOD 0.73549%9 J.70214

15+ 2 13=15+ 2 14 -5.41000 -0.13834 0.70914

15- 2 13-15- 2 14 =5.28000 0D.20075 2.70914

16+ 2 14=146+ 2 15 ~5. 76000 -0.37824 OD.70914

T16= 2 14=16- 2 15 -5,.B84000 =0.14%40 2.70914

EeS-Da. of an Observation/MHz 0.979281/sqrt{Weight)

Chiaa = N.454L2 MHz esd 0.26156
Chibb-Ckhice = =-11.48486 MHz esd 0.02127
Chibb = =5.96964L MHz esd 0.131 21
Chice = 5.51522 MHz esd 0.13121
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TABLE 19

Cis Mono-deutero Nitrosomethane, s=-CHZ2DNO,

A REDUCTION REPRESENTATION TIR
UPPER LEVEL LOWER LEVEL
J Ka K¢ J Ka Kt 0BS/MHz 03S-CALC WEIGHT
1 0 1- 0 0 0 20BB7.31 -0.027
1 T 0- 1 0 1 41705.467 0.007
2. 0 2= 1 0 1 41736.97 -0.03¢
2 1 2- 1 1 1 uD344.36 -0.025
I 1 2- 3 1 3 BSTBa.5? 0.037
3 2 2- 4 1 3 32370.88 =-0.154
30 3 - 2 1 2 2342B.32 -0a117
A 1 3 = 4 1 4 L2933 66 -0.,007
F 2 2 - S5 1 S5 3I0040.87 D.0B4
5 1 & - 5 1 S 21428.82 0.038
& 1 S = & 1 & 29971_.26 0.021
7T 3 5 - B 2 &6 32015.09 0.206
7T 3 4= B 2 7 3IOEBZ2.10 D.0O78
7 1 &= 7 1 7 3I0R90_29 -0.079
B 3 S - 9 2 B8 19999_49 -0.,092
? 1 9 - B 2 6 23716.29 -0.035
2 2 7= 9 2 B 11%98_1¢ -0.021
10 2 8 =10 2 9 1931.81 -0.059
M 2 8= 9 I 7 1666180 -0.327 0.000
10 110 - 9 2 7 32794.89 -0.035
M 111 - 10 2 8B 3I0779.5S 0.04%
11 & 7 =12 3 10 34678B.S52 0.091
11 & 8 - 12 3 9 31676.51 =-0.072
11 2 9 =11 210 23660.2%5 -0.058
12 211 - 11 3 B 35404.69 -1.0L4 0.000
12 2 10 - 12 2 11 31Bé61.46 -0.019
13 2 11 = 13 2 12 L1570.43 D.074
15 312 = 14 & 11 3R&42.06 D.237
15 5 11 = 16 4 12 30064.1%9 31,480 0.000
15 S 10 - 16 & 13 31032.66 -25.221 0.000
15 3 13 = 14 4 1D 27946.90 D.185 :
1% 3 12 - 15 3 13 10339.50 -0.019
16 313 - 16 3 14 15689.25 -0.06%
17 3 14 - 17 3 15 20278.80 -1.0%6 0.00D
18 &4 15 - 17 5 12 12133.27 D024
18 3 15 - 18 3 16 27273.83 fbaB811 0.022
18 4 14 - 17 5 13 1L590.82 D.229
19 4 16 - 18 5 13 33758.06 -D.389
19 4 15 - 18 5 14 3I7432.99 -0.207
19 6 14 = 20 5 15 27701.19 -0.000
17 6 13 - 20 5 16 28026.86 -0.062
19 3 16 - 19 3 17 3I5790.83 17.047 0.000
22 518 - 21 6 15 155946.87 -0 002
22 5 17 - 21 6 16 16L24.30 ~D.216
22 4L 18 - 22 419 11191_.0% -0.003
23 5 19 - 22 &6 16 IVSLL_B? Da142 .
23 4 19 - 23 4 20 15420.03 6a533 0.000
23 5 18 - 22 6 17 3IBB19.50 0.091.
24 4 20 - 24 & 21 2081B.6&3 11.532 0.000
25 4 21 - 25 &4 22 2756B.25 19.213 0.000
26 4 22 - 26 4L 23 ISR28.96 I0.6046 0.00D
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Table 19 (cont/d)

Parameter Value E.5.D0.
X/MHz 9729.113808 0.016168
Y/ MHz 51434 .831547 0.072564
Z/MHz 11158.25%6217 0.019133

DIJKHZ 227.93932% 0.5L BLB3
DJK/KHZ -612.156829 4.594572
. DKJKHz 398.045981 3.970959

di7KHz -110.4D1884& 0.3%88188

dedKHz 194.708118 1. 9L 7767

HJ/Hz 1.031511 0.592809
HIK ! HZ -1.393108 2.414325
HKJ/Hz -1.153422 2358022
HK/Hz 1.128219 0.64LT7459

Weighted S.D. of Fit D.138488 MHz..

DETERMINABLE ROT. CONSTS./MH:z
9728.78BB918 STL3L_B843BB2 1115B.712096
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TABLE 20
17
Cis = C‘.HEDHO Additions te existing data set
Transiticn F' - F Obs/MHz Hyp.Cent/MHz
Lo - o 1 -2,1,0 £1706.92 41705.62
2 - 2,1 41705.38
. 0 -1 41702.89
200 = o all 41736.97
2 -1 1 -1 40347.12 40344, 36
12 11 3
>oé 4034448
2 -2
1-0 40342.75
Tie = Tig 7T =7 39902.13 39899.29
- g8-8 39898.14
6 -6 39897.53
10,6 = 950 10 -9 16662.65 16661.80
9. 8 16661.38
132’11 - 132112 12 - 13 41571.96 41570.43
12 - 12 41569.66
225'1T - 216116 all 16424 .30
225,18 - 215,15 all 15596.87
22&,18 - 224’19 22 - 22 T1197.37 T1197.05
a1 -2 11190.89
23 - 23 .
23, 19 = 23, 29 gg - gg 15420.42 15420.03
- 15419.84
24 - 24
235 18 = 225 17 all 38819.50
235,19 - 226,16 all 37544 .82
zﬁﬁrzﬂ - 24, 5 24 - 24 20819.11 2D818.63
3 - 23} 20818.39
25 - 25 :
25, 21 = 25 25 25 - 25 27568 . B4 27568.25
24 - 24 27567.96
26 - 26 .
26, on - 254,23 gg - gg 35829.62 35828.06
27 _ 27 35828.63
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TABLE 21

Gauche Di-deutero Nitrosomethane, CHDZNO.

A REDUCTION REPRESENTATIOY 11R

UPPER LEVEL LOWER LEVEL V=0 CHAR
V J Ka Kc Vv J Ka Ke DBS/MH 2 0BS-CALC WEIGHT %u %L
1 1 0 1=-1 0 0 0 19537.070 0.113 o - i
D01 1 0-0 1 9 1 38574.720 -0. 064 47 - 100
1 1 1 0=1 1 0 1 3IBLTL_EED -0.095 20 - o
0 1 0 1T=-0 0 0 0 19538.120 =0.002 100 = 100
1T 2 1 2=1 1 1 1 3I7947.530 0.025 2B - 3%
0 2 1 2-0 1 1 1 37946.590 0.06% 76 - B0
0 2 0 2=-0 1 0 1 39050.730 0.027 100 - 100
1 2 0 2=1 1 0 1 3I904B.350 -0.009 0 - i]
0 2 1 1-0 2 0 2 39727.020 =0.008 72 - 100
1 2 1 1 =1 2 0 2 39827.620 -0.03%1 24 - 0
0 2 1 1-0 1 1 0 40202.970 0.025 T2 - &7
1T 2 1 1 -1 1 1 D 40201.4B80 D.025 24 - 20
1T 3 1 2=1 3 0 3 41409030 0.003 25 - 0
0 3 0 =0 2 1 2 221B&.L%50 0.071 100 - 76
T3 0 3I-1 2 1 2 22278B.550 0.042 o=~ 28
0 3 1 2-0 3 0 3 41S08.320 0.006& 73 - 100
0 &4 1 3 -0 & 1 & 11321.670 -0.069 73 = T4
1 4 1 3 =1 & 1 & 11309.650 0.091 26 = 27
0 5 1 & =0 % 1 5 1974.710 =0.027 73 - 74
0 5 1 S=1 5 0 S 3I0040.020 =0.117 74 - 1]
1 % 1 5S=-0 5 0 S 30303.800 0.015 27 =100
1 5 1 & =1 %5 1 S 16954.750 0.025 26 - 27
1 & 1 S =1 & 1 & 23722.230 0.020 26 = 27
0 &6 1 S=0 6 1 6 23747.100 0.048 T3 = T4
1 &6 1 &6 -0 & 0 & 2758B4.290 0.043 27 - 99
0D & 1 &~-1 & 0 & 27328.9%0 D.112 74 - 1
0 7 3 5=0 B 2 & 29410.920 -0.125 100 = 74
1 7 3 & =1 B 2 7 I4725.230 =0.065 0= 24
17 1 6-=0 & 2 05 3ZB2ET.EL0 -0.086 26 - BO
1 7 1 &6=1 7 1 7 31593.4720 =0.077 26 = 27
D7 1 &-=-0 7 1 7 31626040 -0.008 73 = T4
0 7 1 &6-=1 & 2 5 3I8112.640 0.072 73 - 26
0 7 3 & -0 8 2 7 I4646.B90 0.075 100 - 78
1T 7 3 S -1 8B 2 b6 29493.270 0.073 o= 24
1 8 1 7 =1 8 1 8 GDSSD.LEBD -0.092 26 - 27
0 8 1 7-0 B 1 8 40591.730 0,128 73 - T4
1 % 1 9 =0 & 2 6 3I0343.510 -0.125 27 = T4
D % 1 ¢ =1 B 2 & 3Z0172.550 -0,023 73 - 24
0o 9 2 7-0 9% 2 8 7980100 n.10% 73 - 78
1 9 2 7=1 9 2 B 7975.100 -0.131 26 - 23
D10 2 B-010 2 9 11721,020 0.153 72 - 78
110 2 8 - 110 2 9 19714.7%0 0144 27 = 23
111 2 9 =111 210 16487.640 -0.21% 29 - 23

LOD1Y 2 9 =011 210 16494.830 D.106 70 -~ T8
011 & 7 -012 310 29952.150 D038 98 - 98
111 & 7 - 112 310 29975.290 D.131 1 - 2
111 & B8 =112 3 © 28239.2720 -0.075 2 - 2
011 &4 & =012 I 9 28213.840 -0.048 29 = 97
011 2 9 -010 3 B 37511.090 -0.730 0.000 70 == 99
D11 210 =010 3 7 20414.700 =0.715 0.000 78 -- 99
111 210 - 110 3 7 20357.720 0.039 23 - 1
111 2 9 =110 3 8 3I7446.190 ~0.062 29 - 1
012 210 =012 211 22384.510 0.118 68 - 78
012 211 =011 3 B 3I7828.910 =1.190 0.000 78 - OB
112 211 =111 3 B 3I77B1.230 0.060 23 - 2
112 210 - 112 2 11 22376.740 ~0.125% 31 - 23



TABLE 21 (cont/d)

=R N =T = I B e I o B i BN o o I R I N = PR I = Tl = I e Y
e
L=

Ll o o i R R T PR AR AR R RN R R RN R R Y NN

Parameter

DESfMHZ
Txz/MHZ
T)/EHz
Tk17EHZ
Tk2/KHz
X0/ MHz
YO/ MHz
I0fMHz
X1 /MHz
Y1/ MUz
11/ MHz
bIO7KHZ
DJED/KHE
DD /KHZ
dJI7KHz
dk0/KHz
DJ1FKEHZ
bJXI /EHz
DEY/KHz
dJ1/fKEHz
dk1/KHZ
HIXD/HzZ
HIK1/HZ

Weighted S.D. of Fit-

11
11

12
12
12
12
13
13
13
13
14
14
15
15
16
16
17
17
18
18
19
19
20
20
21

21
22
22
23
23

[ |

O T |

| I T T O R I D O R

- 05 -

113 212 29435.780 -0.114
013 212 29643370 0.021
D14 2 13 37696720 -0.077
114 2 13 374B9.870 D.147
014 & 11 35253.290 =-0.08&2
014 & 10 35294.210 0.023
1 14 4 11 ZBETL.8L0 =-0.030
T 14 & 10 2B943_.570 0.077
016 3 1% BEB1%.720 =0.154
Y16 3 V4 8813150 0.05%3
117 3 15 12283.980 D.272
017 315 12291.320 =-0.140
018 3 16 16706.030 =0.5651
1T 18 3 16 16697.570 -0,5LE
119 3 17 221B1.L4KD L7722
019 3 17 221B4.920 -0.%14
120 % 18 2BR25.900 3.803
020 3 18 2BB3I1.TIN -0.02&
021 3 1% 3&721.220 1618
1T 271 3 1% I&TIELPA0 D.78%
023 & 20 BOB&.DLD =0.001
123 & 20 BOB5.730 D.87%
024 & 27 11039.380 Da111
1 24 & 21 11037.8B0 -0.009
D25 & 22 14B0A.940 1.2%93
1 25 & 22 -14803.610 0026
026 & 23 19523_.850 1.317
126 &L 23 19%12.010 =0.934
027 & 24 25321.140 1.620
1 27 & 2L 25312.0%50 =-0.560
028 & 2% 3ZI2317.190 -0.004
1 28 & 2% 3I2304.0%0 =0.008
Q2% & 286 LD&09.990 -2.879
1 2% & 26 4DS92.340 I.088
Value EuSeDa
1901621448 0.1LL025%
LPTLGO0FITS D.0%B0&&
I.B3ATT2S 1.134512
=-0.000714 0.000048
0819009 D.16315%9
QLOR ATIOTY D.182030
LETT21 . BITATE 0.0E1697
10038.483751 0.381160
PLIFLTI12668 0182720
LTT22. 020842 0. De0010
10037276685 0.181089
227 BOG66LE 1.286739
=~S0L.577966 L .Z15134
I9Z.6Z2BE6T 2. ORZT2T
=1153.220781 0519403
191943458 1.017848
228.331803 1.013890
-598. 047244 3.5603630
102.272831 2. 067612
=115 632606 0.5637038
192372702 D.F7&697
~D.23023 J.ABPE5S
=0.2637173 DL.ABES 21

0.106312 MHz.

0.000
J.000
0.000
0.000
0.000

0.0D0
J.000

0.000

0.000

0.D00
2.000
0.000
J.000

0.000
d.000

| I T T TR T T IO N

LI T N I I |

22

78
22
Bé
56

14
94

95
94

93

92
21

1]
14
66
14
65
35
65
is
&4

&4
L1
63
37
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TABLE 22
GauchE-CHDENG P- and R-Branch
Relative to
Transition F'-F Obs/MHz Hyp.Cent/MHz Obs-Calc NiMHz
+ + )
2 170 2.2 40204 .66 1.69 -0.097 X,,.= =5.22 (9)
1-0 40204 ,06 1.09 -0.041
2 -1 50203.15 0.18 -0.015}Igterfesence from
3-2 40202.83 -0.14 0.030f27, - 17,
1 -1 40200.15 -2.82 0.028
27 - 1 2 -2 Obscured by
11 10 + +
1 -0 } 27, = 13g
2 -1 40201.63 0.15 -0.045
3-2 40201.36 -0,12 0.050
1 -1 40198.60 -2.88 -0.032
2;2 - 1;1 1 -1 37949.39 2.80 -0.048
' 2-2
> -1 37946.71 0,12 0.003
2-2L 3794403 -1.66 0.020
2;2 - 1;1 1 -1 37950.34 2.81 -0.038
g - f 3T947.64 0.11 -0.007
? - E 37945.91 -1.62 0.060
353 - 2;2 3,2 - 2 22187.86 1.40 0.002 Interference from
4,3,2 = 3 22186.03 =0.43 -0.030 19, 4o = 195 (=)
2 -1 22185,11 -1.35 ’ '
353 - 2;2 3,2 - 2 22279.95 1.40 0.002
4,3,2 - 3 22278.14 -0.41 -0.011
2 -1 22277.18 -1.37 0.028
e - 5;5 7-6  38113.99 1.35 -0.027 -5.41 (19)
o Lp 38111.96 -0.68 0.009
?;5 - 655 7-6 38265.01 1.37 -0.007 -5.47 (19)
8 -7
6 - 5 38262.96 -0.68 0.009
+ +
T35 7 %6 7T 0% 29493.54 0.27 ~0.022
7 -8 29492,72 -0.55 0.034
T35 = %26 ¢ 2b 29u11.9 0.27 -0.023
7-8 29410.38 -0.54 0.045
+ -+
M9 7 %6 B Th 307359 e1.a 0.044
9 -8 30170.17 -2.28 -0.087
9;9 - 555 8 -7  30344.81 1.30 0.000 8.78 (19)
10 -9 30344 .42 0.91 -0.025
9 -8 30341.30 -2.21 0.014

Cont/d
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Gauche-CHD,NO

- 100 -

P- and R- Branch

Relative to

Transition F' - F Obs/MHz Hyp.Cent/MHz  Ohs-Cale X/Mhz
117 - 107 11 = 10 37447.03 0.84 -0.019 -3.36 (19)
29 38 12 = 11
10 - 9% 37445.77 -0.42 0.010
Moy =104, :; - :? 37511.96 0.87 0.010 ~3.47 (19)
10 - 9%-3?51n.55 -0.43 0.000
12y -t 13 = 12
2,11 " a1 T 120 a9e1 4 0.24 0.004
12 - 11 37780.76 -0.47 0.003
127 =11 13 = 1
2,117 M3s 137 12L 57ma9.15 0.24 0.003
12 = 11 3T7B28.44 =047 0. 004
Q-Branch p, and p (Intersystem)
7o - 131 1-2,1,0 38576.02 1.30 -0.125
2-2,1 38574.50 -0.22 0.065 Interfering line
0-1 38571.99 -2.73 0.118 38572.24
170 = o1 1-2,1,0 38475.80 1.34 -0.085 Interfering line
2-2,1 IB4TL .23 -0.23 0.055 384T6.47
0-1 38471.60 -2.86 -0.012
27 - 252 2-1,2,3 39728.44 1.42 0.051
3-3,2 39726.62 =0.40 -0.009
1-1,2 39725.61 =1.41 =0.041
2;1 - 252 2-1,2,3 30620.04 1,42 0,051
3-3,2 3962T7.21 ~0.41 =0.019 Interfering line
1-1,2 39626.21 —1.41 -0, 041 30627 .65
BTE - 353 3 51509.80 1.48 0.012
4 41507.84 —0.48 0.009
2 41507.13 -1.19 -0.016
3;2 - 353 3 41410.53 1.50 0.032
4 41408.57 -0.46 0.029
. 3 41407.75 -1.28 -0.106
5;5 - 555 6,4 30304 .41 0.61 0.007 +4.85 {19)
5 30302.59 -1.21 0.003
5:5 - 555 6,4  30040.53 0.51 -0.093 Interference from
5 30038.99 -1.03 0.176 cis CHDNO 4,, - 5
6;6 - 555 7,5 27584.84 0.55 -0.004 +4.40 (19)
6 27583.19 -1.10 0.008
6:6 - 555 7,5  27328.64 0.55 -0. 004 w40 (19)
6 27326.99 -1.10 0.007

Cont/d
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ﬁauch&-CHDEHG Q-Branch
Relative to
Transition F Obs/MHz Hyp.Cent/MHz Obs-Calc ¥/MHz
*;3 - -“Tn 4 11324.53 2.86 0.014 11.44 (16)
5 11320.62 -1.05 -0.015
(PT) 3 11319.64 -2.03 0.003
biy = A, 4 11312.47 2.82 -0.026 ~11.31 (16)
5 11308.61 -1.04 -0.005
(PT) 3 11307.63 -2.02 0.013
Sjﬁ - 575 5 16977.55 2.84 -0.023 -11.38 (16)
6 16973.62 -1.09 0.004
CO 5;5 5 16959.60 2.85 0.007 -11.39 (16)
6 16955.66 -1.09 0.004
(PT) 4 16954 .85 -1.90 -0.004
575 - ﬁ:6 6 23749.93 2.83 -0.008 -11.33 (16)
7 23745.99 -1.11 0.025
(PT) 5 23745.27 -1.83 -0.024
5;5 - 5;6 & 23725.09 2.86 0.022 -11.45 (16)
T 23721.08 -1.15 -0.015
(PT) 5 23720.41 -1.82 -0.014
?:6 - TT? 7T 31628.87 2.83 0.002 -11.32 (16)
8 31624 .88 -1.16 0.005
(PT) 6 31624,29 -1.75 -0.009
7;6 - 7;7 T 31596.24 2.82 -0.008 -11.30 (16)
. 8 31592.26 -1.16 0.005
(PT) 6 31591.67 -1.75 -0.010
8, - 84 8 4059454 2.81 -0.004 -11.23 (16)
9 40590.58 -1.15 0.035
(PT) 7 40590, 02 -1.71 -0.021
3;7 - B;E 8 40553.29 2.81 =0.004 =11.25 (16)
g 40549.31 -1.17 0.015
(PT) 7 40548,77 -1.71 -0.022
QET - 9 9 7975.95 0.85 -0.004 -3.40 {19)
8,10  7974.67 -0.43 -0.003
95? - 953 9 7980.95 0.85 -0.005 =3.40 (19)
8,10  7979.568 -0.42 0.008
1“55 - 1059 10 11715.78 0.99 -0.017 ~3.98 (19)
9,11 11714,29 -0.50 0.004
105, - 1a59 10 11722.05 1.03 0.021 -4,09 (19)
9,11 11?2{]-&51 -D:EI —Gamjﬁ

Cont/d
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Gauche-CHD, NO Q-Branch o
Relative to
Transition F Obs/MHz Hyp.Cent/MHz Obs-Calc A/MHz
115g 11; 0 M 1648882 1.18 0.024 -4.72 {19)
’ 10,12 16487.05 -0.59 -0.012
1159 15 4, M 16496.00 1.17 0.013 -4.67 (19)
d 10,12 16494.25 -0.58 -0.002
125 10 ¢a; 5 12 22378.03 1.27 -0.024 =5.09 (19}
' d 11,13 22376.12 ~0.64 0.007
125 10 125 11 12 22385.73 1.32 0.024 -5.28 {19)
! d 11,13 22383.75 -0.66 -0.012
135 =135 ., 13 29437.19 1.41 -0.010 -5.63 (19)
! ' 1211£ﬁ 29*35!138 -UlTﬂ 0.010
13; 11 135 12 13 20444 83 1.46 0.039 -5.84 {19)
’ d 12,14 29442.64 -0.73 -0.020
1q5 12 1&; ;3 14 37691.36 1.49 -0.040 -5.97 {19)
' ’ 13,15  37689.12 —0.75 0.015
1u5 12 1&5 13 14 3T698.26 1.54 0.009 =6.16 {19)
’ ’ 13,15  37695.95 ~0.77 -0.005
167 167 16 8813.61 0.45 -0.009
313 7318 4547 sei2.04 -0.22 0.010
16 16 16 8820.17 0.45 -0.010
313 B4 45,17 8819.50 -0.22 0.010
17 177 17 12284 .55 0.59 0.031
340 315 4698 12283.66 -0.30 ~0.021
17, 175 17 12291.85 0.53 -0.03
3,14 W15 46,18 12291.06 -0.26 0.02
187 18 18 16698.22 0.65 -0.015
3,15 316 1799 1669724 -0.33 0.003
187 18- 18 16706.69 0.66 -0.006
315 736 4799 16705.70 -0.33 0.003
19 197 19 22182.25 0.79 0.015
3,16 31T 48,00  22181.07 -0.39 -0.003
19, 19, 19 22185.72 0.80 0.023
3,16 31T 4g,20  22184.52 0,40 -0.012
zn; " an; g 20 28826.74 0.84 -0.045
’ ’ 19,21  28825.48 -0, 42 0.023
202 20- 20 2B832.60 0.87 -0.017
317 318 Y901 28831.29 -0.44 0.004

Cont/d
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TABLE 22(Cont/d)

Gauche-CHD..NO @-Branch p

Relative to

Transition F Obs/MHz Hyp.Cent/MHz Obs-Calc
254,21 = 254,20 iﬁ,ga 14803.40 -0.21 0

4,21~ B2 32,26 14806.73 -0.21 0

S o %, pEe om oo
Puee a2 (2B 0% 5%
Taas =T F o IR 0% 0
N TR R (R
B B B Emn 0w o
Buon  Bups B BT 08 om0t
291,25 - 29:,26 23,30 Eggg?:;g -g:gg g:ggg
T U o I G "0.001
Note

(PT) cbtained from Ref. 16
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TABLE 23
State Mixing Parameters CHDEHE {Ja = B3.443 MH=z
F?1 ??a |ES - Eg|/MHz @ Cos® @ Sin* @
1;D 7 1041,9 4,550 0.9937 0.0063
1;0 1;1 1222.4 3.89¢° 0.9954 0. 0046
2;1 2;2 3308.1 1.440 0.9994 0.0006
2;1 2;2 3484, 0 1.37° 0.9994 0.0006
555 aéﬁ 1523.4 3.13° 0.9970 0.0030
655 E’;.!. 1979.1 2.41° 0.9982 0.0018
EE? 8¢ 4901.5 0.98° 0.9997- 0.0003
35? 355 5389.5 0.89° 0.9998 0.0002
10‘3“8 m;? 160.5 21.06° 0.8466 0.1534
103, IG;T ' 1353.5 3.51° 0.9962 0.0038
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Program Chi.
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Quadrupole data - g-CHDZ2NO.

Number of observations = 31

J Obs /MHz Res/MHz Weight
1 1 0 level -5.29200 0.01441 1.00000
51 5= 5+ 0 S L.85000 0.02401 D.24622
6= 1 &= 6+ 0 4 4.40000 =0.03150 N.24b22
6+ 1 6= 6= 0 6 L.40000 -0.028642 D.2L822
bt 2 5= T+ 1 & =5.42000 0.086%6 D.24622
b= 2 5= T- 1 6 -5.47000 0.03634 D.2L622
B= 2 6= 9= 1 9 8.78000 o.00201 0.38722
10+ 3 B=-11+ 2 9 =3.41000 0.0269% 0D.24422
0= 3 B=-11=- 2 % =1.47000 =0.02988 J.2b622
L+ 1 I- 44+ 1 (4 =11.44000 =0.05401 Q.34L722
4= 1 3= 4= 1 &4 =11.31000 0.07597 0.34722
5+ 1 4= S+ 1§ -11.38000 -0.00645 D.34722
5= 1 4= 5= 1 5 =11.39000 -0.016351 D.34722
6+ 1 5= 6+ 1 4 =11.33000 0.020R83 D.34722
6= 1 5= 6= 1 6 -11.45000 =0.0%929 D.34722
T+t 1 b= T+ 1 7 =11.32000 =0.00628 D.34722
-1 6= 7-1 7 =-11.30000 J.01348 J.34722
B+ 1 7- B+ 1 B =11.23C00 0.027351 0D.34722
-1 7- 8-1 B -11.25000 0.00711 0D.34722
9+ 2 7- 9+ 2 8 -3. 40000 0.01531 D.24622
9= 2 F= 9= 2 B -3.40000 0.01958 N.24622
10+ 2 8-10+ 2 9 -3.98000 D.04958 D.2L622
10- 2 8&-10- 2 ¢ -4,09000 =0.05577 Da2d62?
11+ 2 9=-11+ 2 13 =4 .72000 -0.096965 D.24622
11- 2 %-11- 2 10 =4 . 67000 -J.04211 J.2L622
12+ 2 1012+ 2 1M -5.09000 D.08739 D.fdb2?
12- 2 10-12- 2 11 -5.28000 -2.0977& D.24622
13+ 2 11-13+ 2 12 -5.63000 D.04934 D.246422
13- 2 11-13- 2 12 -5, 84000 =0.155%98 D.24622
T4+ 2 12=-14+ 2 13 =5.97000 0.15097 N.24622
14=- 2 12-14~- 2 13 -6.16000 =0.03447 De2d462?
E.S5.D. of an Observation/MHz = 0.03293/sqrt(leight)
Chiaa = 0.78065 MHz esd D.06082
Chibb=Chice = =11,.39347 MHz esd 0.01535
Cthibb = -46.08706 MHz esd 0.03136
Chice = 5.306417 MHz esd 0.03134
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TABLE 25

Cis Di-deutero Nitrosomethane. s~CHDZND.

A REDUCTION REPRESENTATION TIR
UPPER LEVEL LOWER LEVEL
J Ka Ke 4 Ka X! DBS/MHz 03s=CALC WEIGHT
1. 0 1- 0 3 0 1899%.1%0 =-0.,081
e 0 2- 1 0 1 E7990.910 -0.119
2 01 2 - 1 1 1 373s2.220 D.018 i
21 1- 1 1 0 3B&33.3%90 Da24%2. 0.000
I 0 3 - 2 1 2 15408.260 0D.082
E. 2 2= 5 1 5 3LL3S.4L2D -0.3%8 0.000
E 2 3 - 5 1 & 2LTOS.540 =0.583 0.0320
& 0 &4 - 3 1 3 isz91.920 0.003
5 1 &- 5 1 5 529,660 -0.01%
5 2 3 - 6 1 6 17527.700 ~0.250 0.000
& 1 S5 - &6 1 6 13338.44D0 -0.004&
7 1 6 & 2 5 1722%5.250 D.125
T &6- 7 1 7 17??7B.3BO D.12&
8 3 &= 9 2 T ITLESLET.SSD 0.063
8 3 5= 9 2 B 37DBS5.890 D.0LE
8 1 7 - 7 2 6 3B669.300 =1.379 0.000
B 1 7 8 1 B8 22B44.820 =-1.068 0.000
? 3 7 10 2 8B 14791.540 D.577 0.000
7 3 &6 -=-10 2 9 1BL0O5.550 D.538 0.000
? 1 9 - 8 2 6 30329.130 -D.525 0.000
?2 1 8- 9 1 9 2B538.440 -0.166
12 1 9 = 10 1 10 3IL4B843.4670 -0.0D8&
11 110 = M 1T 11 &175B.440 D.118
12 2 11 - 11 3 8 .18B573.0%90 =1.431 0.000
12 210 - 11 3 % ?25B09.500 =-1.613 0.000
13 02 11 - 13 2 12 9527.970 0D.013
17 4 10 - 14 3 11 23072.780 D0.034
13 &4 9 = 14 3 12 23736.380 -0.020
14 2 12 = 14 2 13 12%12.710 -0.03¢9
15 2 13 = 15 2 14 16074.6%90 0.027
16 2 14 - 16 2 15 202%0.000 D.02&
17 % 13 - 18 & 1& 3I00S3.390 -0.0%94
17 % 12 - 18 & 15 ID159.%530 0.0&40
773 1S - 16 4L 12 33457.030 -£ . 055 0.000
17 3 14 - 16 & 13 35719.910 -4 431 0.0322
17 2 1% 17 2 186 250662400 -0.03%1
18 276 =18 2 17 30542.130 =0.978 0.000
18 5 13 =19 & 16 10913.250 0.023
18 5 14 - 19 & 15 107S50.890 D.00&
19 2 17 - 19 2 18 36694, 200 3.5617 0.000
23 4 17 =19 5 14 B361.5%90 0,009
20 4 16 - 192 35 15 Be04. 690 -0.01%9
21 &4 17 - 20 S5 16 Z2BO21.780 -0.063
21 4 18 - 20 S 1% 27645.070 0,064
22 319 - 22 3 20 BP64.530 -0.032
23 3 20 - 23 3 21 11210.940 0.005
24 3 21 = 24 3 22 1L149.530 D.OBB
25 3 232 25 3 23 176323.360 0.018
g6 3 23 - 26 3 24 21712.330 -0.072
ef: 3 24 - 27 3 25 26430.570 -Dakhs3 0.0DD
28 3 2% - 28 3 286 3VB3Z.300 S5.624- 0.000
£9 3 26 - 29 3 27 3IV928B.850 0.009
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Parameter Value EoS5.Da
XIMHz S1B2.1876L1 0.211922
YiMHz 5102 6.619173 0.055499
IIMHz 9817.123384 0.013843

DIFfKHZ 230.568523 1.3105425%
DIKTEHZ -496,1843226 8.204344
DEKFEHZ 274.093553 6.B96589
dlfKHz =112 8715764 D.676632
diFXHz 1642,.657320 J.a023:
HJfHz -0.297412 0.066559
HIK/THz 1.2L7274 0.362178
HEdfH2 =1.3351609 D.BL5340
HKTHz D.346258 0.14339%

Weighted S5.D. of Fit 0.081776 MHz..
DETERMINABLE ROT.. CONSTS_,/MH2

9182.092112 5S1006.444610 PB17.58BL461
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TABLE 26
17
Gis-CHDEIﬁIG Additions to Existing Data Set
Transition F - F Obs/MHz Hyp.Cent/MHz
Yo = o 1 -2,1,0 41824.93 41823.58
2 - 2,1 41823.34
0-1 41820,75
23 7 P e 2479629 24795.54
4-5 24794.05
11 - 11 11 -1 H1T761 .29 41758, 4b
1,10 A 12 - 12 5175717
10 - 10 41756.83
223 19 = 223,20 22 - 22 8764.92 8764.53
23 - 23 8764.33
21 = 21 '
233 20 = %33,29 Sg - 33 11211.45 11210.96
i 11210.71
24 - 24
24q o1 = 243 2p gg - S; 14150.11 14149.53
i 14149.,24
25 - 25
255 22 = 33,23 5-2 17634.03 17633.36
i 17633.02
26 - 26
263,23 = 263 5, 26 - 26 21713.00 21712.33
-2 21711.99
27 - 27 .
273 24 = 273 25 27 - 27 26431.33 26430.57
26 - 26 26430.19
28 - 28 .
285,25 = 283 26 2 - 28 31833.27 31832.30
~ 31831.82
29 - 29
293,06 = 293,27 29 - 29 37929.82 37928.85
i 37928.36
30 = 30
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. CHAPTER 3

CHLORCDIFLUQROACETALDERYDE

Introduction

The decision to study chlorodifluorcacetaldehyde arose out of an interest

in the iscelectronic molecule chloredifluoronitroscomethane. There have been
zeveral unsuccessful attempts to assign the miﬁrawave spectrum of the
nitroso compound, cone by Dr. Kelvin Tylér'a group at Glasgow University, one
by Judith Hardy at Bristol University25 and one by this author. The
structural and conformational asnalogies between nitroso compounds and their
corresponding aldehydes have proved useful in the past, in work carried out
at Bristol and elsewhere. CIlF,CCHO was, therefore, expected to provide a
good model basis for a solution of the CIFECHD problem. For this reason,
the discussion here will develop around comparison between these and related
aldehydes and nitroso compounds, despite fheir chemical dissimilarity.

Chlorodifluorcnitrosomethane is a fascinating compound, if only lor
aesthetic reasons. It is a dark blue gas, this colour being due to an
absorption centred at 660 nm (red), associated with the n —T¥ transition
of the nitrosyl gmupf’EF . All free nitroso compounds show some colouration,
but the perhalo- compounds exhibit it dramatically because they do not exist
preferentially as colourless dimers.

The chemistry of perhalonitrosomethanes is dcﬁinated by processes
involving free radicals. Perhalonitrosomethanes probably play a minor role
in the stratospheric photochemistry of freans® ’ EIFECMO being formed from
CCL,F, (freon 12) and NO; 1
h

CElEF2 - CF2G1 + CL

CF,C1" + N0 ———— C1F,CNO
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The fate of the chlorine atom from the first reaction has been of some

concern to ecologists 0,n

Ccl +03 — (10 +02

Cl0* + 0; ——== C1° + 02

Although perhalonitrosomethanes do not dimerise in the way that CH3H0

does, they do form compounds of empirical formula ﬂzxaﬂzﬂz on exposure to

light. These are not strictly dimers but are sometimes referred to as such.
Mason’? has shown that photolysis of CF,NO with red light produces the
N=-nitritoamine {GFj}EN-D-Nﬂ. a pale orange compound. A variety of other
products are possible also, especially with light of shorter wavelengths.
Chlorodiflueronitrosomethane no doubt exhibits similar behavicur, It is
very unstable to light, forming an orange-brown liguid, which can present
difficulties in handling and purification. This impurity is probably
{CFECIJEHGHG and other products of a radical process analogous to that

propesed by Mason for CFEHO.

CIF,,CNO . . CIF,C* + NO

ElFECHD + C]FEC- — [ClFEC}END‘

{CIFEC!EHG + NO ——-{ClFEE}EH-D-HG
Radical processes might also form the basis of a chemical preparation.
CFEHD has been prepared by photelysis of CFSI and NO in the presence of

mercury’3 ., The sample of ClFéCHD used in this work, supplied by Dr. Josef

Pfab of Heriot-Watt University, was however prepared by reduction of the

corresponding nitro Enmpﬂund?ﬁ.

75

The infrared?ﬁ and photoelectron spectra of CIF,.CND have been reported

2
by Pfab et al. Interpretation of these, and of the electronic spectrumﬁa N

has however been hampered by a lack of knowledge of the ground state structure

of the molecule and its rotational isomerism. CFBND iz now known to change
conformation from eclipsed to stageered upon electronic excitatiun?ﬁ .

EIFEEHG probably behaves in the same way but with the added complexity that

it can exhibit rotaticnal isomerism in either case. Identification of the
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preferred ground state conformers of ClFQCHO would therefore facilitate the
analysis, for which reasen a study of the microwave spectrum was undertaken.
Initial modelling for the microwave spectrum of GlFéEHO was carried oukt
by Judith Hardy2? on the basis of the microwave structure’! of CFNO. Tt
seemed likely that the molecule would exist in cis or gauche forms (Figure 1)

and that the spectrum might be complicated by gauche - gauche tunnelling,

or that the molecule may have a low barrier to internal rotation. The latter
suggestion, made on the basis of the richness of the ElFEENG spectrum, would
indicate a breakdown of the localised conformer approach and added difficulty
in the an%lysis.

The suggested 'plausible’ structure for ClFEEHG; in the cis form, is
reproduced in reference 7% . It remains plausible except, as will be seen
f#om this work, the predominant rotamer is expected to be the gauche. Alsa,
the precise structure of CFEMD, on which it is based, is still not established
in detail. An electron diffraction Et.l.l::l:.r?'la indicates that the C=N bond may
be wnusually long, and microwave 130F3H0 data are needed to unequivocally
locate the carbon atem in the molecular frame. Further discussion of the
CFBND structure, although not in this context, is given in Chapter 4.

Initial attempts by this author to assign the spectrum of ClFéEHO Wwere
based on minor variants of the structure already proposed. The spectrum is
indeed very rich, but not particularly strong. A simple bond moment
C1 (p = 0.500)77 indicates

caleulation based on CF_NO (p = 0.180)77 and CF

3 3
that the total dipole moment is probably -~ 0.5D in the approximate direction
of the C-Cl bond (Cl + C). Care is therefore needed to eliminate impurities
such asﬂu CUF2 and the photolytic products. Radio frequency - microwave
double resonance was used to try to locate mutually resonant pairs of
asymmetry doublets, but emphasis was placed mainly on the cis form (K~ 0,51,

which was thought, at the time, to be the most probable. Many double

resonances were found, but none were assigned on this basis. With hindsight,
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the spectrum is reminiscent of the gauche form (H~ - 0.7). It contains
certain groups of first order lines similar to those due to gauche-

ClFEﬂGHO, but this could not be known at the time. It was not until

assignment of the ﬂlFECNG spectrum seemed a very distant prospect that

study of the corresponding aldehyde became an attractive idea.
Chlorodiflucroacetaldehyde has received little attention in the literature
to date. A 1959 patentsi describes its preparation, by catalytic hydrogenation

of ClFECCQCl, and puts forward its properties as a dehydrating agent.

CIFECGHG, in common with the other perhaloaldehydes, reacts with water to

form & geminal diol or 'aldehyde hydrate'.

Hz 0
5 ClFECCHG —1—-p.CIF2CCH{OH12

This particular hydration reaction is facile enough to dissocciate water from

82,83

HCl. Other interest has been shown in the polymerisation of

ClFECCHD, by opening of the C=0 double bond, to form chains of the bype;
EFzﬂl CF201

- e, () m—— (] —— ] —) -

H H
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PREPARATION AND PROPERTIES OF C1F_CCHO

The familiar scheme for the interconversion between primary alcohols and

acids leaves the aldehyde apparently inaccessible in the middle.

LiﬂlHA LiﬂlHt.
#0 — /J,’;O —_— C/GH
R—cZ R—oC, R—Co
OH R0, T, R0, \H

The problem of how to stop at the aldehyde when reducing the acid has however

been solved, at least in the case of perhaloaldehydes, by the technique of

"inverse addition™ (of the lithium aluminium hydride) 94,85 . In this method,

LiP.lHq iz added to the acid slowly and in just sufficient quantity to produce
b
the aldehyde. Yields of arocund 70% can be obtained. A synthesis of

CLF,CCHO based on this method is given by Yamada, Campbell and Vogl 82 This

invalves LiAlHIl reduction of the methyl ester CIFECGEME ak -78% and a
work-up via the hemiacetal.
In this work, ElFECCHG was prepared by LiAlH, reducticn of the anhydrous

acid C1F_CCO.H at 0°C and a work up via the aldehyde hydrate. .

27772
LiR1H4 HESG#aq ﬁg%fﬁzsoh
CLF:EEGEH - - CIFECEH{GHJ2 ClFECEHD
in EtED. 0ec 120°C
The LiAlHq reduction proceeds as follows;
0 H-ALR AlR Hydrolysis
¥ (- & B - fo’f 3 y y :i?
C X, C=-C=0 ¥ C-C=—0H
3 M= + 3 3 e
0" Li (lJLi OH

One halfl mole of Li&lﬁq iz sufficient to reduce ane mole of acid to the
aldehyde. The use of sulphuric acid for the hydrolysis avoids the production

of aluminium hydroxide sludge.

Experimental
LiAlH, (0.8g) was slurried in 30 ml of either and added to 5g of ClF,CCO,H

(Aldrich 98%) in 40 ml of ether at 0®C. The apparatus was maintained under

a dry nitrogen atmosphere and the nitrogen stream was bubbled through the
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dropping funnel to maintain the LiAlH, slurry. Ether was Na dried and 10%
mare LiAlHII than calculated from stoichiometry was allowed to remove
residual water. The addition, which resulted in vigorous effervescence,
was performed drop by drop over a period of one hour. The resulting metal
complex was then hydrolysed with 10 ml of 6M sulphuric acid. The ether and
water fractions were separated. The water fraction was washed with further
small portions of ether and then discarded. The combined ether fractions
were dried with anhydrous Mg30, . Ether was then removed from the reaction
product by distillation.

A fraction boiling in the range 95-105°C was taken to be the aldehyde
hydrate { bpt. 104-106%C). Attempts to dehydrate this product however, by
warmigg it in vacuo with P 0. and conc. H_30, , apparently failed to liberate

275 27747
the free aldehyde. The preoduction of a white selid, possibly poly-ClF.CCHO

2
Wwas observed, but there was no significant rise in the vapour préssure of
the mixture. Steps were therefore taken to establish if the starting.
material was in fact the aldehyde hydrate.

The thin-film infrared spectrum showed a broad absorption at 3400 ¢m-1
consistent with O-H stretching. The 60MHz n m r spectrum in CDCl3 solution
showed a broad peak at 3 = 4.44 ppm and a strong impurity spectrum due to
diethyl ether. The presence of a large amount of ether was surprising in
view of the great difference between its boiling point (34.6°C) and that of
the product. The product was submitted for mass spectroscopy, but the
recorded mass spectrum proved to be highly misleading. In order to interpret
the fragmentation pattern it was necessary to re-assign all peaks above
mfe = 100 to the next lowest integer. This was not done until the whole
preparation had been repeated.

In the second preparation, no attempt was made to isolate the aldehyde

hydrate, After removal of ether by distillation, the dehydrating mixture

of P205 in conc. HESD& was dropped directly into the crude product. The



— 116 —
free aldehyde (bpt. 17.8°C) evolved easily with an oil bath temperature
between 95 and 120°C, and was collected in a receiver cooled to -TO°C.
The alleged aldehyde hydrate from the first attempted preparation was
also dehydrated in this way to yield a second batch of aldehyde. Both
samples were transferred to a vacuum frame to be separated from the air
and were then stored at liquid nitrogen temperature. It was concluded that,
since dehydration tqak place at a temperature about the bolling point of
GlFECGH{OH}E, refluxing at atmospheric pressure had served to keep the
reactants in contact.

The mass spectrum of the aldehyde hydrate, suitably re-interpreted,
showed m/e peaks at 428, 354, 280, 206 and 132, each with a 21C1 satellite
two units above. This corresponds to the repeated loss of T4 units
{CEH50E2H5=TﬁJ indicating that the hydrate forms an ether complex. This
explains the presence of ether in the sample as determined from the nm r
spectrum. The most abundant etherate complex was at mfe = 280, l.e.
CLF,COH(OH) ,.2(C,H ) 0. The parent ion C1F,CCH(OH)," was very weak, the
ion due to the free aldehyde at m/e = 114 (116 for S'Cl) being eight times
stronger. This indicates elimination of HEU in the icnisation region, either
as a result of the ionisation process, or due to a shift in the
ClFEGCH{{]H}2 =;=='G1FEGCHG + HEG egquilibrium at low pressure. The lonisation
energy was not reported.

The deuterium analogue ClFEGCDO was prepared by reacting GlFEEGOEH with
LiAqu {Aldrich 98 atom % D). All other chemicals used were normal hydrogen
species and no exchange occurred, The H species could not be detected in
the microwave spectrum of the D species, indicating better than 958% isotopic
purity.

Gas phase I.R. spectra of ClFéECHD and ClFECCDD were recorded from 650
to 4000 cm'1. The carbonyl stretching absorption of GlFECCHG occurred at

1 1 1

1775 em , that of CLF,CCDO at 1763 cm . An absorption at 2855 cm |,

moving to 2159 Cm-I on deuteration was obviously the C=H stretching mode.
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The compounds prepared as described were ready for use. Microwave

spectra were checked for the presence of diethyl ether and none was found.

No other obvious impurities were detected.

-118 -
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ASSIGNMENT OF GAUCHE - GlFéCGHD

Initial estimates for the rotational constants of ClFECCHD were made on the
basis of the structure of fluoral given by Hﬁcdsaﬁ . This structure was
refined to some extent, by fitting to the rotational constantsaT and
incorporation of other data. This matter is discussed further in Chapter 4.
Substitution of chlorine inte the fluoral structure, with the C-Cl bond
length taken from triflucromethyl chloride’? then gave rise to the basic
model. There was however, no available reliable way to decide which would
be the preferred conformer, although forms with a halogen eclipsing the
oxygen atom (cis or gauche) were thought to be the most likely.

Chlorodiflucroacetaldehyde proved to be a good candidate for microwave
spectroscopy. It has more than adequate vapour pressure for study at dry
ice temperature and appeared to be almost indefinitely stable in the
waveguide. A strong rich spectrum was observed in the 18 to 40 GHz region,
with pressures between 0.01 and 0.05 Torr in the 3m X-band cell.

Initial searches were made using a K-band (18 - 26.5 GHz) BWO sweep,
with either Stark modulation or radio-frequency (RF) double-resonance
modulation. RF pumping was attempted at frequencies corresponding to
asymmetry splittings calculated for model cis (K~ 0.16) and gauche
(H = -0.65) structures, but although many double resonances were seen,
none could be assigned at this stage. Instead, it was soon realised that
the spectrum showed a clear repeat unit, having band heads at intervals
approximating to 28-(B + C) for a near prolate asymmetric top. The interval
might conceivably have been (A + B)-2C for a near oblate top but this was
thought to be highly unlikely. HRotational constants were estimated for all

conformers between cis and trans at 30° intervals, and only the model cis

form had positive kappa, and not very positive at that. The cis form

could not therefore be expected to give tightly grouped bunches of lines

and so it was decided that the predominant spectrum should be interpreted
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as belonging to gauche - 35C1F CCHO (chlorine natural abundances are

2
75.53% for ~°C1 and 24.47% for ~'C1).

The pattern =zeen is shown in Figure 4. It is due to Q-branches
(ad = 0) of the type AKa = 1. Such transitions may have intensity as a
result of a finite e or o both of which were expected to be active in
the gauche form, whereas cls or ftrans forms have pc = 0 by symmetry. In
a given bunch, all lines have the same change in Ka. On the high frequency
side of the bunch (at the band head) lies the transition with J = Ka upper.
This is the lowest wvalue of J for the band. As J increases, so does the
intensity, and the lines move progressively teo low Frequency. Lines clase
to the band head do not show resolvable asymmetry doubling and have first
order Stark effects on account of the near degeneracy between palrs of
levels connected by pa. Further away from the band head asymmetry doubling
occurs and Stark effects become second order (Figure 5). The centres of
doublets can then be said to progress downwards in frequency, but the upper
members of such pairs actually turn around and start to rise in frequency
with increasing J (Figure 6). The fall off in intensity as J rises is due
mainly tothe need for higher and higher modulating voltages as the
interacting levels move apart.

A detailed analysis of the Ka = T—=8 band structure was undertaken
next. The rate at which lines split away from the band head with increasing
J is a function of the asymmetry of the molecule and therefore provides a
means for determining Kappa. The analysis turned out to be far simpler

than expected. Since the fluoral spectrum exhibits A-E splitting due to

internal rotation®7 » it was thought that ClFECCHD might show gauche - gauchs

tunnelling. HNo such complexity was found, moreover many of the absorption
lines were clearly resolved, so that it was possible to assign the EB-v— BT
right at the band head. As scon as this was done, assignment of J to the

emanating lines was straightforward.
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To confirm the gauche assignment, or at least to banish the possibility
that the spectrum was due to a trans form (K~ -0.84) the predominant dipole
component turned out to bhe B A rough relative intensity measurement showed
the Bes 1ﬁaﬁb 167;10 transition to be 8.75 times stronger than the By
16&94— 16?’1 0 transition. This indicates that u.c:‘u.b = 3. A bond moment
calculation based on fluoral (p_=0.15D, ph=1.6¢D}B? and EFBEl {p:D.EDJ?g gave
ua:ﬂ.?ﬁﬂ, ub:ﬂ.ﬁZD and ut=1.53D which is in fair agreement with experiment.

Most of the lines in the ClFEGCHG spectrum show resolvable hyperfine

structure due to chlorine quadrupecle coupling, the Q-branches being no
exception {gee Figure 7). Quadrupole splitting was initially modelled by
assuming the quadrupole tensor to lie along the C-Cl bond direction and to
be the same as in CF,Cl (eQq = -77.902 MHz) 88 Henae.3<1z = =77.90 Mz

and}’xx :'};_’w = 38,95 MHz. Rotation of this tensor into the intertial axis

system was facilitated by observing that the C-Cl bond in gauche G1F2¢CHG
lies almost exactly in the a, b plane. The bond was therefore assumed to
lie in the plane, hence?fgx z j(cc = 38.05 MHz and if @ is the angle between
the C-Cl bond and the a-axis;

- 2 E
K =Xy, Cos'e +?CFH sin’e

- 2 2
'}{bb -'}(H Cos?@ +Xzz sin’o
taking @ = 37.65% from the trial structure gaveﬁfga = -34.31 MHz and

X

bb "
and later discussion). The predicted constants permitted straightforward

=4.64 MHz which is in fair agreement with the observed (see Table 5

assignment of F quantum numbers to hyperfine components. The constants were
then refined in the reduction of transitions to hypothetical centres, by
means of first-order perturbation theory, so that they were fairly well
known by the time that attempts were made to assign R-branch transitions.
The R-branch (4J = +1) transitions in gauche - EIFEECHD presented more
of a seargh prablem_than expected. Predictions were made by adjusting the
trial structure to reproduce the Q-branch data, but although oo R-branches

were expected to be strong, they were not obvious features of the spectrum.
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This is partly due to the difference between Stark effects for Q- and R-

branch transitions. For a aM. = O spectrometer, the relative intensities

J
of the different HJ components areag H
For Q@ branches IMJ°< Hg
For P or R branches Iy ¢ (J + 1)% = Hj {J = J lower)
whereg M. = J, J=1, ...... s 1, O,

oJ
For a Q=branch, the most easily modulated Stark component tHJ = X J) iz also

the most intense, whereas or an E-branch the strongest component {MJ = )
tends to remain superimposed on the zero field line. To compound this
difficulty, most of the R-branches in the region studied have large quadrupole
splittings to spread their intensity.
The first R=branches to be assigned were the uc, 330 -— 220 and
331 d“-?zj. There were identified by pumping the 220"_'221 at 48 MHz and
scanning the region 21.5% - 22.5 GHz (see Figure 8)., The transitions cccur
in a particularly dense part of the Ka = & = 7 Q-branch band and so were
not measured accurately. Instead, their frequencies were estimated and
successfully used to predict other R=branches more conveniently placed.
During the course of work on the ground state spectrum of gauche-

35ClF CCHO a wide variety of transitions were measured enabling guartic

2
centrifugal distortion constants to be determined. The trial structure,

adjusted to fit the observed rotational constants was then used to predict

rotational constants for 3?ﬂ1F2ECHG and 3ECIF'EECDD. Spectra of these species

were assigned without difficulty on the basis of quadrupole patterns and

Stark effects. Quadrupole splittings in the 3761 spectrum were consistent

with the chlorine gquadrupole moment ratioﬁz. The observed quadrupole coupling

constants for 35

35

EIFECCDD were determined to be significantly different from

CIFECEHU.

After completion of the experimental work described here, the microwave

150 was studied by Dr. A Peter Cox

those of

spectrum of the oxygen-18 species 3501F2CCH
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and Jeremy Handell?n These workers kindly made their results available to

the author., The spectrum of this species wasz obtained by hydrating the
parent compound with a large excess of 1Bﬂ water. It was found that the
aldehyde hydrate dissociated on entering the spectrometer cell at low
pressure. This explains the attenuation of the parent ion in the mass
spectrum of CIFECCH{DH]2 as described earlier, it also places some doubt
on the general utility of the aldehyde as a dehydrating agent. At the
time of this study, the structure of the molecule was'‘sufficiently well
known to predict the 18& speciez rotational constants te within 1 MH=z.
Accurate rotational and gquadrupole coupling constants determined from the
study are used in the data analysis which follows,

Collected ground state rotational constants for all spacies of chloro-
difluoroacetaldehyde so far studied are given in Table 1. Full details of
the data employed in their determination are given in the data section at

the end of the chapter.

BIl—
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i
TABLE 1 w
* b=4
Ground-State Rotational Constants/MHz and Centrifugal Distortion Constants/KHz . I
35C1F200H0 3?C1F2CCHO 35c1r,con0 35C1FZCCH180
A, 3 950.572 (9) 3 918.392 (25) 3 854.286 (8) 3 918.404 (21)
B, 2 405.923 (10) 2 361.761 (26) 2 360.676 (8) 2 306.155 (22)
c, 2 075.369 (10) 2 033.773 (35) 2 061.007 (9) 1 992.339 (24)
Aj 1.05 (14) 0.84 (65) 0.88 (11) 0.36 (37)
Byx -3.47 (3) -3.76 (10) -2.70 (3) -2.66 (6)
By 8.46 (6) 8.79 (26) 6.96 (6) 7.56 (10)
85 0.355 (3) 0.365 (6) 0.290 (3) 0.340 (6)
8 1.08 (7) 0.80 (20) 0.42 (9) 0.89 (15)
Transitions 53 25 37 19

*
A-reduction (Ir representation); errors = lo from least squares fit.
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STRUCTURE OF GAUCHE CL1F,CCHO

Ground state rotational constants, corrected for centrifugal distortion,

and effective moments of inertia for the various isotopic species are
reproduced in Table 2. Inspection of the planarity relationships

[Iﬂ + IE = Icl immediately reveals that both the chlorine and the oxygen
atoms lie close to or in the a, b plane. In fact, the Kraitchman procedureg‘
yields imaginary ¢ co-ordinates for these atoms (see Table 4) this being
attributable to zero-point vibrational effects.

Actual determination of the structure made use of the methed of
N#sberger Bauder and Ginthard®® . This involves least-squares fitting of
the isotopic moments of inertia to the molecular valence co-ordinates. IF
there are isotopic substitution data for every atom in the molecule, the
structure determined by least-squares fitting is similar to the r5
(Kraitchman) structure. The least-squares method, however, permits full
use of all of ihe available data, and automatically places the origin of
the principal axes at the centre of mass. It is also the obvious cholce
where there are limited data, provided it is recognised that computed
structural parameters can become seriously contaminated by zero-point effects
in these circumstances.

Gauche-chlorodifluoroacetaldehyde is a totally asymmetric species
having 3N-6 = 15 internal degrees of freedom. There are twelve independent
mements of inertia available. Assumptions therefore have to be made in
order to generate surplus degrees of freedom for the fit (observations minus
parameters) and to allow for vibrational averaging. Two assumptions can be
made readily;

{i) The C-CHO fragment is planar due to sp? hybridisation of the

aldehyde carbon atom.
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TABLE 2 I
2 r
Rotational Constants/MHz and Effective Moments of Inertiajuﬁ ™~
|

33¢1r,ceH0 37c1r,c0m0 35¢1r,ceo 35c1r,con’®o

Ao 3 950.574  (9) 3 918,394 (25) 3 854.287  (8) 3 918.404 (21)

Bo 2 405.918 (10) 2 8361.757 (28) 2 360.674  (8) 2 306.150 (22)

Co 2 075.371 (10) 2 033.774 (35) 2 061.007 (92) 1 992,340 (24)

Kappa -0.64745 -0.65194 -0.66579 -0.67414

I, 127.9255 (3) 128.9761 (8) 131.1213 (3) 128.9757 (7)

IB 210.0566 (8) 213.9843 (25) 214.0825 (7) 219.1440 (21)

198 243,5126 (12) 248.4932 (43) 245.2097 (11) 253.6610 (31)

Iy, *+ Ig - I 94.4965 (15) 94.4672 (50) 99,9940 (13) 94,4587 (38)

Errors (in brackets) are one standard deviation.
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fii) M-:Kean23 has demonstrated a correlation between bond lengths
and stretching frequencies for isolated C-H bonds, He gives
the emperical relationship;

o is -1
r, /A = 1,402 - 0.0001035 [Y(C-H) “/em ]

since, for CIF,CCHO Y(C-H) = 2855 en ',
o
this gives r,(C-H) = 1.106; A .
Further assumptions then made in order to cope with insufficient data are as

follows:;
[iii) Both C-F bond lengths are the same.
{iv) Both C-EHF angles are the same,
{v) Both projections of CluE-F angles onto a plane perpendicular to the
C-C bond (denoted Be c_c1

Three possible sets of structural parameters, obtained by least-squares

) are the same.

fitting, are given in Table 3. Case (1) employs only the constraints given
above, Case (2) also constrains both projections of F-E-C angles onto a

plane perpendicular te the C-Cl bond (denoted gF-C-GJ to be 120°, and Case (3)
constrains r(C-F) to be 1.345 ¥ as in%? GFEClE. In each case also, an
allowance has been made for shrinkage of the C=H bond by 0.0041 R an deutera-

tion [by analogy with fﬂrmaldehydega .

This was done by adjusting the
CIFECCDB moments of inertia to compensate for such a change, the reguired
shifts being obtained from a structure close to the final one in esach case.

The quantity O iz defined by;

fit

2. { I:hs . Ic:Lah: )2

Trit ¢ :
nyp © np
I = moment of inertia
Ny = number of moments of inertia used (= 12)
n, = number of variable parameters in the fit.
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TABLE 3
STRUCTURE OF GAUEHE-EIFECCHG
Parameter Case (1) Case (2] Case (3)

r (C=Cl1) 1.749 {18) 1.7T40 (18) 1.749 {21)

r (C-F) 1.363 (12) 1.349 (7) 1.345 {assumed)

r (C-C) 1.4098 (30) 1.538 (8) 1.535 (27)

r (C=0) 1.196 (5) 1.190 (4) 1.189 (&)

r (C=H} 1.1065 1.1065 1.1065
c£-0 124,82 (23) 124.75 (26 124,63 (25)
c-C-H 114,93  (48) 114,53 (47) 114.57  (81)
C:E-Cl 110.63  (97) 109,43 (55) 109.24 (24)
cL-F 110.3  (1.3) - 109.1  (1.4)

@ (F-C-C1]) 121.42  (81) = 120.83 (9}
F-e-c1 - 110.90  (84) -
@ (F-C-C) - 120.0 (assumed) -
o 109,42 (16} 109.44  (19) 109.51  (24)
0n /0 0.0076 0.0218 0.1016
o

Hotes: Bond lengths/A Angles/Degrees
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Structure (1) fits all of the available moments of inertia practically
to within experimental error. It is therefore immediately suspect because
it has absorbed all of the contribution from zero-point vibrational effects,
It is also unsatisfactory because the C-F bonds are long compared with

92
7, and the C-C bond is too short. These two parameters

13

other molecules
must, of needs, be correlated in the absence of ~C data for the methyl group
carbon atom. Attempts to avoid this difficulty led to the additional
constraints used in structures (2) and (3).

Both (2) and (3) are acceptable working structures. They are also
arguably'ﬁhe same, since all parameters agree within their uncertainties.
Table 4 gives the principal axis co-ordinates of the atoms in structure (2},
for comparison with the Kraitchman co-ordinates for €1, H and O given in the
same table. HNote that discrepancies between the least-squares structure
co-ordinates and the Kraitchman co-ordinates, for the H atom, are mainly due
to the shrinkage correction.

TABLE 4

Gauche C1F_CCHO

o
Principal Axis Co-crdinates / A

Atom a b <
Ce -0.02231 -0.31945 -0.01938
c1 -  -1.40508 0.75031 0.01437

F 0.28095 -0.73422 1.22361
F -0.28304 ~1.40019 -0.77639
Cay 1.18196 0.42895 -0.60819
H 1.10817 0.63867 -1.69213
0 2.13450 0.77246 0.01492

=]
Kraitchman Co-ordinates / A

Aton tal. bl el
Cl 1.40574 0.74929 0.02391
H 1.10896 0.63603 1.68407

2.1347 0.77149 0.05521
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Structure of Gauche Chlorodifluoroacetaldehyde.
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Certain features of the structure are well determined from the fit,
notably the C=0 bond length and «4, the preferred conformational angle.
The r{C=0) walue obtained (1.190 A) is shorter than that of acetaldehyde
[1.207 H}B& and of formaldehyde (1.207 H}gj . This is consistent with an

increase of the C=0 stretching freguency compared to that of acetaldehydegﬁ

{1775 ef 1743 cm”'). The determined value for e (109.5°) is considerably
different from the expected value of 120° for a gauche molecule. It is

also a very important parameter to be carried through into the internal
rotation analysis which follows later. For this reason, the possibility of
its wvalue being an artefact was carefully investigated. 811 of the isotopic
data were re-fitted withel as a constant. It was then found that & could
net be changed from 109.5° without serious degradation of the fit and
unacceptable bond length changes. This follows because there are isotopic
substitution data for both Cl and 0. The Cl=-0 non-bonded distance is

therefore well determined. This, in combination with the centre-of-mass

requirements, imposes considerable constraint on the possible value of ef.
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35
Cl QUADRUPOLE COUPLING IN GAUCHE - ClFECCHD

Quadrupole coupling constants for the main, oxygen-18 and deuterium species
of gauche=chlorodifluorcacetaldehyde were determined from spectroscopic line
splittings using the method given in Appendix 4., Least-squares fits to the
data are given at the end of this chapter. The results are summarised in
Table 5.

It has already been established from the structure (see Table 4) that
the C-Cl1 bond for the main species lies almost exactly in the a, b plane.

‘EB{] and D species. Inspection of the guadrupole

The same is also true of the
coupling constants (Table 5) reveals that 'ch is invariant with isotopic
substitution., This implies that the z-axis of the guadrupole coupling
tensor also lies in the a, b plane. It follows that the only non-zero off
diagonal coupl.‘;ng constant, for any of the three isotopic species, will be
‘){ab.
determination of the gquadrupole coupling tensor.

Use of this accidental planarity relationship permits complete

Isctopic substitution gives rise to a rotation, 806, in the orientation

of the guadrupole tensor with respect to the molecular principal axes;

i ¢
?{aa Xab 0 xaa xab 0
-1 s P
R0%ap %op @ | B = %ap %o 0
0 0 J{Cc 0 o '){C c
where;

Cos &9 -5infe O
B =|8indo Cos 5@ Q
0 Q0 i

hence;
L
"Xaa = '}-{aa Cos?ba +xbb 5in%8 g +'}{ab 8in 250

.-XJ'

bb =xaa 5in%sa +Kbb Cos*so -'xab Sin 2&6
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GAUCHE-CHLORODIFLUOROACETALDEHYDE
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Chlorine -35 Quadrupole Coupling Constants/MH=z

main species

Xaa =34,
Xbb - 2.
Yoo 36.
Xab 51
Xz 36
xyy 35.
Xaz =71
e 36

.4 (7

175 (109)
441 (74)
616 (74)

(3)

.8 (2)

1 (40)

LT (40)

)G-

D

——

-33.141 (91)
- 3.415 (&68)

36.5b66 (68)

{structural BE.?}D

o

-30.965 (175)
- 5.796 (85)

36.761 (85)
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and hence;

= Pt -
Kab = {‘R’aa ‘}(bb} {"}(a 'Xbb]'(los 280

2 Sin 2a0
The parameter %8 can be estimated from the shift, on isotopic substitution,
of the angle between the a-axis and the C=Cl bond axis (denoted ga,ﬂ—ﬂl}'
ga,c-ﬂl’ determined from structure, for each of the three isotopic species,

is as Tollows;

Species Qa CMCIHDegrees
ClFECCHﬂ 36.731
C]FECCDO 3777
CLF,CCH' 89 38.795

Two independent determinations of xab are possible with these data. >cab

given in Table 5 is the weighted average, greater weight being given to the
wﬂ substitution because the shift, §8, is larger. Diagonalisation of the
main species quadrupole tensor then gives the coupling constants in the
guadrupole principal axis system and also gives the orientation of the tensor
with respect to the molecule principal axes.

Results, given in Table 5, show that, within experimental error, the
quadrupole tensor lies along the C-Cl bond direction and is cylindrically
symmetric. This implies that the amount of T character in the C-Cl hond is
small.

Determination of the principal coupling constants allows an estimate of
the lonic character of the C-Cl bond to be made. Chlorine valence electrons
have a principal gquantum number n = 3, so that s, p and d electrons may be
involved in the bonding. Only p electrons will be considered here since s
electrons give no field gradient at the chlorine nucleus, and the effect of
d electrons cannot be independently determined. Orbital overlap, charge
screening and hybridisation effects will also be neglected, giving a

particularly simple «::xl:ar'nez:z«s«inn{'2 for ﬁ;z in terms of the p orbital populations

ﬂx, “y and n_, and the atomic gquadrupole coupling constant 2b = eﬂq31G
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. (n. + n )
ﬂzz-éb[nz— xzx}

e,

Jaccarino and King 95 give b = 54.8732(5) MHz for Assuming nx=nF:2

gives n, = 1.35(4) electrons. The chlorine atom in gauche-ClFZCCHG
therefore has a formal charge of -0.35e.

Electron withdrawing substituents at the carbon atom might be expected
to affect the ionic character of the C=CL bond. It is therefore interesting

to compare the ClFECCHG quadrupole coupling constants with those of methyl

chloride (eQg = -T4.74324(15) I-!Hz]% , triflucromethyl chloride

97

{eQg = =77.902(30) I--TI-Iz]“"‘:E and chloroacetaldehyde The complete guadrupole

tensor for chloroacetaldehyde has not been determined, but on the assumption
of a cylindrically symmetric field gradient at the chlorine nucleus, for

the cis form (where the C-Cl bond lies in the a, b plane) Izz B 'P'xccz -72.48HHz.

If the electron withdrawing effect of the fluorine atoms were important for
ClFE{.‘.{.‘.HD, xzz might be expected to approach the eQg value of CE‘EEL

Instead it is convergent with -E‘JCCC for r:is—ClHE,CCH{J. It must therefore be
concluded, on the basis of the guadrupole coupling, that the two aldehydes

have very similar C=Cl bonds.

Second=-0Order Quadrupole Coupling in Gauche =C1F,. CCDO

The 1335-13??, and 13&6'1376 transitions in ClFECCI:IG are predicted, by

first-order theory, to be split by the quadrupole. In fact, both transitions
show an unresolved singlet at the hypothetical centre freguency. Inspection

of the calculated energy levels reveals that the 14 level lies only

5,10
29.3 MHz away from the 13E levels (K doubling at 138 is 0.0&6 MHz). The

effect is therefore due to second-order gquadrupole coupling.

Selection rules for the second-order guadrupole interaction are given

by Schwendeman® . The interaction 135, &> MS 10 (E” <«==0%) iz allowed
¥

; , + +
via 'xab, but the interaction 13;!35 -l_-l_-1-’+5r_|||:I (E - 07) is only normally
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allowed via 'Kgc. From the results of the previous section, it is already

known that, for CLF,CCDO, K b

show identical perturbations. The normal selection rules are therefore

53 MHz and X 0. Moreover, both transitions

viglated. The only sensible conclusion to be drawn from this is that all
of the energy levels involved are {1] doubly degenerate.

Except for the success of the localised conformer approach used in
deriving the structure, it has not yet been revealed whether gauche-chloro-
diflucroacetaldehyde has a low barrier to internal rotation, in which case
the ﬂ+ and 0_ torsional states will be well separated, or a high barrier,
in which casze the D+ and ﬂ_ states will be degenerate. The second-order
quadrupole interaction is therefore direct evidence; that the observed
spectrum belongs to a high-barrier molecule in the gauche form. As soon as
the parities of the wavefunctions, with respect to inversion of the molecular
¢ co-ordinates, are considered, the quadrupole interaction can be explained.
It corresponds to EX -+¢-ﬂ;'uia'X;b, so that the 13%5 state interacts with
the 14% and so on. Full details of the interactions are given in

5,10
Figure 10,
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VIBRATIONALLY EXCITED STATES

In addition to the ground-state data, the microwave spectrum of gauche-
chlorodiflueoroacetaldenhyde has been analysed out to v=3 in the torsional
mode, A complete assignment is available up to v=2 (see data section), but
no R-branches were assigned for v=3, so that only A=(B+C)/2 and Kappa are
known in this case.

A plot of rotational constants vs torsional state, for the gauche form,
is given in Figure 11. The graphs are shown extrapolated back to v= -}
using the relationship;

Be = B\F + el (v+d) + @ {ved)?

where Be is the torsionless rotational constant. Simultanecus solution of

the above equation for v=0, 1 and 2 gives;

_15. 1o 3
Be= 8B~ 8B * g5

The torsionless rotational constants for gauche-chlorodifluoroacetaldehyde,

determined in this way are (in MHz);

AE = 3946.9
B_ = 2404.2
2

GE = 2&?515

These constants were not used in the structure determination because there
are insufficient data to perform the same extrapclation for all isotopic
species used. In view of the assumptlons necessary to define a complete
structure, this will make an insignificant contribution to the structural
error.

The variation of the rotational constants with torsional state is found
to be smooth. This is consistent with GlFEGCHG teing a high-barrier molecule,
=ince molecules with a low barrier to inversion tend to show a zig-zag

pattern in this respect 917,99 . In addition, none of the transitions
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Variation of Rotational Constants with
Torsional State (Relative to v=0).
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observed for torsionally excited states showed any sign of gauche-gauche
doubling. Most of the transitions were Bea type. It has been pointed out

by Hiro tamu

» that for a molecule which inverts about the c-axis, the Mo
selection rule within a given v regquires a change of inversion parity.

He transitions therefore show a splitting of twice the t+l = (=) energy
difference EﬁE;l. The spectrometer resolution being ~0.5 MHz, this implies
that even for the v=3 state, 4E; €0.25 MHz.

Figure 12 shows a group of excited state and chlorine-37 sate;lite
lines due to the 1TT,11'1T6,11 transition of gauche-ﬂlFECCHﬂ. The recording
was made at dry-ice temperature. A careful comparison of the ground-state
and v=1 torsional-state relative intensities established the v=0=1 energy
difference to be 95(5) cm™ . ’

A line at 19839.7 MHz has been assigned to a 17 1?6 11 transition
¥

Ty
on the basis of its Stark effect. Unlike other*lines in the group, however,
this line shows a splitting of 0.7 MHz. Its relative intensity indicates
that it probably belongs to the G-Cl bending mode 250 cm | above the ground
state (see FTIR spectrum later). This suggests that excitation of the
bending vibration lowers the internal-rotation barrier sufficiently to allow
observable gauche-gauche Funnelling.

The estimated torsional fundamental freguency w(1<— 0)~05 cm™ @ falls
in the range observable by Far-Infrared spectroscopy. The Fourier-Transform
{FTIR)} spectra of ClFEGGHG and CIFECCDG were measured by Dr. Peter Goggin,
using a Nicolet 71994 instrument. Spectra, shown in Figures 13 and 14,
were recorded at room temperature using vapour samples in a 10 cm cell with
polythene windows. Unfortunately, it is not possible to assign the
torsional fundamental unambiguously in either of these spectra. The FTIR
spectrum of C1F,CCHO shows a small peék at 96.2 e as a high freguency
shoulder on a group of strong absorptions. These strong absorptions do not

appear to be artifacts, and are probably comprised mostly of torsional hot

transitions attributable to the gauche form and also to an unidentified

high energy form of the molecule {see next section).
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HIGH ENERGY FORM OF CHLORODIFLUOROACETALDEHYDE

During work on the microwave spectra of GlFEEGHG and GlFEECDO, a large
number ér lines were encountered which could not be attributed to the

gauche form. These lines are, with few exceptions, all very similar in
appearance. They are characterised by a small splitting (1.0~1.7 MHE)

and a slow, high-frequency Stark effect, reguiring 1~2 KV/cm for full
modulation. They are therefore suggestive of a species having few rotational
degeneracies. They almost certainly do not arise from impurities in the
5amples,'for two reasons. Firstly, the main and deuterium species line
frequencies are all different, so that an impurity would have had to have
been carried through from the LiﬂlﬁﬁfLiﬂlD# stage of the preparation.
Secondly, the species responsible behaves as if it is in thermal equilibrium
with the gauche form. The prelationship between the two species is therefore
isomeric, rotameric or chemical. There is no obvious mode of chemical re-
arrangement for ClFECCHD. The spectrum is also not due to the aldehyde-
hydrate because addition of water to the spectrometer attenuates the

unknown and the gauche-form spectra to the same extent. It is therefore
most probable that the unknown lines originate from an alternative rotameric
form of ClFECCHG.

There is also some evidence for an alternative rotameric form of the

molecule in the FTIR spectrum. Gauche-gauche splitting of the 17 17

7,117
transition of the molecule in the lowest (250 cm-1) bending mode (g.v.)

6,11

indicates a coupling between this vibration and the torsion. One way of
interpreting the difference between the main and deuterium species FTIR
spectra in the 250 cm-1 region would be to assume that there are two distinct
rotamerz and that the effect of deuterium substitution on the coupling
between C-Cl deformation and other vibrations is much greater in one than

in the other. The main species FTIR spectrum (Figure 13) shows a strong
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absorption at 250 cm-1 and an enhanced R-branch at 258 cm_1 which may hide
another transition. The deuterium species FTIR spectrum (Figure 14) shows
a strong absorption at 254 cm-1 and a weaker transiticon at 232 cm-i.

Deuterium substitution therefore apparently shifts the weaker transition

1 to 232 cm'1. This effect may be due to the conformational

from 258 cm
dependence of the coupling between the various modes of vibration.

It was thought originally that the 'non-gauche' microwave transitions

would be readily assignable to a cis form of chlorodiflucroacetaldehyde.
The molecule chlorcacetaldehyde has a cis form, of higher energy than a
trans form (trans being the average configuration. ClHECCHG has energy
minima in the gauche positions and a low inversion barrier) 9?JD1 . It
was therefore reasonable to expect that ElFEGGHD would also have a high
energy cis form.

Modelling for the rotational constants of cis-ClFECCHD was carried out
on the basis of a modified gauche structure, with some allowance for opening
up of the GIJE;C and C:g-ﬂ angles to accommodate chlorine in the eclipsed
pesition. An estimate for the Cl-0 non-bonded distance was made by fitting

97 to an assumed structure.

the cis-chloroacetaldehyde rotational constants
N
This suggested that the Cl-C-C angle should be opened up to ~112% and the

A
C-C-0 angle to ~126°, Cis-ClF.CCHO rotational constants predicted an this

2
basis are (in MHz);
A = 3364
B = 2849
C = 2130

giving Kappa = 0.165. The cis-conformer is therefore expected to be highly
asymmetric, with a consequent lack of rotational degeneracies. Furthermore,
a plot of Kappa wversus internal-rotation angle (Figure 15), indicates that
only structures close to the cis form would give rise to the more obvious

characteristics of the observed spectrum.
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After performing a number of broad scans, using modulating veoltages
of ~2KV/cm, it was noted that some of the non-gauche lines formed clearly
identifiable series. Moreover, once Cour members of a series had been
identified, it was possible to predict the rest in a stepwise manner by
taking successive differences (see data section). Assignment seemed
inevitable, until it became apparent that the series could not be accounted
for using asymmetric rotor theory.

Two series occurring in the spectrum of ClFéCEHD are shown in Figures
16 and 17. These, and also a series occcurring in the spectrum of ElFECCDD,
are shown plotted against an arbitrary abscissa in Figure 18. On moving
along a series, the lines show a steady decrease in intensity, until they
disappear into the background neoise at the high frequency end. The decrease
in intensity is also associated with greater ease of modulation, suggesting
that the weakest lines correspond to the lowest J values, It is here,
however, that the utility of pure asymmetric rotor theory ends. As can be
seen from Figure 16, the series around 24 GHz has a point of inflection,
but the series arcund 19.5 GHz actually felds back on itself. To the author's
knowledge, pure aﬂymﬁetric rotor theory cannot be used to generate progressions
of the latter type. It therefore seems probable that the observed lines
correspond to ro-vibrational transitions. They are also, Lo some extent,
reminiscent of a series of transitions seen in the microwave spectrum of
propargyl mercaptaﬁm? . Propargyl mercaptan has a low gauche-gauche energy
barrier and a {+) €+ (=) energy separation, AE- of 0.23 cm'1. Its spectrum
therefore shows long series of ucwtype {+)=»{-] torsional transitions
which are, in effect, vibrational transitions occurring in the microwave
region.

Two of the anomalous ClFéEEHG lines were selected for relative intensity

measurements in comparison with lines from the gauche form. Since the lines

chosen were unassigned, measurements were made at two temperatures. This
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has the effect of cancelling degeneracy and intensity factors, enabling
the energy difference to be determined assuming that the two species are
in thermal equilibrium.

The intensity of a line at 19747.27 MHz was compared with that of the
gauche 177,11'1T5,11 transition (19790.59 MHz) at 294 and 200K. This
indicated the states responsible for the unknown line to lie 192(20) cm'I
above the (gauche) ground state. Similarly, a line at 23515.671 MHz was
compared with the gauche - 3019,21'30q,21 {23600,35 MHz) giving the energy
difference to be 203(20) cm-1. Both series therefore appear to belong to
the same vibrational state.

It is interesting to note a small absorption in the FTIR spectrum of

GlFECCHU (Figure 13) at 206 em™'. There is a corresponding absorption in

the FTIR spectrum of GlFECCDD (Figure 14) at 204 em™'. It is possible that
these correspond to direct transitions from the gauche ground state to the
ground state of the unknown form.

The question as to the exact origin of the anomalous spectrum remains
unanswered. It 3eems.unlikely that the lines can come about as a result of
accidental proximity of the UD {cis) and 2+ (gauche) levels. 0 — 2
transitions are normally wvery weak, and an accidental degeneracy of this
type would not be expected to be present in two different isotopic species,
A more plausible explanation is that Cngccﬁﬂ cannot readily accommodate
chlorine in the.cis position. It may be that the methyl group is too
crowded to allow the necessary opening of the G-E\-Cl angle, sc that a
small hump appears in the internal rotation potential atei=0. This could
give rise to a slightly non-planar cis form, with the necessary low barrier
to inversion. The anomalous series would then be Mo type (+) === (-}
transitions associated with the inversion process. Such an hypothesis might
also account for many of the lines in the FTIR spectrum below 90 Cm-i,

zince a low barrier would give rise to many more close-lying states than

would be expected for a conventional cis-form.
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CHLORODIFLUOROACETALDEHYDE: BARRIER TO INTERNAL ROTATION

Without data for the region of the cis potential minimum in ClFECCHO, it
iz impossible to determine a complete potential for internal rotation.
Moreover, if the molecule does have a non-planar cis form, the potential
function expressed as a Fourier series will be very complicated. For these
reasons, a simplified model will be adopted here; that the cis form is
localised at =0 and lies 198(14) cm™' above the gauche (as determined from
the average of relative intensity measurements given earlier). It is then
possible to make estimates for the barriers to conformer interconversion.

A plot of the internal rotation constant F as a function of alpha
{determined using the method given in Appendix 5) 1s shown in Figure 19,
It is clear, by inspection of the graph, that the best (simple) Fourier
series for F is;

Fle) = FD + !7‘2 Cas 2.

From the structure (3) given earlier F(109.5%) = 1.7473 cm_1. Rotating
the structure into the cis position and opening Cl—E-C to 112°% and C-E-ﬂ to

126% gives F{0®) = 2.0644 cm_j. Reproduction of these values with the

equation above reguires the following Fourier coefficients;

=1
FQ = 1.886 cm
_ -1
F2 = 0,178 cm
These coefficients are used in the torsional Hamiltonian (see Appendix 6);
M~

H = "SH(F, + F, Cos 2¢ 192 + # 5 V_{1-Cos nc.

Potential coefficients {UHJ are chosen to reproduce the known energy spacings
and the experimental conformational angle of the gauche form. Details of
the potential calculation are given in Table 6, with a plot of the resulting
function in Figure 20. From this it can be estimated that the barrier to
gauche-gauche interconversion (trough to peak) is~820 cm“' and the barrier

to gauche - cis interconversion is ~690 cm-1. The gauche=gauche barrier,

being consistent with experimental data should be reliable., It should be
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noted, however, that the cis form in this model is hypothetical. The
energy levels shown in the cis well of Figure 20 almost certainly do not
correspond to those of the actual molecule. The gauche levels, on the

other hand, are realistic.

Flem™
2-1~I >R CCHO.

Fle<).

b —————————

Figure 19
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—————Result of opening out the CI-GCG-0 framework.
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Internal Rotation in 35=CLF2C=CHD,

Torsional Potential Program VFIT
3 Fold bominmated Potenmtial

60 Basis Funmctions

mnu ml 0bhs
gauche alphamin 109,500007970
0- = 1+ -1 a 0.00000N79
1= = 1% -2 1 T o.onoo0onng
= = 24 =3 P 0. nonnnnng
I- I+ =4 & 0. 00000077
1+ = O+ 1 n e5.00000722
1= = M= = -1 @5.00000772
1+ = 0= 1 -1 5. 00000000
1= = 3+ =2 N 85. 00000092
0 = 0+ 3 o 198. 00000000
Mo = 0= I -1 198, 00000000
E.5.D0. of an Observatian =
Estimated Parameters EaS.Da
FD 1.88600002 Const.
F 0.17800077 Const.
V2 =349.86190430 1.0926373%
V3 01, 84117292 4,57320823%
Vi 129.200003772 Canst.
V5 £a.00000090 Const.
Energy’ Levels
State Efcm” AE-/MHz
0+ -141.1 v}
1+ ~46.0 0
2+ 46.1 0.002
3+ 134.9 0.07
S+ 300.8 20.1
G 376.5 T2T.7

Nbs=Cale

=0.13313521
0.00300000
-0.00200000
=D.00200037
-0.0N200224
-0.0388E647T
=N.N3ERRE47T
=N.N3BBELLT
-0 NIRBRALT
=0.N8340950
-N.2834609450

D.0445NE17/5qrt (Weight)

Height

1.0007
D.35%42E+10
N.35942E+10
D.35942E+10
D.35942E+410
0.13003E-01
0.1N002E-01
0.10002E-01
0.10003e-M
0.25003E-02
D.25000€=-02
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DISCUSSION
In Chapter 1 1t was mentioned that it would be useful to have some predictive
theory, expressed in terms familiar to the chemist, to account for barriers
to internal rotation. For the purpose of the present study, it is also of
interest to Predict the preferred ground-state conformation of ClFéCHG &0
that its spectrum may be analysed. It is therefore instructive to make
comparisons among a subset of small molecules where internal rotation occcurs
about a bond connecting an sp® to an sp? hybridised atom. This subset will
however be restricted, since the primary concern is to compare aldehydes and
nitrosu-écmpuunds.

*To begin with, iﬁ is well known that the preferred conformation, in
the sp? - sp? group, is nearly always one which has a bond attached to the
sp? atom eclipsing the double bond., There are only two known exceptions to
this rule; namely chleoroacetaldehyde, GHEClCHD, and flucroacetylfluoride,
EHEFEFO, both of which have forms with the methyl heterc-atom trans to the

9101 45, however, not a true exception. The

oxygen. Chlorcacetaldehyde
moments of inertia of the trans-form are not consistent with true planarity,
and the rotational constants vary with torsional state in a zig-zag fashion
indicating that the internal rotation potential has a small maximum at the
trans position. The zig-zag behaviour comes about because of the alternating
symmetry of the torsional wavefunctions. The odd functions have a node at
the barrier position and are therefore relatively unaffected by it. Trans-
CHECICHD is therefore, in reality, a gauche-conformer with a low inversion
barrier [ 60% of the zero point energyﬂﬂ1 . It is still ancmalous, however,
because low barriers are very rare in the group of molecules under discussion.
Flu::llrr::au:m-;'tn_.flf‘ll.:u:u":'l.i:lF:m3 remains az a rule unto itself. The preferred
conformation is with the fluorine cis to the oxygen, but the higher-energy

trans=form poses a problem {the definitions of cis and trans adopted here

are the reverse of those used in ref, 103). The mcoments of inertia of the
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trans form are consistent with a planar geometry, although higher
torsional states have not been assigned and so it is not clear whether
the rotational constants will show a zig-zag behaviour. It is possible,
t‘herefore, that the molecule has a low gauche-gauche inversion barrier,
but this is not very likely. It has been suggested instead that resonance
is responsible for the anoma1y3. The early CNDO/Z2 (complete neglect of
differential overlap) ab-initio calculations of Pople and Gordon 104 suggest
that fluorine is not only a strong o electron acceptor, but also a weal T
electron donor. It is possible therefore that fluorcacetyl (luoride has
contributions from resonance structures such as;

}KD
CH,F—C
2 Q§F+
The exact nature of the potential energy surface in the region of the trans
pesition would therefore be of considerable interest, but there has been no
enthusiasm for the necessary experimental work. This is not surprising,
however, because fluoroacetylfluoride is very toxic.
Some insight into why the sp®-sp? internal rotors normally prefer the
eclipsed confrmations has been given by LCAO-MO ab-initio calculations.

Allen?®

proposed a division of the total electronic energy into abtractive
and repulsive components;

EEl = Une + '[Te + Wnn + Uee}
{The electron kinetic energy, Te’ being positive is grouped with the
repulsive terms.) It was then found that the attractive and repulsive
energies vsually remained out of phase with respect to internal rotation.
In ethane-like molecules (sp?-sp?) the repulsive term dominates in giving
rise to the barrier and staggered conformations are preferred, but in the
spi-sp® case, the attractive component helps to draw the rotating group
into the eclipsed position. In acetaldehyde'®® and nitrosomethane” the

barriers were found to be dominated by the attractive term, which led
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Allen to propose an interaction somewhat like a weak hydrogen bond. It
should be noted, however, that the methyl group staggers the nitrogen lone-
palr in nitrosomethane, the aldehyde hydrogen atom in acetaldehyde, and the
hydrogen atom on the central carbon in propene. Furthermore, the barrier

in propene is actually dominated by the repulsive term105

06

, and an alternative
energy component breakdown given by Liberles et af suggests that, in this
case it is predominantly due to an increase in the one-electron energy,

TIe * Une' Hevertheless, it is legitimate to evoke attractive as well as
repulsive contributions to the barrier, especially if a suitably placed
electronegative atom is available.

Table 7 gives a list of effective barrier heights {v3} in molecules
with a symmetric sp?-sp? internal rotor. The values given were all adjusted
from micrawave or combined microwave and optical data. One notable Lrend
is that the alkene derivatives have considerably higher barriers than the

aldehydes and nitroso- compounds. Liberles et 31106

, on the basis of ab-
initio calculations using standardised geometries, have suggested that the
difference between acetaldehyde and propene is predominantly due to hyper-
conjugation. The staggered (high energy) conformation in both molecules is
apparently the most efficient for donation of methyl-hydrogen electron
density into the W system, This molecular orbital is alsc anti-bonding
across the spi-sp? C-C bond and is lowest in energy when the molecule is in
its stable form. In acetaldehyde, however, the methyl C-H bonds are already
polarised by the electron withdrawing effect of the oxygen atom. The change
in electron density at the methyl group, on rotation into the high energy
form, 1s therefore smaller in acetaldehyde than in propene. In fact, the
change in acetaldehyde was calculated to be 59% of that in propene, which

iz also the ratio of the barrier heights (see Table 7). It remains to be
seen, however, whether back-donation from flucrine p orbitals can similarly
aceount for the barrier difference between {luoral and 3,3,3-trifluoropropene,

but note that tri-fluoridation lowers the barriers in acetaldehyde and
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Symmetric Internal Rotors sp’ - sp
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2

Name

MNitrosomethane
' Nitrosomethane-d.,
Acetaldehyde
Acetaldehyde—dH

Propene

Trifluornitrosomethane
Fluoral
Fluaral=-d

3,3,3-Trifluoropropene

Formula

CHSND

CDBHD

CHECHG

EDBCHG

EHECH:CHE

CFEHG

CFBCHG

CFBCDD

CFECH:CH2

-1
UBHGm

405.3 (2}
390.0 (3)
400.5 (2.4)
397.5

6B2.9

238 (2)
305 (26)
320 (28]

16450  {800)

Ref's.

50

50

11

11

see
Chapter 4

107
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nitrosomethane and raises the barrier in propene. Schemes which evoke
charge re-distribution during internal rotation bto help account for the
barrier, and inhibition of charge re-distribution, by suitable placement of
electronegative substituants. as a harrier lowering agency, are therefore
plausible. It would be of little value however to propose any complicated
theory without a great deal of supportive evidence. Any single-factor theory
aof barrier heights is also obviously too simple.

Table 8 gives a collection of internal rotation data for molecules with
an asymmetric internal rotor. The most striking trend is that, for all
except two of the molecules, the preferred conformation can be deduced with
a simple rule: if the molecule can place a hydrogen atom adjacent to an
electronegative first-row atom (N,0,F) then this will take precedence. If
not, the low=energy form will be the one with the smallest methyl substituent
in the cis position. The two exceptions are [lucroacetyl fluoride (g.v.)
and 3,3-diflucropropene. Hote, however, that 2,3-difluoropropens, which is
the izo-electronic analogue of fluorcacetylfluoride, is well behaved within
the rule and is also unlikely to form resonance structures of the type
suggested for fluorcacetylfluoride.

The rule stated, which is akin to evoking the competing effects of

steric hindrance and Allen's weak hydrogen bund“ﬁ

y 15 again too simple

or it would have no exceptions. Nevertheless, it has sufficient predictive
power to warrant consideration. It 1s therefore interesting to consider the
CH3 group v3 barriers in nitroscethane, propanal and 1-butene. These CHB
groups rotate about a bond connecting sp? to sp® carbon and therefore almost
certainly adopt the staggered conformation (this has been shown to be the

case for propanalma ba

With the group cis to an oxygen atom, however, an
attractive interaction would be expected to lower the energy of the eclipsed
form. It would then be expected that, in propanal and nitroscethane, the

cis H3 barrier would be lower than in the gauche, and in butene, the cis
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Asymmetric Internal Rotors sp-sp3

Stable Metastable Gauche E::g?i;?i:&?e Stable
Name Formula Forn Form -1 Lminso Metastable
4E/cm barrier/cm Refs.

Nitrosoethane CH3CH2N0 cis gauche  175(35) 125.5(5.0) »230(45) ~635 25
Prepanal CHBCHECHO cis gauche  420(52) 128.7 200(80) 750(100) 25,109,110
But-1-ene CI-!3CH2{:H=CH2 gauche cis 52(52) 119.9(3) 605 - 11
3-Fluoropropene CHJFCH:CH, cis  gauche  58(23) 127(3) 520040)  1090(*12) 0,112
3-Chloropropene CHECJ.CH=CH2 gauche cis ~122.4 ))EZB+ 13
3-Bromopropene CH ZBI'CI-I:CHE gauche - - ~121.1 )Ez - 1%
3-Iodopropene CHEICH=CH 2 gauche - - ~119.4 >E, - 15
Chloroacetaldehyde CHECJ.CHO Trans cis ~0.6E 0+ 97,101
Glycolaldehyde CH,OHCHO cis - - - - - 116
3,3-Difluoropropene CHF28H=CH2 cis gauche  260(80) ~120 ~ 580 ~600 17
Chlerodifluoronitrosomethane CF2C1H0 gauche cis? ~180 See text.
Chlorodifluoroacetaldehyde CF2C1CH0 gauche c¢is? 198(14) 109.5(2) ~820 ~690 This work.
Fluoroacetylfluoride CHzFCPO cis¥ Trans*  318(35) - o} 103
2,3-Difluoropropene CH,FCF=CH,  cis gauche  145(60) ~116.4 ~955 1100 118

* Definitions altered from those in ref.103 to be consistent with definitions used here.
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\ U3 barrier would be the same or higher than in the gauche., The evidence
only partially supports this view (see Table 9). FPropanal and butene behave
as expected, but in nitroscethane the cis and gauche Ea barriers are

practically the same.

TABLE 9

Name Formula H3{clslfcm-1 Uztgauche]fcm_I Refs.
Nitrosoethans CHEGHEHD a18(31} 879(28) 25
Propanal CH3CHECHG 793.7(2.5) >?3[ci$}* 119
But=1=-gne CHBCHE{.Tl-I:CH2 1396(04) 1105(14) 111

¥ Preliminary evidence (private communication.Dr. A.P. Coxl.

It seems reasconable to conclude that short-range attractions and
repulsions play a strong part in determining preferred conformations, but
that any qualitative theory which relies solely on these effects will
occasionally fail. The situation with regard to quantitative prediction is
moreover worse. The conformer zero-point energy differences (AE) and
interconversion barriers given in Table 8 show a fairly chactic pattern.

It will require a sophisticated theory to rationalise them all. This
difficulty arises because of the delocalised nature of molecular orbitals

and because of the smallness of the internal rotation barrier as a fraction

of the total energyilnﬂﬂ'ai}s. Mevertheless, the barrier does coriginate
principally from the purely electronic part of the molecular energy, because
ab=initio calculations which neglect nuclear kinetic energy generally predict
barriers to internal rotation with good accuracyﬁ. Moreover, such calculations
usually neglect dispersion (VanderWaals type attraction) forces and
relativistic effects without conseguence, so that the origin of barriers to

internal rotation is to be found within the self-consistent field

(5CF, Hartree-Fock] approximation.
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Returning now to the preferred conformation of chlorodiflucronitroso-
methane, it is to be expected that the spectrum will arise from a stable
gauche-form with a possible contribution from a high-energy cis- lor near-
cis) form. Circumstantial evidence in éuppovt of this view is plentiful:

& preference for gawuche is to be expected on steric grounds, there is a
close analogy between isocelectronic pairs of aldehydes and nitroso compounds
iq.v.), and some features of the ElFECHD microwave spectrum are consistent
with domination by the gauche form. Differences in appearance between the
microwave spectra of ClFEEHD and CIFECEHD must be expected as a consequence
of the difference in dipole moments (the larger dipole moment of the aldehyde
was one of the initial reasons for studying it as a model for CIF,CHO).

The aldehyde spectrum is dominated by the Bes whereas the nitroso compound
is expected to have p¢u;ﬂ. Bond moment calculations predict ClFECHﬂ to

have pe 0.5D in the approximate direction of the C-Cl bond, and the centre-
of-mass requirements dictate, as they do in CIFECCHG, that the C-Cl bond
will lie approximately in the a, b plane, Structure calculations based on
CF_HD {see Chapter 4), with a C-Cl bond length of 1.75% A and &£=120? predict

3
an angle between the a axis and the C-Cl bond axis of 31.7%. This predicts

o= 0,430 and by = 0.260. The rotational constants predicted fore{=1209

a
are A=435T7, B=2447 and C=2159 MHz giving Kappa= -0.738, but there i= no
guarantee that this will correspond to the exact conformation adopted.
Gauche-form conforpational angles were included in Table 8 in the hope of
seeing some pattern amongst various molecules, but none has emerged. This

iz partially because these angles are usually determiped ipaccurately by
rotation of an assumed gecmetry to reproduce the observed rotational constants
of only one isotopic species. HNevertheless, assignment of the microwave

spectrum of gauche-ClF.CNO should now be reasonably straightforward. There

2
iz also zcme evidence, from variable temperature studies of the visible

spectr-umﬁlal y for the existence of a second form wﬂEGCm'1 higher in energy
than the stable form. This energy difference is remarkably similar to the

198(1#Jcm'1 difference between the two forms of ClFEGGHG.
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CHLORCDIFLUOROACETALDEHYDE DATA

The following pages give raw data. Processed data appear in the text.

Hypothetical line centres (Tables 10 - 18) were fitted to an asymmetric

rotor Hamiltonian in Watson's A reduction in the o repreaentationﬂ .
A _ LA E A2 A, 2. & 2. 2 4 prn2 02 2
HY = X0B" + Y P, + 27,7 = 4P = 4, PP," - 4Py §,[p ,{Px_Py}]+
2 .2
'EK[Pz’{Py”-'-

where [Jfl.,lii]+ = AB + Ba
The effective rotational constants were obtained from the Pelationshipsas;
A = EA + EﬂJ

ot
B =X =+ EHJ + aJK - EQJ - ESK

")
c=1 +2:1J+.E|.JK+EEJ+28K

Observations (in MHz) given to two decimal places are assumed to have
a standard deviation of 0.05% MHz. Those given to one decimal place have a
standard deviation of 0.2 MHz and are therefore given 1/16th weight in the
least-squares fit. Fitting weights are unity except where indicated.

Some asymmetry guartets could not be resolved. These appear in the
data as a single transition labled with Ka only. For example, the 88 -— E-.?
constitutes only a single cbservation but has intensity due to two asymmetry
doublets, i.e., the C=type 8,. = B_ . and EEG* 5]

«-.81 T1 T
In practice, the cbservation was put into the fit twice,

2 and the B-type 581 - 872

and 8, = 8

80 71"
each time with half weight, once as the 851 - 371 and once as the SE:D"" 3?2.
The residuals (obs-calc) obtained were then averaged to obtain a residual
for the BS-:— BT' 411 unresolved palrs were treated similarly.

Some of the data sets for torsionally excited states (Tables 13, 15 and
16) contain no R-branch cbservations. In these cases, one rotational
constant iz assumed and therefore only A-(B+C)/2 and Kappa = (2B-A-C)/(A-C)

{or some equivalent linear combinations) are determinable.
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Following the tables of fits to hypothetical line centres are tables
£19 and 20) of individual hyperfine components. Only transitions showing
resalvable hyperfine structure are included in these tables. R-branches
have the selection rule AF = 41 and are labelled with FUFFER'*_'FLDWEB'

F takes on values J+I, J+I=1, ....... , J=I where, for chlorine (35 and
3TV I = 3/2. Q-branches have the selection rule AF = 0 and are labelled
with a single F per component. Where two F§ appear the transition contains
two unresolved components and the freguency is taken to be the intensity
weighted average of the two. Relative intensities of quadrupole hyperfine

components have been taken from the tabulation by Gordy and CQOH?E\JHEPE a

;omponent has been omitted, it was obscured by another line or too weak to
measure accurately.

Quadrupole coupling constants have been obtained from the observed line
splittings using the method given in Appendix 4, <F;>, (PE) and {PE> values
were obtained from the eigenvectors of the rigid rotor Hamiltonian.

H = AF; + BP{ + CPY

using the effective rotational constants determined from the centrifugal
distortion fit. The gquadrupcle coupling constants determined (Tables 21 and
22) were then used to calculate quadrupole patterns and hence residuals.
Residuals in Tables 19 and 20 are from the quadrupele fit only. Line
splittings of less than 1 MHZ were not used in the fit since the components
were considered to be mutually interfering (spectrometer resolution~0.5 MHz).

The effect of the deuterium (I=1) quadrupole coupling in GIFECGDG was
too small to give rise to any observable hyperfine structure. It was
therefore neglected.

37

ClFECGHD and in

vibrational satellite spectra has not been attempted. The measured

A detailed analysis of quadrupole splitting in

frequencies used in the calculation of hypothetical line centres for these

data sets are included for the sake of completeness (Tables 23 and 24).
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F numbers are given as a function of J and I, e.g. the column labelled
J+I-1 contains transitions such that F'zJ'+I1-1 <— Fz=J+I-1.
The data for 35GlFECCHmE} (Tables 25 and 26) were kindly supplied by

Jeremy Randell and Dr. A. Peter Cﬂx?ﬂ

Tables 27, 28 and 29 contain data for the high energy forms of ElFEECHD

and CIFECEDO and show the patterns of successive differences mentioned

previously.
TABLE 10.
GEU(hE—BSEi%CEHU. A-Reduction. 1T
Parameter Value E.5.D0.
FMH2 24n5.922535 0.009724
Y /K2 2a75.369301 0,009935
"Z/HMH2 3950.571907 0.009275
bJFEHzZ 1.045961 0.143686
DJESEHZ =L LAH0ETL 0.031491
DE/KHzZ R.LS6408 0.057233
dJfKHz2 D.354916 0.003I087
dk fKHz 1.082089 D.071184

WEIGHTED $.D. OF FIT 0-061828 #MH:z
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35-CLF2CCHD

A REDUCTION

UPPER LEVEL

v

[ I e e I s e e e e e e e [ e e T s e - I s I T e N s N e T e s s e e e e T e T e e s T e R e e N e e O e e O e e e O e ]

J Ka Kg
T 2 2
4 3 2
4 3 1
5 2 3
5 01 4
T 1 6
8 8
g 8
9 &6 3
2 & 4
mn &
10 &6 5
10 6 4
11 8
12 7 &
12 7 05
12 B
13 8 5
13 7 &
13 &y @
13 8 la]
14 7 7
14 410
14 8 T
14 & &
15 5 10
146 B @
146 B &
146 8 8
16 7 10
16 7 @
1 & @
17 7 11
17 8 10
17 & 10
17 8 9
18 7 12
18 8 10
12 8§ 12
12 &6 13
¢d B 13
21 8 14
22 B 15
22 9 14
23 9 15
23 9 15
23 9 14
23 % 14
2% 9 17
25 B 17
26 10 17
26 9 1B
0 10 2

REPRESENTATION

LOWER LEVEL

v

alslsleloislaNololslslfofelolalefalelelaleolelelaeNalol=Rolafelelfuofaol=RelafalcfefaolnlsR=Esl=R Rak=Rek ===

J Ka K¢
g 1 2
3 2 2
32 01
4 1 2
& 0 4
6 2 4
8 7
g 7
5 5
9 5 4

in 7

10 5 5

10 5 &

11 7

12 & 6

12 & 7

12 7

1307 7

13 & B8

13203 11

13 7 6

14 & @9

14 3 12

14 7 07

14 7 B

15 & 12

14 7 10

16 7 9

16 7 10

16 & 10

16 6 11

16 7 0O

17 & 11

17 711

17T 710

A

18 &6 172

18 7 12

19 7 12

19 5 15

20 7 13

21 7 14

g2 7 15

22 8 14

23 B 14

23 8 1%

23 8 1%

23 8 18

25 B 17

25 719

26 917

g6 8 18

in 9 21

OBS/MHz

19046927
26585, 87
2638400
2F2BT .15
26856.27
2696331
25496.97
254 68.81
TRBS35.84
18514 .21
2542986
1A3R3.08
TBLLT .11
ZSETT AT
21749,.33
PAITTL 47
25308.68
25221.65
E16L9 T2
191094656
2S218.31
21508.12
ee13v.07
25102.53
25112.05
18959.74
26B16.92
2L4T760.93
24820251
20513.28
2124167
2LTSTLLS
19790.59
2LGER2 .56
ZELTE_ 92
2hAAT,TL
18770.11
24452 ,71
2ER6L2 .04
2323F.13
2293924
21954 .25
c0&20.A9
2ETETL21
27003,.75
2608949
Z61EB9.40
27103 .56
£3BAS.EAS
eT116.32
eP234L,.59
22225 ,4L72
23600235

IR

OBS-CALC

-0.100
0.030
=0 .08/7
0.025%
D.138
=0.041
0.0av
D.018
-0.031
0.088
0.023
=0.,.079
0.046
0.010
-,.,182
0.055
D.007
0.035
0.058
D.046
=0.072
0.056
-0.033
=0.042
-0.026
0.037
-0.135%
D.0&3
0.0%%
=0.044
-0,.002
-f1.066
-0.0&8
-D.01¢2
-0.037
0.049
-0.0146
D.037
0D.003
-0.031
-0.001
0D.010
0.002
=-0.0N31
0.02%
0.006
0.047
0.041
0.075
-0.024
-0.039
0.0463
-0.072
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I5=CLF2CCHD v=1

A REDUCTION

UPPER LEVEL

v

B I e I B T S et N [ A~ T A I S R YN T ST S 1

J kKa K¢
4 2 2
8§ 3 2
5 2 3
A B
g8 &

15 8 7
15 5 10
14 & B
16 8 9
17 7 11
17 B 10
1T B 9
17 6 11
18 B 10
19 & 12
20 9 11
£0 B 13
21 7 14
2 9 13
22 9 14
23 9 1%
23 9 14
25 9 17
2% 9 17
28 10 19

Parameter

XSMHz
YIMHz
i/ MMHz
DJfKHz
DJESfKHzZ
DEfKHZ
dJ/KHz
d</KHz

[ O |

WEIGHTED 5.D.

REPRESENTATION IR
LOWER LEVEL
vV J Ka Kc 0BS/MHz  0BS-CALC
103 1 2 22744.86. -0.020
1 3 2 2 26621.50 0.0D4
1 4 1 3 27327.8% 0.018
1 6 2 4 26956.37 -0.003
1 8 7 25537.48 -0.057
115 7 9 25005.73 0.11%
115 & 12 19176.51 0.012
116 7 10 2484412 0.050
116 7 9 24775.50 -0.127
117 6 11 19731.08 -0.027
117 7 10 24504.B5% -0 .04 1
117 7 11 24662.21 0.036
117 5 13 19930.59 -0.9923
118 7 12 24471.47 7.001
119 7 12 23611.59 0.014
120 B8 13 27774.12 0.024
120 7 13 22872.59 n.011
121 6 16 23631.17 =0.930
122 815 27315.81 0.051
122 8 14 26731.94 -0.057
123 815 26018.22 -0.023
123 8 16 27124424 0.021
125 8 17 23698,.97 0.034
125 B8 18 26637.02 -0.013
128 9 19 26975.04 -0.022
Value E.S.D.
2410.507136 1.006953
2075245754 2.007224
3955.803116 7.036329
1.082455 0.094930
~3.676307 1.039224
8.732165 0.058060
D.376842 0.003785
1.158794 0.083918
OF FIT 0.251728 Muz
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TRELE 12
Gauche= 3IS5=-CLF2CCHD w=?
A REDUCTION REPRESENTATION IR
UPPER LEVEL LOWER LEWEL
¥V J Ka Ec¢ ¥V J Ka Kc 0BS5S SfMH 2 OBS=CALC
2 & 2 2 =2 3 v 2 2277T1.9L =0.,.000
2 17 F11 =217 & 11 1958183 =0.034
218 B 11 = 2 18 7 11 2&049.22 D.0&4%9
219 B 12 = 219 7 12 2349747 0.0&46
220 7 1% = 2 20 A 15 22558.54 -0.004
2 20 B 13 = 2 20 7 13 22702.3%4 =0.063
221 913 = 2 21 8 13 271%2.4B -0,0246
2 22 9 13 - 2 22 B 15 27259.51 D.024
2 23 9 14 = 2 23 B 16 270TEB.TS -0.022
2 24 9 15 = 2 24 85 17 27000D.85 -0.0%3
2 25 916 - 2 2% 8 18R 27110.37 0.073
2 25 9 17 - 2 2% B 17 233142.5% 0.033
2 3010 21 = 2 30 9 21 22610.567 -0,005%
FParameter Value E.S5.D.
XfMHz 2616.531915 0.008521
Y/MHz 2075372058 2.009100
I/ MHz IOSR.2432580 J1.010640
DI FfKHz 1.078434 Const
DJEX/KHZ b 173941 0153511
DK /KHz 2.906L255% A.2397473
dl fEHz J.L0L758 0,011499
dK fEHZ 1.39531% D.2L7EB17
WEIGHTED S.D. OF FIT D.0634637 MHz
TEBLE 13
Gauche= 35=CLF2CCHD w=3
A REDUCTION REPRESENTATION IR
UPPER LEVEL LOWER LEWEL
v J Ka K¢ v J Ka ¥¢ DBS/YMHz oBas-CALC WEIGHT
T1% 7 9 =315 6 9 20758 (%) D.792 0,000
T 16 T 10 - 3 16 & 10 20157 (5% 1.269 J.000
17 711 - 317 6 11 19280.65 0.017
I 20 8 1% - 3 20 7 13 22355.5% -0.027
T 21 9 13 = 3 21 B 13 26908B.72 0,078 J1.063
322 9 14 = 3 272 B 14 Z2H296.3 0.03% J1.063
325 917 — 3 25 B 17 2269B.iA 0.224
Parameter Value EeSaDo
XIMHz 2624100574 2.021563
Y/ MHz 2075.400000 Const
2/MHz 3954 957737 0.033418
bJ/KHz 1.078434 Const
bJK/KHZ =3.972750 Const
b /KHz S.4117177 J. 062389
dd FKHz Dab24714 Const
di /¥ Hz 1.097544 Const
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Gauche= 35=CLlFZ2CCDO

A REDUCTION

UPPER LEVEL

¥V J Ka
o 3 2
0 &4 3
o 5 2
0 5 1
o & 1
o 7 2
o 7 7
o 7 1
o ¢ 7
010 &8
0117 8
013 B8
013 8
014 7
014 5
016 7
018 &
D17 &
017 B8
o117 7
018 &
018 7
D19 B8
019 &
019 &
020 &8
021 &
0 21 &8
022 @9
022 @
022 @9
023 ¢
023 9
023 B8
023 9
023 9
024 9
025 9
0 26 10
g 28 @9
PARAMETER
X/MHz
Y/ MHz
I/ MKz
bJSKHz
DJKSKHz
DE/KHz
dd /KHz
dK/KHz
Weighted

LOWER LEVEL

Kc vV J Ka <c
e -0 2 1 2
e -0 3 2 2
3 -0 4 1 3
4 -0 & 0 4
5=-0 5 1 [
S =0 & 3 3

-0 7 6
6§ =0 & 2 4

-0 9 4

- 010 7

= 0 11 7
5S-013 ¢ 7
& - 013 ¥ &
f =014 6 9

10 - 0 14 4 10

10 - 014 410D

11T - 016 4 13

11 - 017 5 13

10 - 017 7 10

11T - 017 5 11

12 = 018 5 14

12 - 0 18 & 12

11T - 019 7 13

12 - 019 7 12

12 -019 5 15

13 - 020 7 13

15 - 0 21 517

14 - 0 21 714

13 -0 22 8 15

14 - 0 22 & 15

14 - 0 22 8 14

14 = 0 23 8 16

14 = 0 23 B 15

16 - 0 23 7 186

15 - 0 23 8 16

15 - 023 8 15

16 - 0 24 B 16

iT—- 025 817

17 - 0 26 9 17

20 - 0 28 B 20

EST VA4LUE

2360.677537
2061.008170
3B54.285259
J.B9B713
-£2.70J3518
5.943557
Ju2B7641
J.b348564

S.D. of Fit

REPRESENTATIOV

IR
OBS /MHz CBS=CALC
1864478 =J.008
25999.49 -0.064
26758.70 0.009
26230.06 J.063
27006460 0.00%9
24976645 -0.313
21£50.22 =0.600
26841.50 =0.007
21185. 86 =0.005
24464 44 -0.022
22419.68 -0.01%9
242 B6. 41 =0.015
2428435 2.002
20V39.37 0.235
10017.50 =0.078
19967538 =J.123
19341431 0.002
18256. 44 ~0.006
2368V.25 ~0.479
19401.15 -0.001
19610. 99 -0.009
18595.09 0.049
23435.36 0.081
23015.45 -0.118
2119%9.%4 =J.J05¢2
2247347 0.013
26181503 0.008
21715.55 =0.004
26391.46 U.139
26364,23 0.010
2605457 =0.111
26186, 06 D.014
25597.21 J.378
19305. 41 0.061
26126, 95 ~-0.007
25538.03 =0.013
24833,13 =3.003
23871.958 0.021
28591.31 =0.019
18942.88 =0.030
E.5.D.
0.008B426
0.028773
0.008020
0.109442
0.033230
D.357816
0.003007
0.090663
D.0677%4 MHz.

WEIGHT

0.000

D. 000
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35-CLF2CcCpd v=1

A REDUCTION REPRESENTATION IR
UPPER LEVEL LOWER LEVEL
v J Ka Kg V J Ka Kc 0BS/vHz 0ES=CALC
116 7 10 = 1146 6 10 19943.24 -N.015
117 &6 11 = 117 5% 13 18685.50 0.030
117 7 11 = 117 & 11 1934716 =0.000
118 &6 12 - 1 18 5 14 19810.73 -0.021
118 7 12 - 118 & 12 18499.77 =-{.003
21 B 14 - 1 F1 7T 14 21613.3& n.anz
1 23 9 15 = 1 23 8B 15 254T6.79 0.036
123 B 16 - 1 23 7 14 19077.2% 0.002
1 24 9 16 = 1 24 8 16 24728.12 -{.027
Y6 10 1T = 1 26 W O1F ZRSEBLSS =0.00%
T 28 9 20 - 1 285 B 20 1RAS&41.92 0.001
Parameter Value E.5.D.
xfMHz 2RAS,LLPL24 J.0219%5%
¥S/MHz 20&60.992200 fonst
. Z/MHz IE59.3539318 2.003594
pJSKHEZ D.8R2437 [onst
DIKSEHz =3, 053948 3,008372
DKIKHZ T.T720793% 2.062783
dJfEHz N.2B9459 Const
d{/fKHz N.B4384 8 J.0311%92
WEIGHTED 5.0, OF FIT D0.074565% MHz
TABLE 16
Gauwche=- 35-CLF2CCD0 w=2
A REDUCTION REPRESENTATION IR
UPPER LEVEL LOWER LEVEL
Vv o J Ka Kg Yoo Ka ¥ OBS/MHz 0BS=-CALC
¢ 18 710 - 214 & 10 12860, 40 0,004
217 7T 11 = 217 5 11 19223.80 =0.,.2311
218 T 12 = 218 6 12 18320.946 0.025
221 B 14 = 2 21 7 14 21415.84 =0.030
Parameter Value E.E.D.
¥fMHz FIT1.V1272238 0.0012%R
¥ /MHz 2062.992200 {onst .
I/MHz IB61.755H28 0.023395
DlfEHZ J.8824L37 Canst
[N 4 F] =-3,.053%L8 Const
* bCJKHzZ 5.722587 0.040588
dl/KHz 0.282459 Const
d¢dKHz 0.863848 Canst
WEIGHTED 5.D. OF FIT 0.313115% MHz
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TABLE 17

Gauche—- 37-CLFZ2CCHD

A REDUCTION REFPRESENTATION IR

UPPER LEVEL LOWER LEVEL

¥ J Ka Kc vV J Ka fc DBS/YHz OBS=CALC
0 &« 3 1 0D 3 2 1 26096.07 -0.092
0 & 3 -0 3 2 ¢ 2h294,.25 D.072
D 5 2 3I -0 & 1 3 26BTE.2D =0.000
011 8 - 0 1 7 25543 .74 -0 .028
016 8 B - 0116 7 10 24999.1% D.18%
016 & 9 =016 7 9 24941.21 -0.131
016 7 10 - 014 & 10 20711.31 0.001
017 8 9 =017 7 11 cHB22.79 0.027
0197 711 =017 & 11 2001935 -0.005
017 8 10 = 017 7 10 24690,08 -0.011
D18 7 12 =018 6 12 1903974 0.017
018 8 10 - 0 18 7 12 24634.%1 0.053
D18 8 11 - 018 7 11 24348,22 ~1.144
01 812 - 019 7 12 23BT2.75 0D.051
D20 & 12 -0 20 7 14 24315_.2% 0.033
D 20 8 13 -0 20 7 13 23202.3) D.043
0 21 8 13 - 0 21 7 1% cL2T1.. 44 -0.,.001
D21 8 14 -0 21 7 14  22263.37 =0.033
D 22 914 -0 22 B 14 7027 .92 -0.050
022 8 14 - 0 22 716 2440117 -0.711
0D 22 9 13 -0 22 & 1% c7513.03% -N.034
023 8 15 -0 23 7 17 cLBO9,.42 -0.0%0
D23 8 16 - 023 7 16 19337.15 ={1.018
023 9 15 - 0 23 B 1% Z24TRLLY =-0.017
D23 9 14 - 0 23 B8 16 27309.2% N.08¢4
Parameter Value E.5.0D.
X/ MHz 2361761132 0.027526
Y/MHz 2033, 773337 D.034825
1/MHz 3918.392328 D.025%417
DJ/KHz D.B836362 0.557508
DJ<L/KHz -3. 764385 0.122383
D{/KHz 792626 0.262196
dlfKHz D.364750 0.005%08
d¥/KHz 0.795620 0.208341

WEIGHTED SaDa OF FIT 0.783341 MHz
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TABLE 18
37-CLF2CCHD

Gauche=- v=1

A REDUCTION REPRESENTATION IR

UPFPER LEVEL LOWER LEVEL

vV J Ka k¢ vV J Ka <¢ OBS/YH 2z 0BS-CALC WEIGHT
1 & 3 2 =1 3 2 2 263346.3 =0.000 D.063
196 7 10 = 116 4 10 20695.10 -0.013
116 6 10 = 1 16 5 12 190447 -0.028 J1.0A3
117 7 11 - 117 &6 11 1997303 0D.011
T 20 7 13 -1 20 6 15 22&412.5% 0.06%9 J.0D63
T 21 B 14 = 121 7 14 22148, 0.210 J.063
1 22 9 14 = 1 22 8 14 27006.7H 0.007
123 915 -1 23 % 15 26331.13 -0.025%
1268 9 1% = 1 24 B 17 27213.03 2.002
1 25 9 16 = 1 25 8 18 27238.3 -0.0586 1.063
Parameter Value EaSaD.
XfMHz 2366, 857220 D.0J82LaA
Y/MHz 2234.35003% 0.039045
I/ MHz 31024 ,583449 0.008129
bJFfEHz D.8B383472 Const
DJESEHZ -L . 240697 D.0205672
BCSEHZ QTHLTAER D.08122¢
dl/KHz 0.364750 Const
d¢/fKHz 1.302408 0.030615
WEIGHTED S.0B, OF FIT 0.I21780 MHz
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TABLE 19

TRANSITIONS SHOWING RESOLVAELE HYPERFINE ETRUCTURE

ggg;gzgggg E=Branch
Relative to
Tnxmithxj F—F Cbs/MHz hyp. cent. /M Obe-Cale w e
3o = 25 7/2 - 5/2  19075.84 6.57 0.031 Kypp = 0
5/2 = 3/2  19069.30 0.03 0.030 Ay, =
ce fa)
9/2 = T/2  19066.63 -2.64 0,025 X, = 36,84 (21)
4y - 3y 9/2 - T/2  26583.14 2.2 0.020 XE =0
1142 = 9/2  26554.57 -1.30 0016 K, = 14,28 (28)
I .
31 321 1M/2 - 9/2)
G/o - 3 ) 26319 -0.81 0
555 = U3 11/2 = 9/2  27288.% 1.16 -0.006
9/2 - T/2 2T281.59 0.43 -0.06
13/2 = 11/2  27286.56 =0.60 0.021
T/2 - Bf2 ZTaEn.ER ~1.34 0.001
5147 oy 11/2 - 9/2  26861.09 4.86 0.06  -30.06 (21).
9/2 = T/2  26858.18 1.95 0.022
1372 - 11/2  268R1.60 -2.563 0,008
ng_ 5-!"'?I m-ﬁﬂ -5:59 ° -O.CEII
Tie = 624 11/2 = 9/2  26966.13 20 . -0,060 18.76 (21}
17/2 - 15/2  26965.30 1.99 0.015
13/2 = 11/2 26061.46 -1.85 0.014
15/2 = 13/2  26060.59 -2.72 0.048

[a} Error in X value derived assuming 0.05 MHz standard deviation of an
individual component (see Appendix 4) and used to give weighting factor in
quadrupcle fit (Table 21).
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35
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_ﬁz_c_gﬂg @ -Branch
Transition F Cos/Miz r:;?ﬁ: oy ObsCalc Xtz

SB - BT 1772 254500.02 3.00 0.026 20,66 (21)
15/2 25408.97 2.05 ~0.005
19/2 25404, 72 2.0 0,037
13/2 25463.84 -3.08 o.002

98 - 9? 19/2 /4T, 14 2,33 0.0 =16.18 (21)
17/2 255T0.45 1.64 —{.038
211';2 %?!Cg _1 172 ﬂul:e?
15/2 25400 .41 =240 =0.002

Qﬁﬁ - 95c| 1942 1752 18515.58 1.37 ={.M8 =11.01 (28]}
21/2 15/2 18512.85 ~1.36 0.029

Qﬁa - 955 1942 1772 18537.28 1.44 0,024 -11.58 (28]
M2 152 1853441 =1.43 0.4

11355 - 1055 N2 19/2 1533613 1.06 =0, 005 - B.46 (28)
232 17/2 18382,03 -1.06 0.009

mm - 1:}55 2142 1972 18448,.22 1.1 =006 - 8.9 (28)
>3 1iie 18445,99 -1.12 0,006

ma - 10T 2172 1972 25431.50 1.64 0,008 -13.22 (28)
Vel b e 25628,22 =1 .64 0,008

115 - 11? 2302 /2 25378.79 1.32 —0.033 -10.63 (28)
/2 19/2 25376.15 -1.32 0.033

12& - 12? X542 22 25309.T7 1.08 . =0.031 - 8.72 (28)
2ie /e 25307 .60 ~1.08 0.041

12],6 - 12&6 =/2 232 21750,22 0.89 0.010 - 7.15 (28)
22 212 21748, 644 =089 0.010

12.‘,,5 - 12&? 252 2372 217TT5.51 .89 0,032 - T.15 (28)
Zii2 2112 21773.73 =0.89 0032

13;.9 - 133 " iz 19112.90 3.24 —0.044 =23.68 (21)
' =iz 19112.25 2.62 .00
2972 10106.55 -2.T —0.041
Tl 19106,38 -3,28 0,064

13&5 - 13?? Ziie 542 25222 .57 0.92 .06 - T4 (28)
2042 232, 22072 =093 0.6

1335 - 1376 2742 A2 £5219.23 .92 0.013 = T.44 (28)
20/2 23/2 25217.38 ~0,93 0,003
13‘?6 - 1363 27/2 5/2 21650.42 0.70 0.061
29/2 23/2 21649.0 0.1 0.0
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22¢c1F ccHO Q-Branch (Cont/d)
. Relative to %
Transitim F Che/He hypacent./Miz (Obe-Calc iy 34
T T
4,00 = 3,02 29/2 2214059 152 . 0.016 -25.78 (21)
21/2 22139.% 2.89 0.024
3/2 213,15 2.9 0008
2%/2 22133.51 3.56 0.022
g = Vg 20/2 272 25112.85 0.80 0.016 -6.43 {28)
N2 B2 B1LS -0.80 0.016
g, - 1 20/2 21/2  25103.33 0.80 0.024 647 (28)
Nz B2 B0 -0.81 0,034
M = Thgo - 202212 21508.13 0.61 0.027 4,92 {28)
N2 %2 21507.50 .62 0.017
15 10 15400 /2292 1896167 1.93 -0.008 -15.50 (28)
' 2 mp oz 18%7.81 .93 0.008
16gg = 16, 1q  BV23U2 240104 0.53 0.05 -4.28 (28]
' W2 2002 24819.97 ~0.54 0.015
6gg = 16, 19 3VRIV2 281745 0.53 0,022 4.28 (28)
' /2 29/2 2081638 ~0.54 0.012
1655 = 160 w232 24161.39 0.46 -0.061
/2 2902 24T60.4T —0.46 0.061
1650 = 160 B2 NE 245G 0.48 0,008
B2 292 24756.97 ~0.48 0.038
1676 - 165 11 WeE N2 2126200 0.47 0,002
' WB220E 2126105 04T 0.0%2
Mgy = 1Ty, B/23/2  2602.08 0.4t -0.031
J /2 32 24641.30 0.4k 0.031
Mg 1o To gy /232 266299 0.43 0,03
' M e ae aera3 -0.43 0.0
Mg 10- 7010 /23302  2ua7.28 0.3 0,058
' ' W2 N2 2449656 0.3 0.038
18, =18, J2I}/2 1603 0.26 0.035
’ 2 g aae iETe0.ss 20.27 0.025
18, . -1 W2 BE 245307 0.3 0,040
%10 7,12 30/2 T2 2645235 -0.% 0.049
196 13- 195 5 39/2 3772 23239.87 1,74 0,024 -13.62 (28)
' 15 e w26 1.7 0.024
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3531F2CCH{] Gg-Branch (Cont/sd)
Relative to
Trensition F Costbiz oo o e ObsCalc Xtz
2lg 1 =By, W523V2 219445 0.20 0,036
g T e s 215006 0,20 0.03
- &7/2 8142 2062131 0.42 -0.019
“,15 " @115 15/2 4372 20620.47 —0.42 0.019
2 14~ B G102 52 21103.91 0.27 0,007
' 8 oz amosar -0.27 0.007
T W2 W52 ZI00R.9T 0.24 0,002
15 238‘1'5 §9/2 43/2 27003, 0,25 0,008
- 51/2 49/2 2111735 1.03 0,062 8.28 (28)
Fo,11 ™ P19 53/2 47/2  21115.28 1.04 0.002
5 - Ba/2 4T/2 238624 0.39 0,031
9,17 ™ 8,17 B1/2 49/2 2308545 0,40 —0.041
2y g - g g D22 2225.88 0.46 0,08
’ ' B53/2 51/2  22220.% 0.46 0.08
D o1 - gy E257/2  26W.92 0.57 0,043
’ =l sz see 25m.78 -0.57 0.043
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TABLE 20
35
__ClF,cCpo R-Branch
Transition F—F Obs/Miz mpfmmf mb:t; Obs-Calc o Mtz
-2, T/2 - 5/2  18651.31 6.53 0.002 ?(322 =0
5/2 - /2 18644.66 -0.12 0,120 X %
212 "N
9/2 - /2 1864217 -2.61 0,001
/2 - 1/2  18635.52 -9.26 0,121 2'212 = %.5% (28)®
by = 3pp 11/2 - 9/2  26001.60 +2.11 -0.078 stz =0
9/2 = T/2  26000.53 1.04 0.057
13/2 - 11/2 259823 -1.26 -0.009 W@ = -13.68 (21)
T.I'HE - 5‘\1"“2 m.m -Elﬂ va&
515 = Yoy 1M/2 = 9/2  262%.97 +4.91 0,014 -30.32 (21)
13/2 - 11/2 26227.30 2,67 0,000
523 - 413 11/2 - 9/2  26750.03 1.03 -0.018
9-"’2 = TI'FE 26?59!% Gl'ﬁ& Diﬁ
132 - 11/2 26758.28 0.62 0,060
/2 = 5/2  26757.72 -1.18 0,055
.. -5 15/2 - 13/2
15 " %14 ol T } 2700716 0.56 0.023 460 (28)
1/2 - 9/2
135 - 110 }»m.m -0.59 0,021
Toe = 1/2 - 15/2
25~ by e }zw.m 0.8 0.003
15/2 = 13/2
o - 115 }eq'ams.w 0,49 0,006
Tig - /2 - 9/2 2684427 2.77 -0.002 18,32 (21)
17/2 = 15/2  26843.41 1.91 0.013
13/2 = 11/2  26839.73 .77 0.018
15/2 - 13/2  26838.79 2,71 0,046

{a) See footnote to Table 19.
Quadrupole it is given in Table 22.
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35
. ElFEECDL‘J Q-Branch
Relative to
Transition F Cbs/MHz ot/ CbsCale Xt
T, = T 15/2 21253.35 3.13 -0.129 -22.08 (21)
1372 21252,45 2.2 0.099
17/2 2124788 2% 0058
/2 2124658 3.3 0.070
% - % 19/2 1772 2118748 1.62 0,046
21/2 15/2  21184.23 -1.63 0.037
10, - 10, 21/2 19/2 212 1.35 0.006 -10.88 (28)
232 17/2 23R 1.3 0,005
10, - 10, 20/2 1972 24466.04 1.60 0.003 -12.93 (28)
22 1772 20662.83 -1.61 0,013
Mg - 11, 222172 24420.99 1.31 -0.001
25/219/2  26418.37 1.31 0.001
. . - 14 - 10018.36 0.86
5,70~ 4,10 - Too9 By See Text
Vi = gy 20/2 21/2  20739.90 0.53
/2 B2 20738.84 -0.53
16, 14 =16, 5 BR2AN2Z 19HIAT 2.16 17,3 (28)
’ 3 wmoaz 19339014 2.7
Mgy = 1Ty BRI 185748 1.04 - 8.3 (28)
' Iy T T - 105
18, . =1 2 B2 19612.3 1.32 -10.56 (28)
.12 ™ 1%,14 39/ B2 19509.67 1.3
19, .- 19 /2 A2 21201.54 1.60 12,84 (28)
613 55 eEn 2w -1.61
2 525 g Y242 261832 2.21 0.020 A7.68 (28)
' ! 4842 3042 2A178.82 -2.21 0.020
el - L4542 432 26391.7T0 0,24 0,021
9,13 ™ %15 K2 M2 2em.ee 0.24 0.021
2 - 45/2 6372 26364.46 0.23 -0.018
9,14 ™ %15 §1/2 8172 26363.99 -0.24 0,008
- 49/2 6372 19303.04 0.53 0,050
Za,16 ™ =116 K12 152 19302.88 0.53 0,060
- §i/2 8512 2812107 0.22 0.003
Z,15 ™ Fa,16 42 83/2 26126.73 -0.22 -0.003
s - KT/Z 8512 26186.27 0.21 -0.0%
%14 58‘15 49/2 i3/2 26185.85 -0.21 0.032
E = E 59!'"2 53-"’2 1%!6“ 'DI-T'E -0-{13?
9,20 820 S22 183201 077 0.027




TABLE 21

Program Chi,

~Quadrupole data -
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ISCLF2CCHO

_Number of observations = 2§
J Obs /MHz Res /MHz Weight
2 1 2 level 3484000 0.22395 0.50000
L 3 2 level -14,.28000 =0.13795 0.50000
& 0 4=5 1 4 -30.06000 =0.234B64 1.00000
& 2 4=-T7 1 4 18.76000 =J.21464 1.00000
8 B -8 7 -20,.66000 =J3.11364 1.00000
? 8 - & 7 -16.18000 0D.12315 1.00000
2 & 3-9 5 5 -11.58000 —Ja2 4 BLY 0.50000
9 6 4= 9 5 4 -11.01000 J.3%626 J.50000
1 &6 4-10 5 4 =5.99000 0.31984 0.50000
10 6 5-10 5 5 -8.46000 0.31356 0.50000
10 8 -10 7 =13.22000 -0.,03251 0.50000
17§ -11 7 =-10.63000 J2.18973 0.50000
12 8 -12 7 =B.72000 D.24563 0.50000
12 7 é6=-12 6 6 =7.15000 N.JL6R9 0.50000
12 7 5-12 & 7 =7.15000 D.22367 0.50000
13 8 5-13 7 7 =7.644000 2.24508 0.50000
13 3 6-13 7 b =7.44000 0.02220 0.50000
13 7 6-13 &6 8 =5.64000 D.ELLLE 0.00000
13 04 913 3 1M -23.68000 J.13164 1.00000
14 7 7-14 & 9 =4 ,.92000 D.17548 D.50000
14 3 &=14 7 R -56. 43000 =0.15931 N.50000
14 8 7-14 ? 7 6447000 -0.25727 0.30000
T4 & 10-14 3 12 -25.78000 0.21377 1.00000
15 5 10-15 & 12 ~=15.50000 2.00063 D.50000
16 3 B-16 7 10 -L,2B000 D.15436 D.50000
16 8 9-16 7 10 -4.28000 D.13622 0.50000
19 6 13=-19 5 15 -13.92000 0.19084 D.50000
25 8 17-25 7 19 =8.28000 2.29429 0.50000
E.5.D. of an Observation/MHz = D.13235/ sqrtleight?)
Chiaa = =34.17524 MHz esd 0.10860
Chibb-Chicc = =-29.05676 MHz esd 0.10113
Chibbh = =2 54081 MHz esd 0.07420
Chice = 36.61605 MHz esd D.07420
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Program Chi.
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Guadrupole data = 35CLF2CCD0 (Deuterdium Sp.).

Humber of observations = 17
J Obs /MHz
2 1 2 level 36. 56000
& 3 2 level =13.68000
& 0 &=5 1 4 =30.32000
501 4= 1 S L.60000
& 2 4H&=7 1 & 18.32000
T 7 - 7 4 -22.08000
2 7 - 9 4 -13,.12000
10 7 =10 & -10.88000
10 3 =10 7 -12.93000
11 g =11 7 -10.55000
14 5 11-14 & 13 =17.32000
17 & 11=17 5 13 -3.36000
18 &6 12=-18 5 14 -10.546000
19 & 13-19 5 15 -12.84000
21 6 15%=21 5 17 =17 68000
23 B 16=-23% T 16 L.2&000
c8 @ 20-28 8 20 612000

Res /MHz

J.00403
0.07S8%
=N.05485
0.14714
0.07820
0.JB381
D.31978
-0.11966
-0.14919
-3.096530
D.03429
=0.12308
=-0.10737
D.16658
015482
=0.39811
~1.25%394

Weight

0.50000
1.00000
0.50000
0.50000
1.00000
1.00000
0.00000
J.30000
0.50000
0.50000
0.50000
0.30000
0.50000
J.50000
0.50000
0.30000
D.00000

EsS.0a of an Dbservation/MHz 0.08731/sqrt{Weight)

Chiaa = =33,14113 MH:z esd 0.09131
Chibb=Chice = =39 927082 MHz esd 0.10166
Chibb = -3.414085% MHz esd N.D6832
Chice = T5.555%7 MHz esd 0.06832
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TABLE 23
o1 cono Obs /MHz
MREET PARS ) !

Transition Jd + I =1 J =TI 1 J + I J - 1
by - 3y 26096.79 26095.42
O A - - 26293.23 -
5, = by 26878.85 26877.5
g -1, 25544 .88 2554260
1659 = 164q 24941 .58 2494084
178 10 = 77,10 24690,42 24689,73
g9 = 174 11 24823.21 24822.36
185 10 = 187 15 24635.15 2463446
N 24315.52 2631494
21g 15 - 217 15 24271.76 24971.12
228,1# - 22?.16 244017 .52 24400 ,81
235 15 - 237 17 24810.11 24809.13
235 16 = 237,16 19337.49 19336.81
BTClFECCHG Vo= ]

20 - 24 27213.23 27212.82

9,15 8,17
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35 _

CIF,CCHO vV =1 Obs/MH=z
F
Transiticon J+I -1 J-I+1 J+ I J-1

ﬁEE - 312 22745 .81 22744 .37

432 - 322 26623.77 260622.44 26620.20 26618.98
523 - 413 2T7329.06 27328.29 = -
T16 - 52r+ 26953. 44 26954.50 26958.36 26959.27
EB - 87 25540 .48 25539.54 25535.32 25534,33
1587 - 15Tg 25006.38 25005,08

1638 - 16?,1ﬂ 24844 ,69 24843 .62

1639 - 1??9 247T6.00 24775.00

TTBQ - 1?T,11 24662 .68 24661.73
1Tﬁ,11 - 1T5,13 19931.77 19929.417
1TB,1D - 1?7’10 24505.21 24504 .51
138,1ﬂ - 187-12 24471 .,91 26471 .02
2D9,11 - 208,13 2TTT4 .45 2TTT3.79
21.?,1I+ = 216,16 23632.36 23629.98
229.13 - 228.15 27316.04 27315.58
239,1ﬂ - 238,16 27124 .50 27123.98
259,1T - 253r1T 23698.40 23697.73
259,17 - 253r13 26637.27 26636.T6
2810*19- 289i19 26975.23 26974.84
35C1FqCCHD V=2

#22 - 312 227T72.85 22772.15 22771.23 -
188,11 - 187,11 24049, 48 24048.96
229r13 - 223r15 27259.77 27259.25
239,1a - 233p15 27079.02 2T0T7T8.51
249.15 - 2#3.1T 2700112 27000.58
259.15 - 253,13 27T110.54 27109.80
25?;17 - 258,1? 23342.86 23342.24
301U,21- 309,21 22611.29 22610.05
35(:15'2(;{:1:{:: V=9

1T6,11 - 'I'T5113 18686.51 18684, 48
136,12 - 185,14 19812.06 19809, 40

28 = 28 18541.08 18540, 46

9,20 g,20
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TABLE 25
Gauche 35=-CLFfCCHIG=-0 W=D
A REDUCTIONM REPRESENTATION IR
UPPER LEVEL LOWER LEVEL
vV 1 Ka Ke ¥V J Ra ¥X¢ QBESE/MHz OBE-CALC
0 s &4 2 =0 4& 3 2 33902.7 =0.100
0O 5 5 -0 4 & 37419.72 -N1.005
o0 5 4 1 -0 & 3 1 338BB0O.54 0.137
oD & 3 3 -0 5 2 3 34133.5% =73.0%0
o o & -0 9 7 2637984 J.117
o011 &8 -011 7 26300.23 =0.116
013 & & -013 5 & 18298.21 -0.029
017 711 - D017 5 11 21052.15% 0.004
018 7 12 = 018 5 12 20263.25 =0.042
018 7 11 - D18 & 12 20435.7% 0.05%9
017 812 - 0 1% 7 12 24903,33 -0.02%
020 8 13 -0 20 7 13 24377.15% -0.028
021 7 14 =021 5 16 231&0.707 =0.1056
D2z 7 15 - 0 22 46 17 24360.73 0.030
D23 915 - 0 23 8 15 27690.43 0.04658
0o z4 & 16 - 0 24 T 18 254632.3%5 -0.024
025 917 - 0 25 8 17 26094.03 n.011
025 & 17 - 025 7 1% 26511.63 D.014
028 11 18 = 0 258 10 18 3&732.94 -0.925
Parameter Value E.5.D
X0/ MHz 2306154843 n.0z1ez27
YO/ MHz 1992,.339301 0.023643
0/ MHz IO B.4040E89 0.021171
DJISKHz 0.360%67 0.373142
DJXDFKHz =2.563145 0.061747
BEOSKHz V.559732 0.092408
ddDfkHz Q329973 0.00520%9
d¥0fKHz 0.B21580 D.167247
WEIGHTED S.Da OF FIT 0.0%42%2 Hz
TABLE 26
Program Chi.
quadrupole data = IS5CLF2CCHO (oxygen 18 sp),
Number of observations = 12
J Dbs fMHz Pes /fMHz Weight
& 3 2 level =13.08000 0.04079 1.50000
I 01 3- 4 1 3 =30.92&6000 -0.08054 1.50000
F D 4= 5 1 & -31.78000 003421 1.00000
5§ 1 3= 5 2 3 -6..00000 ~0.25662 2.00000
4 3 1-5 4 1 -6 . 40000 D.30205 J.00000
4 I 2- 5 4 2 =7.40000 0.0%142 J.50000
11 &8 -11 7 -9 80000 -0.10073 0.50000
21 7 14=-21 7 15 -7 . 28000 =0.0&6995 J.50000
2e &5 17-22 7 15 =2.60000 -0.095683 1.50000
24 8 16=-24 T 18 -4.88000 014279 Ja. 50000
25 8 17=25 ¥ 19 -5,.72000 0.125484 J.50000
25 9 17¥=25 B 17 2.52000 0.230394 J.50000
EseS5.0Da of an Observation/HHz = 0.06970/sqre (Height)
Chiaa = =30.765%13 MHz esd D.17540
Chibb=Chicc = =42.5563% MHz esd 0.08579
Chibb = =5.70553 MHz esd 0.109741
Chicc = 36.76076 MHz  esd 0.09761
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Series due to C1F CCHO High Energy Form /MHz

Splitting Centre Freq.

1st Difference 2nd Difference

ird Difference

1.0
1.0
1.25

1.28

19599.68
19457.35
19387.68
19378, 34
19415.56
19484 ,93
19570.67
19655.75
19721.34
19747.27
19711 .64
19591 .45
19362.55
18999. 94
iBﬁT8.1é

142,33
69.67
9.34
-37.22
-69,37
-85.74
-85.08
-65.59
-25.93
35.63
120.19
228.90
362.61

521.77

72.36
60.33
46.56
32.15
16.37
0.66
~19.49
-39.66
-61.56
-84,56
=-108.71
=-133.7

=159.16

12.03
13.77
14.41

15.78
15.71

20.1%
2017
21.90
23.00
24.15
25.00

2545

Decreasing Intensity
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TABLE 28

Series due to ClFECCHG High Energy Form /MHz

Splitting Centre Freg. 1st Difference 2nd Difference 3rd Difference

1.36 24297.63
96.94
1.37 24200.69 39.37
57.57 18.93
- obscured 20.44
37.13 19.41
1.45 24105.99 1.03
36.10 20,13 =
1,46 24069.89 -19.10 pr
55.20 21.39 2
1.45 26014.69 ~40.49 h
95.69 22.43 &
1.51 23919.00 -62.92 .
158.61 23.25 o
1.52 23760.39 —86.17 ﬁ
244,78 23.67 &
1.54 23515.61 -109.84 @
35462 24,04  ©
1.56 23160.99 -133.88
488.50 23,84
1.51 22672.49 ~157.72
646,22
1.47 22026.27
TABLE 29

Series due to CIF.CCDO High Energy Form /MHz

Splitting Centre Freg. 1st Difference 2nd Difference 3rd Difference

1.51 22567.20

Ghl 15
1.57 22123.05 T &2

436,73 14,32
1.57 21686.32 -6.90

443,63 14.70
1.56 21242.69 =21.60

565,23 15.23
1.68 20777.46 -36.83

502.06 15.48
1.68 20275, 40 -52.1

554,37 16.07
1.69 19721.03 -68.38

622.75 16.45
1.72 19098, 28 -84 .83

TOT7.58

1.72 18390.70

Decreasing Intensity
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CHAPTER 4

SOME CALCULATIONS ON INTERNAL ROTATION IN

TRIFLUCRONITROSOMETHANE AND TRIFLUOROACETALDEHYDE (FLUORAL)

For a molecule with a three-fold symmetric internal rotor, the simplest
possible determination of V,, the barrier to internal rotaticn, makes use of
the Hamilteonian;

A= 2% .00 - cos 3 eea (1)

gl 3
¥3 may be obtained from (1), provided that there is structural information
to determine the internal rotation constant F, and given that the spacing
between two torsional energy levels is known.

Torsicnal energy spacings may be obtained from microwave A-E splittings
or from Far Infrared (FIR} or other cptical data. Both of these methods are
capable of yielding precise U3 values, but unfortunately, if both methods are
applied to the same molecule, the UE values obtained seldom agree. This has
led a number of investigators to propose extensions to the Hamiltonian, to
allow for non-rigidity of the molecule undergoing internal rotation, and to
allow feor terms of higher symmetry in the hindering potential. Such
extensions have led to a satisfactory conclusion in the case of molecules
where a methyl group is the internal rotor11’12, but for molecules where the
rotating group is of comparable mass to the frame, the discrepancy between

46,7620

microwave and optical V. determinations remains, and is particularly large.

3
For this reason, a re-investigation of the GFaﬂﬂ and chCHU data has been

undertaken here, permitting new conclusicnz to be drawn.
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TRIFLUORORITROSOMETHARE

The most accurate and up-to-date investigations into the structure and irternal
raotation of I:F3HD are an Electron Diffraction study by Bauer and Andreassen?g

7
a Microwave study by Turner and Cox 16,

and & Laser Induced Fluorescence (LIF)
study by Dekoven, Fung, Hoffland, Levy and Spears?ﬁ « The Infrared and Raman

spectra have alsc been reported by Shurvell, Dass and Gordon 121

The Microwave study of CFBNU gave an accurate value for the ground state
torsional splitting -4 = V(CE-0A) = B.59(2) MHz, which when interpreted
according to Hamiltonian (1) gave ?3 = 269(17) cm_]. using an internal rotation
constant of 2.25 cm_l as determined from the structure. This model predicts
a torsional frequency ¥[1E-QE) of ~67 Cmf1, in clear dizagreement with the
optical results.. Shurvell et 31121 had previously estimated the torsional
frequency to be 450 cﬁ'1 from an analysis of hot bands, but were unable to
observe the torsional fundamental. After the microuave work, DeKoven et al16
used supersonic nozzle expansiocn to obtain rotationally and vibrationally
cold CF N0 and studied the A <—X (n — T *) region. With much simplified
spectra they were able to assign the torsional progressions and to report
accurate torsional spacings up to v=5 for the electronic ground state, giving
Y(1E-0E) = 58(1) cm™ . They then used the microwave structural data te
calculate F = 2.230(1) cm'1, and using this constant in (1) reported that the
derived U3 value from the microwave work was unable to reprﬁduce their spectra.
This led them to propose that, although the microwave data were likely to be
the best source of the parameter F, the LIF data were the best source of the
barrier height v3 because these data involved levels closest to the top of
the barrier. On the basis of this argument they adopted V, = 202(10) cu ',
but by so doing had failed to address themselves to the raw microwave data,
Their model predicts Y(0E-OA) = 46.5 MHz (cf 8.59 MHz observed) and, moreover,
does not rit the LIF data within experimental error. They obtained a much

better fit by allowing both V, and F to vary, but chose not to attach any

significance to this.
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All of the available internal rotation data for CF_NO have now been

3
re-investigated using the Hamiltonian;
fe-Lir s cos 3L - 0Dy, } v (1-Cos n«l . (2)
=T dx ot 3 X T UF du "' T

Energy levels were calculated using sine and cosine basis functions, Following
Lewis et a1122!see also Appendix &), and data were adjusted by the method of
weighted non-linear least-sguares fitting. Weighting is here essential owing
to the large difference between microwave and optilcal experimental uncertain-
ties. Weighting coefficients used were 1!#2 for the cbservation in question,
Initial attempts were made to fit the ground state torsional splitting
(0E-0A), and the LIF measurements of DeKoven et a1’é up to 5E, whilst holding
Fﬂ close to the accepted value. Regardless of which other parameters of (2)

were included; it was not possible to fit the data in this way. Conversely,

as soon as F, was allowed to wvary, 1t became possible to capture all of the

0
data with a three parameter fit. Suitable parameter sets were either

tFﬂ, US’ Uai apr {FD, F3. v31, with the following results:-

=1
UE Fit /fcm

F‘:J = 1.9816 (79
v, = 238.2 (3.0)
Uﬁ = =57 (2.9)
Cpyy = 0.986

F. Fit fem™)
_3—

Fq = 1.988 (13)
F3 = =0.18%9 (98)
u3 = 239.1 (3.6)
'GFit. = ﬁ-ggﬁ

a;it is the standard deviation of an observation of unit weight.

The equivalence between I:?‘3 and Uﬁ is in keeping with the theoretical

o

investigation by Lees1 s Who showed that, to first order, the effect of Fn
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iz the same as that of Un+3 in Hamiltonians like (2). In fact, the Uﬁ fit
is the better of the two and is here preferred, with the proviso that the
effective Vﬁ term contains contributions from torsional flexing.

The surprising result of these calculation is that energy levels,
calculated from either of the above parameter sets, accurately predict and
confirm tentative assignments, made by Deloven et al, for torsional spacings
out to 1:8, These spacings were therefore estimated from the published
SDEctra?ﬁ and included, with generous uncertainties, into the fit. Full
details of this are given in Table 1, where m i=s the limiting free-rotor

quantum number. The determinable parameters are;

1.9822 (42)

D:
“3 = 238.4 (1.8}
Uﬁ = =5.8 (1.6}
_ -1
with u;it = 0.582 cm .

Finally, various ways of fitting the extended data =set are given in
Table 2, It is immediately clear that FUI and Ua are well determined gquantities.

(1}

The contribution of DF is determined to be negligible, which is taken to

indicate that Pﬁ type centrifugal distortion is unimportant for this system.
It was not possible to fit the data by including Déi} and constraining FD to
an accepted structural value. The inclusion of wg and H12 terms is not
justified by the data.

The fact that all of the internal rotation data for GF3H0 can be accounted
for with a simple three parameter it prompts investigation into pessible
uncertainties in the structurally determined value of F (from here on, F will
be used to denote an internal rotation constant calculated from structure,
and Fﬁ the constant determined from torsional data),

Three structures were explored;

1} Structure C from the electron diffraction work of Bauer and

Andpeassen?s
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Data For CF3ND.
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Tersional Potential Program VFIT
J Fold Dominated Patential

6] Basis Functions

NE-
1E-
2E-
IE-
LE-
SE-
5A-
S58-
S5E-
TE-
FA=-
BA-

E.5.0D

OA
DE
OE
DE
OE
0E
0A
oa
0OE
QOE
OA
OA

au =l
1 0
i 1
4 1
5 1
7T
8 1
-2 0
g 0
10 1
11 1
=12 0
12 n

Estimated Parameters

Lbs

0.00028645%

5&,.00000009
112, 00000000
161,000000700
202.00000300
PZR.00000000
257.00000000
261,00000000
2%5.00000300
I37.00000090
I78.00000200
I7E.00000000

FO
V3
Vb

1.98216791
238.39529261
-5.84630644

of an Ohservatian

= 0.58212128/5grt (Height)

E!SI‘DI‘

0.00424084
1.63829903
1.626R6238

Correlation Coefficients.

FO V3 Vo
1.0000
0L.5737 1.0000
=0.2630 -0.7406 1.00320

Energy Levels

Inl

[
PP Y IR - T I P VR

O0dd {(5in) Wfn.

Even (Cos) din.

Z0.13705435
88.51219182
8B,52431271
142,634 40875
189.92527270
192.28087332
233.533460153
26041508814
2B7.62149607
324415373553
363.933572M
LOB.1T7320139
L56.T3IFT2191
S0P, 47329170
566,.33300746
627.77533675
692.271481 %4
T61.30122925
BI4.34982172
911.405628159

T0.138676770
30.13705436
22.51219182
142,.40500228%
142.63440875
TER.92527970
224,34022251
233.53349153
2560.41508814
290.70892324
S2b4.153735553
I63.9335720
LDB, 20660122
L56.73772191
209, 47329178
2bb,333137197
2T 27533575
692.271481%4
THE1.30122948
B34.34982172
811.40628159

[#] -

0.000000919
=0.37513747
=0. 49735440
1.2T177465
=1.396463718
-2.27803380
=0.48472819
D.427B&462
J.932331880
S.20348232
=0.0364%353
=0.06902335

Veight
0.2227FE+13
1.3000

1. 0000
1.0000
25000
11111
D.40000E-01
0.40003E-01
0.10000E=01
0.10000E-01
0.50000E-D2
0.50003e-02




TABLE 2
(} .

Fo Fy Dg vy Vg Vg iz Trit
1.9822(42) - - lzae.ati.6)|-5.801.8) ] - - 0.582
1.9894(66) | ~0.194(55) - ozl - - - 0.588
1.9822(45) - 0.0000(2)| 238.3(2.9) | -5.801.8)| - - 0.617
1.9768(41) - - |z3r.001.8)|-2.501.9) | -4.601.9)| - 0,470
1.9761(38)| - - l236.101.8) | -1.002.1) | 7,202,710 | 3.6(2.8)| 0.451
1.9892(81) | -0.193(62} | 0.0000(3)| 239.2(3.3) - - - 0.624
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2) The microwave structure from the work of Turner and onﬂ .

3) A structure obtained by least-squares fitting the internal co-ordinates

to the microwave data, using the method of Nisberger, Bauder and

Glnthard 78 |
The details are given in Table 3 and Figure 1. The CF3 Eroup was assumed
always to be symmetrlc about the z (internal rotation) axis. Bauer and
Andreassen found their data to be best fitted when the average internal
rotation angle & =21.8° (by definition, el =0 when fluorine eclipses oxygen).
This may reflect the amplitude of the torsional oscillation, but since the
top and frame are here assumed to be rigid, it makes no difference to the
computed F.

There is, in fact, good agreement between the wvalues of F calculated
from the various structures, but all are greater than the FU=1.932 Cm-1
obtained earlier. This seems to indicate that the difference between F and
Fﬂ is systematic, although the possibility that it arises simply out of
structural uncertainty is not ruled cut. Table 4 shows the effect of
parameter increments on F. Structure 3) was used for this calculation
because it gives F closest to FD' It was found that F could be made to

coincide with F, by reducing the tilt angle to 1.485%%, After such a change,

0

of course, the structure no longer reproduces the observed moments of inertia.

To reproduce all of the cbserved rotatiocnal constants simultanecusly,
including Fa’ requires complete re-derivation of the structure. This was
not thought to be worthwhile, as will be seen from the discussion to follow.

An instantaneocus value of F is given by;

where, for a symmetric internal rotor;

I = I-C[T‘Z = Ix ]
eff E=a,b,c }"gz Ig

{Symbols are defined in Appendix 5).
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Structure of CFEEQ

Parameter

r(C-F}
riC-N)
riN=0)
oo
N-C-Z (tilt)
FZC-2
F:E:F
Ffa-N in plane
FﬁE:N out of plane

%y

Baz

Frem

Notes
o
Bond lengths in A.

Diffraction

—200-—

Electron
78

1.3258(8)3

1.5464(30)
1.1967(15)
113.156 (415)

4,372 {248)
108,984 (129)

21.8  (1.1)

23.25
2.1835

Angles in degrees.

Hicrnuare?T

1.324 (5)
1.512 (16}
1.198 (4)
12,4 (3)
ﬁ.?ﬁib}
109.14'®
109.8 (&)
113.9  (1.0)
107.5 (6}
0
23.87
2.1653

{c)

Microwave/
Least=-Sguares

1.3258( assumed)

1.5163(34)
1.1912(34)
112.799 (262)

3.752 (318)
109.399 (187)

24.56
2. 1367

{a) Errors in this column are 1¢ from the least-squares fit.
(b) Calculated from the other quantities given.
(c) E%z = 24,3° from the IAM fit
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F

0

_CENO 9]

Structure. N{
1516} 3.6

\1094
F"‘/ \1\

S
“u

F-—--—-a-}(

0
Bond lengths in A.

Figure 1

Angles in degrees.
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TABLE 4

CF,NO

The Effect of Parameter Increments on F

Parameter Increment/ or fDeg ﬁF!cm-I
r(C-F) 40,0112 ~0.0072
r{C=N) +0.01 0.0021
r{N=0) +0.01 -0.0301
N-C-0 1.0 0.0481
NZC-z(t11t) 1.0 0.0703
FC-2 1.0t ~0.0074
Opct” +2.0 -0.0065
Notes:

(a) All three quantities changed simultanecusly.
(bt} The angle between the projections of the ocut-of-plane C-F bonds on to

the x,y plane, Z being the internal rotation axis.
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EFjND has an a,b plane of symmetry, so that the above reduces toj

- h H I_"‘ a
Lopp = Ix [1 - Ia cos®e_ - Ib sin gaz] (]

gaz iz the angle between the a principal axis and the z axis.
Consideration of the quantities appearing in (3) reveals that uncertainty
in gaz will be the greatest contributor to uncertainty in F. This follows

because the term %E-Cﬂﬁi@az approaches 1 for the heavy top case, and the
a

moments of inertia I, and Ia are well determined from microwave data. If the
'l‘.iF3 group is symmetric Ig is given by the planarity conditions

T =.IEt + Ib - Ic + A
Turner and Cox'! indicate that &, the inertial defect, for CF3HO will be
~G.1uﬁ’, 50 that_its neglect in the above expression, given that I¢5a89.1ui’,
iz not sufficient to account for the difference between F and Fﬂ' It is
necessary to note however that F obtained from the microwave data applies to
the ground state, whereas_Fu is the average over a number of torsional states.
Such torsional averaging might show up in @az or in the moments of inertia,
but in the latter case, some of the change cught to be modelled by centrifugal
distortion terms. It has already been shown that Dé1n does not help the it
(Table 2). Such a result is not surprising given that Dk (the coefficient
of P1) for CHF, is only 8.1 Kiz (2.7 x 107 Ten™") 133,

Equation (3) may be re-arranged as follows;

1= Topr o Ix 1
cos & = I Ib
az
Lo I
Ia Ib

By assuming that I., Ia and I_ are constants, obtained directly from the

b
microwave analysis, the above exﬁressian may be used to calculate the value

af Daz [Qaé say) which corresponds to Pﬁ. For the purpose of comparison,

moments obtained from structure 3) will be used.
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I. = 859.13009
I, = 90.58957
I, = 157.83388 ful?)

These give Eéz = 25.78*. It is therefore found that a small change in gaz
of ~1.2% will bring F into co-incidence with Fﬂ. Furthermore, the reguired
shift corresponds to a rotation of the 2 axis towards the C-N bond where, in

structure 3), @

a, 0N 28.31°. The significance of this is that the tilt
1

angle (@ ) manifests itself as a difficulty in defining the exact

a,E-H'BaE
direction of the internal rotation axis. Rotation of the CF3 group must
result in three identical minima, and yet the group cannot be symmetric because
it does not exist in a symmetric environment. The measured tilt therefore
reflects the complexity of the paths taken by the [luorine atoms when the

CF3 group executes g rotation about the C=N bond. It is, in effect, a means
of reconciling the structural data with the requirement of the tunneling model,
that there should be a single internal-rotaticon coordinate «. It therefore
seems reasonable to evoke non-rigidity to explain, at least in part, the
discrepancy between FD and F. It is then apparent that there would be a
paradox in attempting to fit the structure to Fﬂ.

The idea that the molecule possesses a symmetric group constrained to
rotate about the z axis is one extremeview of the internal rotation process.
The other extreme is that the molecule possesses an asymmetric group constrained
to rotate about the C=N bond. 1In this case, equation (3) is no longer
appropriate, but F may be calculated for an infinitesimal rotation using
Pitzer's equation for-a general asymmetric internal ratmr‘Eatsee Appendix 5).
The result of such a calculation is instructive. Using structure 3) gives
F=1.9100 cm'l. Fﬂ therefore appears to be bounded by the two extremes, It
is also instructive to note that applying equation (3) to a system which has,
in reality, a slightly asymmetric internal rotor, would require relaxation

of the condition for direction cosines, such that;

2
Nz tRpz they *1
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FLUORAL

The microwave spectra of CF3GHD and ﬂFsEDﬂ were studied by Hnadsa? . Both
species were observed in their v=0 and 1 torsicnal states. For the H species,
Woods reported U3 = 3G9{26}cm_1 with F = 2.09cmh1. which predicts a torsional
frequency of ~T6 cm'l. Berney1zu recorded the gas-phase infrared spectrum of
CF,CHO and observed a band at 55 cm'1, which he was unable to assign other
than to the torsional mode, despite the microwave data. The same discrepancy
gppeared for CFjCDD. Berney observed the torsional band at ~52 cmrl, whereas
Woods' data predict »~T1 cmF]. Thus, further consideration of the torsional
data is required.

The structure of Fluoral is not fully determined. Woods had a working
structureaﬁ based on his own data and the early Electron Diffraction results
of SEhwendeman12L, but he chose not to include it in his papera? . For the
internal rcﬁatian cal&ulatinn here, this structure was refined as follows:
The rotational constants®’ extrapolated back to V==% gibe the EF3 group

moment of inertia I. = 88.93514k2.

Using the relationship;

GF :‘ I%HF

{MF = Fluorine atomic mass) gives the flucrine cut-of-plane distance

Cp = 1.08184. The electron diffraction r(C-F) = 1.3328 falls in the range

71, 78, 19,125

found for other molecules Assuming this bond length gives

) 5
F-C=Z = 110.31°%, and F-C-F = 108.62° consistent with the electron diffraction

value.

Berney 120 reported V(C-H) = 2864 em . Using McKean's empirical correlation?3
this gives r,(C-H) = 1.10564.

The electron diffraction r(Ce0) = 1.2044 is virtually identical to that of

56,58

acetaldehyde and was therefore accepted.
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The Structure of CF,CHO

Farameter

r{C=F)
r{C-C)
riC=0]

ri{C-H)

&Y

C-C=0

2

C-C-H

'T’
Q)
Les |

o

C-C=Z(tilt)

I
o>
[}

(a) Parameters without errors are constants in the fit.

(b) Determined from Iy and r(C-F).
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Electron Diffractionjz#

1.332(7)
1.54 (2)

1.204(14)

121.8 [4.5)

108.7 (1)

Hicrﬂwavef[ |
Least-Sguares

1.332
1.527({22})
1.204
1.1056

123.91 (2.7)

118.0

(108.616) 1%

2.01 (57)

110.3136

Included for comparison.
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With the above constraints, the structure was fitted to the rotational
constants of the two available isotopic species at V= -3. The C-H bond was
constrained to bisect the Cialﬂ angle. The result is given in Table 5 and
Figure 2. Internal rotation parameters derived from this structure are

compared with Woods' wvalues in Table 6.

TABLE &
This Work Houdsa?
CF,CHO ©_ /deg 20.97 21.63
Frem™ 2.1069 2.0942
(a)
CF,CD0 6, /deg 19.46 19.67
Frem™ C1.7405 1.7681 2

{a) Wopds case I

For CFECHO, Woocds reported W{OE-OA} = 1.53 MHz and Y(1A-1E) = 75 MHz.

Taken with Berney's observation V{1-0) = &5 cm'l, and using F, = 2.1(1) cm'1,

0
it was not possible to account for the data with any reasonable parameters

in Hamiltenian (2). There are insufficient data for a least-squares fit,

1

but (2} has a numerical solution. For CFBCHG this is (in em )3

FD = 1.658
1'|r3 = E'ﬁglg
Vﬁ = -6.28

Even given the likely uncertainties in the structure and difficulties in

defining a 2z axis, Fﬂ cannot be reconciled with F. Removal of the tilt gives

F=1.979 cn™'. Use of 8_ _ (22.99°) instead of 6__ in equation (3) gives
A, C=C az

F=1.882 cm™ . Assuming the CF3 group to be asymmetric, rotating about the

123 i

C-C bond, and applying Pitzer's equation'*” gives F=1.991 em . On the basis

of the CFEHO work, F might therefore be expected to lie between 1.99 and

2.1 en” 1. A re-appraisal of the raw data is obviously required.
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CRCHO 118"

¥4

Structure. 1:53[_0 Flaure &
Y 110-3
C
F—}—-‘{: 332
—_—— e — — —F — —a=X
.

F
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The torsional band in the far-infrared spectrum of CF_CHO is repro-

3

duced in Figure & of reference 120. It is a broad feature covering ~30 cm'1.
Berney chose to identify a small dip in the band at 55 Cm'T as the torsional
fundamental. There is no clearly identifiable dip in the corresponding band
far GFECDD, for which reason Berney was much less certain of his assignment
of 52 em™' for this species. In fact, the dip is almost certainly an
artefact. Berney explored, and rejected, a number of reasons for why the
given frequencies might be incorrect, but an important possibility, that
mast of the absorption profile might arise from torsional hot bands, was
neglected. . The anharmonicity of the torsional vibration is such that the
first few hot bands split rapidly away to the low frequency side of the
fundamental. Even if all of these bands had the same transition probability,
they would misdirect the measurement of the fundamental, but a theoretical
investigation by Fedérsen1251nd1cates that the transition moment for such a
system can increase with torsional quantum number and thereby offset the
adverse Boltzmann factor. Furthermore, Pedersen's investigations indicate
the allowedness of the torsional Q-branch through higher terms in the
torsion-rotation Hamiltonian. The assignment of the torsion frequency to
a dip in the band profile is therefore not justified, and it is reasonable
to expect that the fundamental will lie at the upper edge of the observed
band.

For GFECHO, the intensity of the infrared torsion band starts to die
away above ~66 em™'.  Adopting w(1-0) = 66(5) cm™ ' and solving Hamiltonian

(2) as before gives;

i
"

1.970 (142)

=
1]

305.2 (25.4)

vﬁ = =871 (1.18)
Hot transitions predicted by this model are given in Table 7. Berney
recorded the torsion band at 34°C, but stated that its appearance remalned

essentially unchanged on going to dry ice temperature. Boltzmann factors
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TORSIONAL TRANSITIONS FOR CF.CHO

E States A States
Line Lowep | BoLtamamn Factor || oep | BOLtaman Factor
Band ||Freg/an’ | Level ai ' | 3¢ | —78%c || Frev/ar | Level/an™| wec | —78ec
10 £6.0 33.86 1.0 1.0 6.0 33.86 1.0 1.0
21 62.1 99.8 | 0.73 | 0.61 62,1 9.8 | 0.73 | 0.6
32 56.8 161.98 | 0.5 | 0,39 57.6 | 161.93 | 0.55 | 0.3
4-3 51.7 218.79 | 0.42 | 0.26 . | 2199 | 0u2 | 0.5
St 3.3 ZT0.46 0.33 07 58.0 296.86 0.34 0.18
6-5 57,0 30480 | 0.28 | 0.14 10.0 | 323.87 | 0.6 | 0.2
7-6 38.0 ®1.79 | 0.2 | 0.09 087 | .93 | 0. | o
8=T 90,5 309,79 0.18 0.07 0.2 442,63 0.15 .06
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given in the table indicate that such an observation is not inconsistent
with the model.

For CF,CDO Woods 87 observed Y(14-1E) = 14.25 MHz but was unable to
observe A-E splitting in the ground state. There are insufficient data for
a three parameter solution to Hamiltonian (2). Calculations were therefore.
performed either with HE:D or H6 assumed from the H species. Results are
given in Table 8, firstiy for ¥(1-0) = 52 cm-1 as given by Berney, éecnndly

for Y(1-0) = 63 em”|

, thiz being the point above which the intensity of the
CFBCDG torsion band dies away. MAll models predict no observable ground state
splitting, but it is again clear that Fu can only be reconciled with structure

if the torsional fundamental lies in the upper edge of the observed infrared

band.

TABLE 5

CF,CDO

(b (c) Predicted

v(1-0) Fo Vq Ve V{(OE-0A) /MHz
52 1.360 269, 4 0 0.23
52 1.400 260.3 -£.28 0.26
63(5]) 1.628(121) 305.5(25.7) 0 0.23
62(5) 1.682(121) 320.6(25.7) 8.7 0.26

tal cmr1 except where indicated.
(b) F = 1.741 ¢ for a symmetric EF3 group rotating about the z axis.

F = 1.669 cm-l for an asymmetric GF3 group rotating about the C-C bond.

{¢) Assumed value.
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Finally, it is interesting to note that, for a number of molecules
ineluding EFEGHQ and CFECDG, Quade® has performed calculations to determine
the ccntributién to the effective potential energy from the interaction of
molecular vibrations with internal rotation. The important points arising
from this study are as follows:

1) In the harmonic approximation, the only vibrational modes that
interact with the internal rotation have displacements perpendicular
to the molecular symmetry plane.

2} Mixing of the perpendicular vibrations with torsion, in the normal
coordinate approximation, occurs through the kinetic energy.

3) A transformation to a new internal-rotation coordinate, i—» &', by
means of a rotation in the molecular symmetry plane, separates the
torsion from other vibrations in zeroth order in the kinetic energy.
et , which does not have a simple structural definition, is the
appropriate internal rotation coordinate for analysis of data using -

a model with an effective single degree of freedom,

4) After transformation, the interaction between torsion and other

vibrations appears in the effective potential energy.

On this basis, Quade has calculated the contribution to the effective U& term

tvﬁ'} from molecular vibrations. Using the sut-of-plane fundamentzls

reported by Berneﬁzﬂ he obtains;

=1
for CF3CHG “5' = -£.51 cm

for CF.CDO

3 V' = =4.74 c:m-1

This result gives a surprisingly favourable comparison with Vg = -8.7(1.2)cn”
for CF36H0 which was obtained earlier, bearing in mind that, in addition to

the vibrational contribution, the experimental U& term contains contributions
from several sources: i.e. the equivalence between F. and Uﬁ (g.v.), F., being

3 3

allowed by symmetry; the electronic contribution to Uﬁ; and the effect of

truncating the potential at UG.
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APPENDIX 1

THE SPECTROMETER

The microwave spectrometer used throughout this work was the instrument built
at Bristol University under the direction of Dr. A.P. Cox. This spectrometer
is a Hughes-Wilson {Stark modulation/FPhase sensitive detection) instrument
capable of operation in conjunction with Kl¥stron or Backward Wave Oscillator
[EWO) microwave sources. Klystrons were available covering the range 7.9 to
42.0 GHz. .A K-band (18.0 - 26.5 CGHz) and a O-band {26.5 - 40.0 GHz) BWO were
also avallable. In addition, Radio Freguency (RF) - microwave double resocnance
experiments were performed by injecting a radio signal at the Stark Electrode,
The spectrometer arrangement for Stark modulation, with a Klystran source,
is given in Figure 1. The cell is a 3m length of stainless steel X-band
waveguide with a mica window at each end providing a vacuum seal. The Stark
electrode is an internal nickel septum, supported by PTFE lnsulating strips
and arranged parallel to the broad face of the waveguide., It gives an electric
field parallel to the plane of polarisation of the radiation and hence AM = 0
selection rules. The effective electrode spacing was 0.459 cm, subject to
slight variation depending on temperature and the state of contamination of
the cell. The entire cell was surrounded by a lagged dry-ice trough.
Klystrons were used free running, with water cooling. Drift was ndt
troublesome, being only a few MHz/hour after reaching thermal equilibrium.
An attenuator or isolator was always placed at the ocutput of the klystron
to prevent the frequency pulling and mode hopping associated with reflected
pover. A D.C. heater supply was used to minimise 50 Hz Frequency modulation.
Frequency sweepling was acc;mpliahed by modulating the repeller voltage with
the sawtooth X-deflector waveform from a cathode ray oscillescope (CRO) as

shown. X1 and X2 are direct connections to the deflector plates. XE is the
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balance point for the X deflectors, i.e. the point in the EHT divider

network about which X1 and X2 are always symmetric (it is not an earth
connection!), Sweeps of up to 10 HMHz {1.0 MHz/cm) could be achieved with
good linearity, with a maximum sweep of ~25 MHz (2.5 MHz/cm) depending on-

the Klystron in use. Good linearity could also be maintained with sweeps

as slow as 2s/cm. Prior to each freguency measurement, a check for

constancy of Klystron output throughout the entire sweep was made by switching
the ¥2 input to display the voltage across the crystal current meter. This
also provided a means for wvisualising the wavemeter dip and puageing its
pasition rglative te frequency markers at the Y1 input.

Frequency measurements were all made relative to the BBC 200 KHz standard
transmission. 2%, %0 and 100 MHz reference signals were copverted into comb
speckra (series of spikes, in the frequency domain, at exact multiples if an
input frequency) and applied to a mixer arm. The tuning stub on this side
arm relates only to the tuning of this section. The rectifier was a silicon
point-contact digde., Mixing products were applied to an interpolation
receiver which had its low impedance audio (headphone) output connected to
the CRO at ¥Y1. The effect of this arrangement is to produce a blip on the
CRO trace when, at some point during a sweep, the difference between the
Klystron frequency and an element of the comb spectrum is equal to the
frequency to which the receiver is tuned. The origin of such a marker can
be identified by noting its direction of movement relative to rotation of
the receiver tuning control, or by elimination using the switch in the
25 MHz feed, the frequency already being known within~5 MHz from the wave-
meter reading. The receiver was used in its AM reception mode, with a
3dB bandwidth of ~6KHz. The digital readout attached to the receiver was
designed and built by the auwthor and is described in Appendix 2. Measurements
were made by bringing frequency markers into co-incidence with absorption
line maxima. This operation was always performed sweeping lowshigh and

highslow, in order, by taking the average, to defeat the systemmatic lag
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which results as a consequence of the detector time constant. Measurements
were made using small sweeps of 0.2~0.5 MHz/cm at 2 sec/cm, l.e. 0.1 ~

0.25 MHz/sec, with time constants of 0.3 or 1.0 sec depending on the strength
of the line. In the spectrometer limited regime,.this gave a repeatability
of measurement of about 20.02 MHz, with an estimated standard deviation, for
such an observation, of about 0.05 MHz, Traces appearing on the CRD screen
could be reproduced on an X,Y plotter using the hard-copy adapter. This unit
was alsc designed and built by the author and is described in Appendix 3.

Stark modulation was accomplished by means of a zero-based square-wave
generator 6perab1ng at 100 KHz., Maximum cutput of this unit was 2 KV peak.
Zero basing was accomplished by means of a (valve) clamping diode, the
reference to this clamping system could also be connected to a D.C. supply,
in order to make accurate Stark shift measurements. The 100 KHz drive signal,
obtained from a 200 KHz crystal oscillator, was also supplied, via a variable
phase-shilt network, to the phase-sensitive detector (PSD)}. For very easily
modulated absorption lines, more accurate zero basing was obtained by using
a smaller unit (HP211A), capable of 0-50V output, locked to the large generator,
The HP2114 alsoc has valve clamping, avolding the 0.8V offset inherent with
semiconductor devices.

Factors limiting the resolution of the spectrometer are as follawsﬁ?ﬂza
{approximate constribution to line half-width at half-maximum in brackets);
1) Hatural line width {mﬂﬂ_qHz} due to the background of thermal and

zero-pﬂint129radiation.

2) Doppler effect [~40 KHz) due to the thermal spread of molecular

velocities.

3} Wall collisieon broadening (~10 KHz) due to finite dimensions of the

spectrometer cell,

4) Pressure (dipole-dipole or collision) broadening (~20 MHz/Torr), due

to the finite time for which a molecule remains in a given state.
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%) Power saturation effects, i.e. the tendency for the microwave
radiation to equalise the populations of the upper and lower states.

&)} Short term scurce instability (~200Hz), i.e. the bandwidth of the
Klystron output.

71 Modulation sidebands (~200 KHz).

Fressure, power and medulation broadening are by far the most important factors.
Moreover, power saturation tends to cccur at the low pressures required for
accurate frequency measurement and for the resolution of quadrupole hyperfine
structure. Pressures were estimated using a priani guage. The crystal current
was used as a measure of relative microwave power. MNominal pressures of
0.01~0.02 Torr and crystal currents of ~50u8 were used during measurements.
The cholce of 100 KHz as the modulation frequency reflects the need for high
sensitivity. The noisze output of the detector crystal iz inversely proportional
to (modulation) frequency, hence resolution may be traded for an improvement in
signal-to-noise ratio. The overall resolution of the instrument was ~0.5 MHz.
The minimum absorption coefficient for a useable signal-to-noisze ratio was
about lﬂ-gfcm.

Figure 2 shows the spectrometer arrangement with a BWO, in a broad-band
sweep unit, as the microwave source. HNo accurate line measurements were
atbempted with the spectrometer in thiz mode. Freguencies were estimated to
A5 MHz by manually tuning the BWO to the line of interest and then locating
the wavemeter dip.

Figure 3 shows the spectrometer arrangement for RF-microwave double-
resonance experiments. The 100 KHz square wave generator was used as the
modulation source, but with the HP211A interposed to prevent accidental
destruction of the balanced mixer. The RF amplifier was, in general, used
without a terminating resistor, this being in order to maximise the RF

voltage across the Stark electrode. The cell is almost purely reactive, all
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of the developed power being dissipated in the final amplifier. Survival
of the amplifier in this regime is attributable to it having a valve cutput

stage.
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APPENDIX 2

DIGITAL FREQUENCY READOUT FOR A SINGLE CONVERSION SHORT-WAVE RADIO RECEIVER

The principle of operation of a single conversion superheterodyne radio
receiver is shown in Figure 1. The desired input signal f, is mixed with a

local oscillator signal T This results in a signal having many frequency

0"
components, but notably the sum and difference of the two input signals.
The intermediate frequency (IF) signal is obtained by applying the mixer
output to a filter tuned to the freguency of the difference signal. This

s5ignal "is then amplified and applied to a detector.

SAPUT
FILTER
AF.WPUT. o
4
Al
1-F.
r//' FILTER,
Ifthl] ~<
: | Audio
: < ) 1 > " Dut.
' P
; | fo=Fif H:EJFIEH— betector,

fo

AoCRL
eACILEATOR.,

Single Conversion _Superhet. Receiver,

Figure 1

There are two possible values for f1 which satisfy the relationship

fﬂ - f1 = IF,these are fi = fﬂ = IF and fj = fﬂ + IF. The receiver

therefore has an input filter to select whichever of these is required.
Tuning of the receiver is accomplished by tuning the input filter and the

f is a constant.

local oscillator simultaneously, in such a way that fg - 1
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ARB88 Oscillator Output.

A receiver in which ED f! + IF is said to operate with 'oscillator high',

a receiver in which Fﬂ = F1 - IF iz said to operate with 'oscillator low'.

The oscillater low system has the disadvantage that at £, = 2«IF, f_ = IF,

1 0
therefore most general coverage single conversion receivers operate with
oscillator high. To obtain a digital presentaticon of the input freguency to
which such a receiver is tuned, it is therefore necessary to measure the
frequency of the local oscillator and subtract from it the intermediate
freguency before displaying the result.

In the Bristeol laboratory, microwave frequency measurements are made by
interpolation between components of 100, 50 or 25 MHz comb spectra. The
interpolation receiver used is an R.C.4. model ARBE, which is an oscillator
high receiver having an IF of 455 KHz. Figure 2 above shows circuitry which
has been included in the receiver in order to provide an oscillator output.
This circult is a non lipear buffer amplifier, having a high input impedance,
which takes energy directly from the anode of the oscillator valve. The
adjustable capacitor provides some measure of control over the output wave-
form, it is best adjusted by experimenting with the receiver in conjunction

with the digital counter and ensuring that satisfactory triggering occurs on

all frequencies. It should be noted, however, that inclusion of the buffer
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circuit necessitates complete retracking and alighment of the oscillator.
The compensation trimmer should thereforg only be adjusted prior to final
receiver alignment. The circuit obtains its power by rectification of the
receiver's 6.3 V heater supply. The rectifier and 220 pF smoothing capacitor
are mounted in the power supply section of the receiver chassis, the remainder
of the components are mounted inside the under-chassis oscillator compartment
and as close as is practicable to the oscillator valve anode connection.

Figure 3 shows the circuilt of the digital counter designed for use with
the modified ARBE receiver or any similar receiver having an IF of less than
99.999 MHz, The least significant digit of the display is in ones of KHz.
The counter does not explicitly perform a subtraction to obtain the true
receiver frequency from the oscillater frequency - instead, the count register
{5 x T4L3196) can be programmed by means of thumbwheel switches, so that it
resets to a non-zero number before the start of each count. If, as is the
case when used in conjunction with the ARBE, the count register 1s reset to
99545, the first 455 pulses cause the register to contain 00000, since the
one of 100 000's is lest in the overflow. Subseguent pulses increment the
counter so that the result displayed at the end of the counting pericd is
the oscillator frequency minus 455 KHz, i.e. the true receiver frequency.
In general, to program the register correctly, for an oscillator high
receiver;

Thumbwheel setting = 100 000 - IF in KHz,

For an oscillator low receiver, the thumbwheels are merely set to the IF.

Circuit Description

The frequency meter derives its timing waveforms from an internal 500 KHz
crystal controlled clock oscillater. The ocutput of this oscillator is
divided by 250, in three 7490 integrated circuits, to provide a 2 KHz

signal which is applied to the timing waveform generater. The operation of
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the timing waveform generator is described in Figure 4. The 0 outputs of

the two quinary counters {(shown in Figure 4} are gated together to produce

the three housekeeping signals; 'gate', 'strobe' and 'reset'. The gate
signal causes the amplified input signal to be applied, via the signal gate

(L x T4500), to a 745196 divide-by-ten circuit. The signal gate opens for

10 ms, during which time counting occurs, and then closes for 2.5 ms, during
which time the strobe signal loads the display register {7475 and 2 x T4LS37T)
with the contents of the count register (5 x T4L3196), and then the reset
signal loads the count register according to the thumbwheel switch settings.
The displag is therefore updated every 12.5 ms (80 Hz refreshment ratel.

The T43196 is a 100 MHz high speed counter which, in this circuit, since
its status is never displayed, functions as a divide-by-ten pre-scaler. This
circuit does however receive a reset signal, this signal being provided so
that an ambiguity of X1 in the least significant digit, due to lack of phase
coherence between gate signal and input signal, shows up in the status of
this counter rather than in the counter which drives the least significant
digit of the display. The fregquency meter therefore measures to 0.1 KHz but
only displays to 1KHz.

The input amplifier is a wide-band non-linear circuit. The input signal
iz limited; before amplification, tos~ 400 mV peak-to-peak, by means of two
1N6263 Shottky diodes connected back to back. The final transistor in the
amplifier chain is operated as a non-saturating switch, the Shottky diocde
between base and collector being present to prevent saturation, so that a .
rectangular waveform suitable for driving TTL circuitry is produced. The
input to the amplifier is provided with two adjustments: input level and high
frequency compensation. These are used to obtain satisfactory triggering of
the counter on all frequencies covered, although below 50 MHz, HF compensation

is wnnecessary and the capacitor may be set to minimum.
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Accuracy of the Instrument

Microwave freguency measurements made in the Bristol laboratory are normally
assumed to have an accuracy of ~50KHz. The digital frequency meter was
therefore designed to have an accuracy at least an order of magnitude better
than this. Error in the displayed freguency is primarily due to any
discrepancy between the desired and the actual frequency of the reference
oscilllator: this error is given by;

Display Error = Input freq. » Fractional error in reference freq.

i.e. for oscillator high;

Display Error = (Display freq. + IF] x Fractional error in reference freq.
The crystal reference oscillator can be expected to have a short and long
term stability of better than 120 ppm, which gives an accuracy of X 0.6 Kiz
at an input freguency of 30 MHz.

The prototype counter suffers from rounding error in the last digit,
since rounding up iz not attempted in the event that the non displayed digit
(tenths of KEHz) is greater than 4. This problem may be overcome by pre-
setting the 743196 pre-scaler to binary five {0101) rather than re-setting

it to zero as is presently done.
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APPENDIX 2

HARD COPY ADAPTER

This unit was constructed in order to obtain permanent copies, on an X,Y
plotter, of traces normally viewed on the spectremeter oscilloscope. Its
circuit diagram is shown in the figure. & sweep signal is obtained by
direct connection to the oscilloscope X2 plate. This provides a linear ramp
moving from 140V to 240V (approx.) as the spot traverses the screen. Division
of this signal by 100 in a resistor network, and addition of a nominal =1.4V
back-of ' potential, provides a linear ramp of 0 —= 1V at the input of the T41
operational amplifier. The gain control arrangement is such that the minimum
gain of the amplifier is 1.0. The maximum usable output sweep is ~10V.

In order to use the hard copy adapter,  the oscillescope must be operated
in the one-shot mode, i.e. the mode wherein pushing a button initiates a
single sweep. The slowest sweep rate (553/cm) is recommended. Pushing the
pen-drop button, immediately prior to a sweep, sets a flip-flop (2 x BCYTO)
and causes a low impedance to appear across the pen control line {(suitable
for the HPTOO4B plotter). At the end of a sweep, the flyback is differentiated
and used to reset the flip-flop, thus lifting the pen. The return of the
chart recorder to the left hand margin is delayed, in order to give time for
the pen to lift reliably. This delay is provided by the dicde and 470pF

capacitor at the chart X cutput.
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Swsep Direction.

Copy_Adapter.
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APPERDIX &

EVALUATION OF QUADRUPOLE COUPLING CONSTANTS

The effect of agquadrupolar nucleus is to split observed spectroscopic lines
into hyperfine components displaced about the hypothetical (unperturbed) line
centre in such a way that the intensity weighted average of their frequencies
gives (in the zero error limit] the freqguency of the hypothetical centre' 0,

First order quadrupole energies are given by;

2
Ey = T

{-XMG;) + 'Xbbc:P;:- + ')CCC<P;)]"1’[1,J,F]
.wh&re ¥i(I,J,F) is Casimir's function

and F takes on values J+I, J¢I=1, ..... , |J=I].
Ouadrupole shifts in the observed spectrum are given by

AY = E' = B {in frequency units).
q g q 4 4

Primed quantities refer to the upper state, unprimed quantities to the lower.
Only transitions with the selection rule AF = AJ will be considered here,

other transitions usually being of small intensity.

Q=Branches (AJ=0, AF=0)

3ince Y(I.J.F) 1s the same for both substates (for AF=0 transitions)

_ 2 v av 3
b).:][ﬂ-hranch] = J73<T {xaa Sh +7q)b E5 +?{'CC ,ﬁl Y{IL,J,F)
2 . , G = 4,8,C
- ] - =
where 36 <PE > {PE> E a,b,c

therefore, without knowledge of the hypothetical centre (which is not observable),
by using the appropriate values of Casimir's function {(tabulated in Reference 42)
it iz possible to extract, from the frequency differences between pairs of

hyperfine components, estimates of a quantity here called;
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X 3157 & % §4

E=a,b,c
now X, "':fbb +X,.. = 0 (Laplace condition).

It is therefore possible to express Eq in terms of two paramet.ers131 .xaa and
bfl_':ﬂ:‘. - Xee!
Hence;

’X-u-u—[ (239 -3V -V) & (w . ] (ay -2w )
I S5 %8 5C  ov Xee 5B 5¢C

and

J(J+1 X = (22 _ ¥ 3*’“{% - )
(3v - ov) ?{aa i- ce

38 8¢ :ﬁ-ggx

which can be used to determine the regression line, and hence X ,a!51ope) and
Ny = XCCJ (Intercept) for a collection of ¥ values obtained from the observed
line splittings.

It is not however sufficient to give unit statistical weight to the experimental
guantities J{J+1) Tﬂbs Ea%] gg} In order to obtain the best estimates for
Xaa and :x’bb - X..)» attention must be paid to the scaling of the uncertainties

in%'s alang with scaling of the X's themselves.

Let g = J{J+1) [ 3-
and y = gX
and x = {23— :— %—H{gj gil

The regression line then becomes
:F’\{aa""-+ I[“’{l:tl:r - Xee! -
Let the uncertainty in X, _ be U,

then the uncertainty in y

obs
B = )
y © 8%
The statistical weight of a random variable is the reciprocal sguare of its
uncertainty132 .« The correct weight for Vobs is therefore;

W= 1/ (gly)?
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Solving for 'x’aa and ?(bb - ?{'CC

The residual e 5 due to the i th observation y i iz defined by

¥4 =xaa * 0t %b “Xee) * &y
Solving for the regression line i=s accomplished by minimising the weighted

sum of the squares of the residuals, i.e. by imposing the conditions;

22 W e 32 4 wy e}
X 0 AT, mx)

which also imply 3, w =0

1%
This yields;

Xag = @) @y x vy) = (v v ) (3w x,)
(2w 15T Wy x3) - (3 wx )

and
Xbb IR AR
Z“i TN -3

It is also useful to express}ga in terms nf‘agb -‘XCC

, permitting solution for

one parameter while the other is held constant;

Xza ® @ WXy Vi) om gy =X 2 i %y

2 Wy ¥ eeaa(3)

Error Analysis

The frequency derivatives 8¥/94 etc. vary slowly as functicns of the rotational
constants A, B and €., Contributions to the residuals due to uncertainties in
the rotational constants can therefore be neglected. The wariance of an
observation of unit weight can then be estimated from the weighted sum of the
squares of the residuals divided by the number of degrees of freedom for the

pit?33 |
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q
i

* = (3wl ori)/in - p)

where
w' = 1/0°
x
n = effective number of observations.
p = number of parameters used in the it.
P X s - Xcalc
and
- 2 [}
oy =0 ru

Uncertainties in }{aa and th —IX'CC

Frovided that the errors in all observations included in the fit are truly
random, the uncertainty of a parameter cbtained from the fit can be estimated
by summing the sgquares of the partial error contributions from each observa-
tion and taking the sgaure rvc;:f:rt.132 .

ﬂ'f} = Zi{ﬂ"i Elp.n"a‘}'i}'e

For the case in point;

. ¥ - ]
since ¥y = gi’x'i and g} =0/ W)

oy = 807wy’

Using the result and differentiating equations (1) and (2) yields;

0, =& U

- F
- 1:'}‘1 [Zwi xi]] wi}

1

-4
g =0 (3 (0w, x2) - (Sw, x.) x,1% w,)
xbb'xcc 5 171 it i

where I = (> “i”E:wi xi) - ig_'wi x, )%

If only one parameter is allowed to vary in the fit, differentiating (2) and
{3) yields;

D‘;faa = 0 Ewi '3 WXy when 'Xb

ﬂ':'_rﬁhhx:n

b~'§’<;;c const,

I when X__ const.
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The Fortran IV program Chi, a listing of which is given at the end of

this section, performs the computations here outlined.

Generalisation to include P- and R- Branches

The change in Y (I,J,F), for P- and R-branch transitions, prevents the
procedure applicable to Q-branch data from being used. Other methods must
therefore be employed.

By defining;
e = 2 P> = (2J+3) elg
g T(a+1T Z ‘g & T3 d®

g=a,b,c

The ¥'s used in the G-branch fit become;

X=X X
and 8y, =X jo YUI,J,F)- Xy Y(1,d,F)
with 4F = 0

For R- and P-branches
by, = ?fJ.,E, Y(I,J¢ .P*J—}{HHI.J,F}

with AF = 41

Special Case

Xypp = O

This follows from the Laplace condition and because, for the 3,, level

<F;> = <Py = <1=;> = 4
The ){th‘nr‘ a level connected by a transition to the 3,, level can therefore
be obtained directly from the observed line splitting. This k}f can then be
fitted along with Q-branch data provided that <PE> values are given to the

program instead of ¥Y/AG values.

General Case

It is possible, in principle, to solve a P- or R-branch gquadrupole pattern for
the relative contributions ofﬁfj+1'r.
subtlety of the change in ¥(I,J,F) with J, the parameters so determined will

and 'KJ":',' However, on account of the
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usually have a large correlated error. This difficulty can be overcome by

solving for

KX gu1 e Ky

Fitting to X, . _t.__xm

e X, = 2 [Y X <P"’:]- [fx’ <P’
WL T aTigeeT [ aan,c BB 8 T

- 2K (SR> - <Pg>)
J[JH} ge 1+ 24
Therefore, the linear cnmblnaticn'Xh 1,0 " ‘H;t can be fitted along with

25

instead of &Y/2G values. As a check on the transformation, account may be

Q-branch data provided that - <P > wvalues are given to the program

taken of the condition:
<pris
Zg‘{—fmr <Pz ) =0
which is also the condition applicable to the sum of Q-branch V@G (but not

to P- or R-branch d¥/9G) and follows from;

(p;}x + {Pg} + <F;} = J{J+1)

Uncertainty in X Values

From the difference between two line fregquencies

Kops = €% =)
where C is a coefficient dependent on Casimir's function.
In the regime where measurement accuracy 1s governed by spectrometer limitations,
all measured lines have the same uncertainty & and:

G, = c,f2¢
Each independent line splitting observed in a given quadrupole pattern provides
a separate estimate for X. Combination of two such estimates is best made by
means of the uncertainty weighted average.

X = fw.l;x".l + HEIEIHH,I + wz}

where Wy = Iﬁr;
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When two non-independent splittings are available (e.g. from three
components), uncertainty correlation difficulties can be overcome by

combining two of the components;

e.Z.
X

obs

="

"

c ['i-fl - '{‘1.:1'2#1.13_].-"2]
1.’:(35""'
2

The simple average of 312 -and '153 is only justified if the two lines are fully

resolved since, in the limit that they become completely unresolved, the

intensity weighted average becomes appropriate.
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PROGRAM CHI INPUT FORMAT

Line 1 Title (10A8)

Line 2 ifix1, ifix2, Xaa,':-(bb-}gx {212, 2F11.5)
Line 3 J, Text, , U, Da’ Db’ Dc (I2,2A8,5F11.5)
Notes:

If ifix1 > 0 the input value ﬂf?{aa iz used as a constant.

If ifix2 > 0 the input value of?fhb-kéc is used as a constant.

"Text' allows user information about the observation to be input and printed
out.

Only relative uncertainties need to be input. The program calculated weights
and then normalises them so that the most accurate observation in the input
data has weight = 1

D =3WdG for O-branches

g
= <Pé? for levels
(¥4
= {PE - <P;> for P- and R-branches
(1+2/d)

A quantity 'checksum' appears in the ocutput to help ensure that the derivatives
have been correctly input.

Checlksum

Da + Dh + D¢

J(J+1) for levels

0 otherwise
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Program Chi. By D.W.Knight july 1984,
For caleculation of quadrupole coupling constants.
implicit real*% (a=-hso=-2)
dimension title(10Y €100, vext (100,22
dimension chizz (1002, w0100, v (100Y,x{100)
dimension pasqf10N) ,pbsq(100)spesql100)
dimension g(100), w100} scheck (100}
equivalence (pasq{T1lscheck(1)) s (pbsg(1)sg{1¥¥slpcsglid wild

read(S,5007title

write{d,600)

writed{6,005title
read(%,510Y 3 fixVsifinlschiaarschibe
if (ifinl.gt.0) writel(b.,.608)

if (ifix2.9t.0) writel&,607)

do 10 i=1,100
read(5,520,end=15%7 (i) ,stextli,1) stext(is?dochizzlidaulid,
*pasqlilsphesqlilespesgli)
if (jCid.le.0lgo to 15
if (ufidaled0L0) wuCizy=1.0
xt3)={2.0*pasqgl{idl-pbsqlid-pecsa (il }/{pbsglid-pcsqliM?
check{il=pasg{id+pbsglid+pesgli)
glid={(float (jid*(jCid+13)3/ (absglid-pcsgli))
yCil=sglid*chizz (il
wlid=1,0/tutidsutid»glitvglid)
if (ulidage. 10000 w(i3=0.0

10 continue
i=101

1% n=4-1
writelb,6700n

sw=0.0

swy=0.10

swx=0.0

swxy=0.0

swxx=0.0

do 20 i=1.n

sweswtulil

SWyYZswy+ul{id ey (i)

SWRXSEWx+W (T Y ex (§)

SWryEswEytw (il ex (i) ey (i)

sHERSsHAX+W (i) e {72 *vx (i)
20 continue

deNOMES U S WYX= SHEYS WX

id=1

if {denom.eq.0.0% id=0

if (did+eifint+ifin2loeq.0) stop "Inadeguate data,.™

if ((ifigT1+ifix2dale.0) chiaa={swisuxy=-suy*sux) S denom
if (ifixlagts0) chigas({swry-chibet*swxd/swax
if (ifix2.1e.0) chibe=(swy-chiaarswx)/suw

suml1=0.0
sumé=0.0
if ({ifix1+ifix2Yagt.0) go to 23
dao 22 1=1sn
cl=susn{id=-sux
IcEtsux:-SHx*x{i}l
suml=sumT+c 1rgTwygli)
sumZ=sumg4c 2 c2ewli)
22 continue
23 continue
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Wwritelds5B15)
neff=sn
do 2% i=1sn
WA= 1. 0/ (ulid*+nuiidy
if (wiil.ge.1020.0) neff=neff=1
if fulidage1000L0) w(id=0.2
25 continue
Wwnax=wil)
do 30 i=2.n
if (wlidagt.wmax) wmax=wii}
30 continue

surr=[.0

wt=0.10

do 40 4=1sn

res=chizz{id-(chiaa*x(it+chibec}/alid

SWFrSsuwrr+ress*res+tu (i)

it (uman.gt.0.0) wt=wl(id/umax

writel6.62207 03 stext (i 1dotext{is?dochizzlidorecsuwtscheck( il
40 continue

sigma=0,0
eaa=0.0
ebhc=0.0
np=d=ifixl=ifix?
ndf=ne ff=np
if (ndf,.le.0) go te &0
sigma=sqrt{swrr/floatindfd)
esd=sigmalsagrt{umax)
write{b,625%%esd
if (id.eq.0) go te 50
eaa=sigmavsgrii{suml)/denom
ebc=sigmarsqrtisumd)/dencm

30 continue
it (ifixZagt.D) eaa=sigma*sgrei{swd)feux
if (ifixl.gt.0) ebe=sigmalsgrtisw?
if (ifintagt.DY eaa=0.0
if (ifix2.gt.0) ebe=0.0

60 write(h.,630)chiaaseaa
write{b.,4835%)chiberebe
chibb={-¢chiaa+chibec}f2.0
chice={=chiaa=chibedsf2.0
ebbssqrti{eaateaateberebhel /2.0
writel{d,640¥chibbrsebhb
write(bd,645)chiccrebb
stop

500 format(10ag)
510 format(2iz2.2f11.%)
520 format(iZ,2a8.51t11,.5)

600 format(fx.,13h Program Chi.}

605 format (/x,10a8)

606 format(x.26h Chiaa held constant.)

407 format(x,26hChibb-Chice held constant.)

610 format(/x,25%h Humber of observations = .i3)

615 format(/xs2h Js20%,40h0bs/ MUz Res fMHz Weight Checksum/)

520 formatix,12,2a8,-,6F11.53

525 format (/&x,30hE.S.D. of an Observation/MHz =,f11.5,
*13hfsgrtiWeightl)

630 format(/7x,7hChiaa =+f11.5+%h MHz esdsf11.5)

43% format{x,13hChibb=Chice =,f11,.5.% MHz esd.f11,.5)

G540 format(7x,7hChibh =,f11.5.%h MHz esdsf11.5)

G645 format{7x."hChice =,f11.5,%h "Hz esd.F11.5)
end
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APPERDIX 5

EVALUATION OF THE MOLECULAR INTERNAL ROTATION CONSTANT

When one part of a molecule [the top) rotates with respect to the rest of
the molecule (the frﬂm&],.calculation of the energy levels associated with
the process requires knowledge of the reduced moment of inertia for internal
rotation. This guantity is always less than the moment of inertia of the top
about its rotation (z) axis (except when the frame is infinitely massivel
because, when the top rotates there is a reaction im the frame. The reduced

mement of inertia (I .. ..: o

of the reduced mass required for the calculation of vibrational energies.

| is, in effect, the angular momentum analogue

Evaluation of xeff

The rotational kinetic energy of a molecule is given by

T = 3l
and includes contributions from internal and overall angular momentum.

The molecule as a whole is viewed from its prim:il;al axis system (a,b,c)
in order to dispense with products of inertia. The top is considered to have
its own axis system (x,v,z) which rotates relative to the frame about the z
axis. of is the internal rotation angle, defined as the angle between the

projections onto the x,y plane, of a line from the 2 axis to a point on the

top, and a line from the =z axis to a point on the frame.

Special Case, The Symmetric Internal Rotor

When the top is symmetric about the z axis, the elements of the inertial tensor

(I} are independent of of.

I

as follﬂws;5’15 — A
2T = [wa,%,a:&.dﬁfdt] I 0 Q ?\azla W,
0 o 0 Pl | [ %
0 0 Ic Mezle ©e

ATy Al Al Ix du/dt

ef’f

is obtained by expanding the kinetic energy
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Where the }EZ are direction ceosines relating the axes.
d«/dt is the angular velocity of the top with respect to the frame.

Ixg 15 the moment of inertia of the top about the z axis,

Thus;
i
2T :[;a:b'c Igm%}f L(SE) + S ;,b,?gz @,
To find the angular momentum about an axis use P = dT/deo
Thus;
PE = 5'1‘;"6&)5 = Igug * l Ig‘ %
o WE‘; 1 e A

It is therefore not possible to separate internal and overall angular momentum

{just as, it is not possible to completely separate vibrational momentum from
overall angular momentum) .

Substituting for u% Eives;

- de P 2
R A 4
£ 23

P
LEtP=IxZ}\'fE
g BZE

Then the 'relative' angular momentum of the top, which has its conjugate
operator asscciated with an observable, is;

_ Eg _ La
(Be = p) = Ix gy [ Z}"gzlsj

The reduced moment of iﬁertia is therefore

- .
Toep = Tl = Iu (1 - Z}.gz » ]

General Case

In the general case, the principal moments of inertia of the molecule and the
orientations of the principal axes with respect to z all become fuqctions of
of, lerr[dj isz then best obfained by evaluating it at several values of o and

112,122
constructing a Fourier serles ', The general form for the instantanecus
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values of IE required for this construction has been given by K.S. Fitzef?a

£r

. F3

i u? L
lepp =1 - 5 - L

[3 Ig

where U = E: m, %, , the Unbalance Factor.
top

M = molecular mass

_ i i} . _ A .
Bz Agle = AL = AT Uy e T Nasthy ¢ Tlg-1)’

z is the internal rotation axis
x is made to pass through the centre of mass of the top
¥ is chosen so that the x,y,2 co-ordinate system has the same handedness as

the a,b,c system (i.e. detA = +1)

Ippe are products of inertia (f = x,y,2).

{g=1),{g+1) refer to cyclic permutations of a,b,c. ieiIf g=a, g-1 = ¢ etc.

rE are the elements of the vector from the centre of mass of the molecule to
the origin of co-ordinates of the top.

In calculating the top moments and products of inertia, atoms on the 2 axis

are excluded.

GEWERAL ALGORITHM FOR THE CALCULATION OF IEfr

Ieff for a given value of o can be computed from a knowledge of the instan-
taneous relative positions of the atoms in the molecule. The algorithm
described here makes use of the masses and principal axis co-ordinates of the
atoms and requires a knowledge of the two points on the internal rotation
axis. It is given at the end of this section as a computer program designed
to be called by a structure program. It reguires the above mentioned
information along with the molecular mass and the identify of the top atoms.

The procedure for calculating I,.. is then as follows:

rf
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1) Find the Direction Cosines of the z Axis Viewed from the Principal Axis

System (P.A.5)

P1[ai,b1,c1l and leag,bz,czl are two points on the z awis (see Figure 1).

hgz = fgg - g1lfr' g=a,b,c

where r' =,,fr[a2 - a,)* + (b

- b112 + [c

2

=1
5 c1J

1b

to
3 /cen re of mas
-t{‘“ ; |
¢ \
, frame \, top & fop

R origin of co-ords.

- Wt
-, L]
LT TR E

molecu Fig a

cenfre of mass

2) Find the P.A.5. Co-ordinates of the Top Centre of Mass

g = Z my Ei J"Mt

top

thz mi

Lop

3} Locate the Top Origin of Co-ordinates

Any point (a', b', ¢'} in a plane satisfies;la' + mb' + nc' = p

l,m,n are direction cosines of a perpendicular from the plane to the origin

of co-ordinates.

p = perpendicular distancé from the plane to the origin of co-ordinates.
Bath the top centre of ﬁass [E,E,E} and the top origin of co-ordinates

(2,B,%) lie in the x,y plane. Translate the top centre of mass into a

system parallel to the P.A.S. but centred on PI. Then;

r'' o= '[E-a,l:l,'i..az + [E-rb,l mbﬁ + {E-C.l:lﬁcz y

is the distance from P, to the top origin of co-ordinates.

(8,5,¢) lies on the z axis, so the egquation of the z axis can be given as;
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~ Py -

a - a1 ) B _ b1 N c-c, e

Az Moz ez

hence § = g, -D\Ez . P . g=a,b,c.

4) Check for Symmetry of the Top

If the distance from the top centre of mass to the origin of co-ordinates is
zero, then the top is balanced (and probably symmetric). In any case, Ie“_
reduces to the symmetric form and the direction of the x axis must be defined
arbitrarily. This can be done by making one of the top atoms lie in the x,y

plane, i.e. substitute the co-ordinates of the chosen atom in place of (a,b,c)

and return to step 3.

5) Find the Direction Cozines of the x Axis

Both the origin of ce-ordinates and the top centre of mass (or the arbitrary
point) lie on the x axis.
The equation of the x axis can therefore be given as;
-3 5-% &-¢%
M Px e
—_—

Where p'"! =4f[5-51* + (B-B)2 &+ (E-2)?

:r|II

therefore Agx = (g - gh/r' !t

r'tt is the distance from the origin to the centre of mass,and is the quantity

required for the check made in step 4,

6) Define the y Axis so that the x,v,z, System has the same Handedness as the

P.A.S.
A= Aax ﬁay }hz

lbx ﬁhy bz

Aex ?"cy Az

Since both co-ordinate systems are Cartesian, the sum of squares along any row

or column of X iz 1.
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Also (see ref. 134, P.236);
?'ax‘ﬁ‘bx +?‘ay?‘by +?"azg" bz - 0
lbx;\cx +F>”'by?‘::y +p‘sz‘cz =0
hax}‘cx +}‘ayj‘c3r +1az}‘cz

]
=

therefore;

F‘s? - ,P'hg; Az

In order to avoid being fooled by a plane of symmetry (in which caseAwill

have zero entries) evaluate all three
A
gy
then, temporarily

Agany * ~Pex Mgtinx * .}EZ'}WEtHzJ/j'gy

Now, check to see if det™ is +1, if not, reverse the sign of all Tagy

?‘gg.r‘ and see which is largest. Then,

L

if

now refers to the largest, temporarily define }IEF = gy[

7) Translate the Co-ordinates of the Top Atoms into a System Centred on the

Top Origin

=g - £ g=a,b,c

& n

t
n

8) Rotate the Top Atoms into the 2,y,2 System

] - ] L] n -
fn = 8 D"'af‘ * t"n:}'"l:n“ * cnﬁ‘cf‘ F2X,¥42

9) Evaluate Iy I:-: 2 L2 U and Hcm:c_Iaf.f.

- & z
II!L = [ml [Kl"')’i:l

top
I = ): m, ¥.
XE top i7"l
I E m, ¥, =
¥z top 19171

The above and alsc FE = ‘E and the P\gf" are the quantiﬁies required in the
application of Pitzer's eguation.
The internal rotation constant is theng
F = h

2
8 Topr
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Notes on the Application of the Method

The definitions of the top and frame are interchangeable and the same result
is obtained either way unless (as is often the case) spectroscopic principal
mements of inertia are substituted for the structural principal moments. If
the operationally defined structure does not guite reproduce the observed
rotational constants, evaluation of Ieff from the most convenient end of the
molecule then produces a biased result. For this reason, the computer program
given calculates Iefr from both ends if the molecule (one end is called the
top, the cther end the anti-top) and gives the soption of using the average.
This average does not necessarily converge with the purely structural result.
In the case where there are more than two atems on the z axis (e.g.
dimethyl acetylene), in considering all of the atoms in the molecule, the
program may give an erronecus result., this problem may be avoided by;
ignoring the result for the top containing on-axi= atoms {(unlessz the top is
symmetric), excluding the data for extra on-axis atoms from the information

passed by the calling program, or modifying the program itself.
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The Fortran IV program which follows requires the following parameters.

HTOP - The number of atoms in the top {(excluding atoms on the z axis).
TIOR3 - A flag to tell it to read rotational constants, convert them into
mements and substitute them for the structural moments.

WTMOL = The molecular mass.

FMOM(3) - The principal moments calculated from structure,

P(50,3) - The principal axis co-ordinates of the atoms.

WT(20) <= & library of atomic masses.

Mass(50)- The library location of the mass of the atom in guestion defined
such that the mass of the ith atom = Wt (Mass(I))

NATM - The number of atoms in the molecule {(the program will ignore atoms

having indeces greater than NATM).
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SUBROUTINE PITIER(NTOP,IOBS,WTHOL-PMON)
€ Sy D.W.Knight Jan, 1985 .
Calrulates the internal rotation constant for a general internal top
using the methad given by K.S.Pitzer (1946) J.Chem.Phys.14,23%.
A line joining atoms 1 and 2 is taken to be the 2z (internal
rotation) axis. If there are not two atoms on the 2 axis, then
define dummy atoms of mass 0. HNTOP is the number of atoms in the
top. The top atoms must be input as atoms 3 to NTOP+2 J{atoms on
the z axis are not part of the topl. The remaining atoms.
NTOP+3 to HATHM are called the anti-top.
IMPLICIT REAL®*8 (A-H,0-1)
COMMON PC(50.3), WTC20) s HAT M, MASS{50)
DIMENSION DIRCI,32,TOPL2Y,A3CC3) +RBARCIIARTILDELIILRU(S) »
*ATMAS (202 »TOPX (203 » TOPY (20X, TOPZ(20),BETACIIAPHOMLI)
DATA TOP/EH TopsBHARtI=top/
WRITE(&6.4600)
IF(IOBS.LE. OGO TO 10
READ{S,500-,ENDP=T10)ABC
PO 5 I=1.3
S PMOM{I)=505377.0/ABC(I)
WRITE(&,5103PMOM
C Find direction cosines of the z axis.
10 ARZ=P{2,1)=-P(1.1)
BRZI=P(2,2)=P(1.2)
CCI=P(Z2+3)=P(1.3)
RE1=SQGRT(AAZ*AALI+BRBI*BBI+CCI®CCZ)
DIRCTAZ3)=AAZ/RZ21
DIRC2,3)=BBZI/RZI
DIR(3,3)=CCZ/R21
ISTART=3
IEND=NTOP+Z2
ICALC=1
NT=NTOP
RIOLL=0.0
20 JJ=ISTART=-1
I5YM=0
WRITECG615)TOP(ICALCY »ISTART,IEND
C Find top (or anti-top) centre of mass
SMA=0.0
sme=0.0
SMC=0.0
TOPMAS=0.0
b0 30 I=ISTART.IEND
WTI=WT(MASS (I}
TOPMAS=TOPHAS+UWTI
SHA=SMA+WTI*P{I.,.1)
SMB=SMB+WTI*P{I.2)
30 SMC=SMCHWTI*P(I.3)
REBARCT1I=SMA/TOPMAS
RBAR(2)=SM3/TOPMAS
RBAR(II=SMC/TOPHMAS
WRITECS,6203TOP(ICALC) ~RBAR
€ Find top origin of co-ordinates.
15 REYI=(RBARCI)=P(1,1)3+DIR(1,3} + (RBARCZ2)-P{1,2))*DIRL2.,3)
* + (RBARC(3)=P{1,3))%DIR(3,3)
DO 40 I=1.3
40 RTILDECI)=PL1+1) + DIRCI.3)*RXY1
Check for symmetry of the top.
AAX=RBARCTY=RTILDEC1)
BEX=RBAR(Z}=-RTILDE(Z2)
CCX=RBARCIY=RTILDEC(3)
RCMO=SART(AAN*AAN+BEX*BRX+CCEX+CCX)
IF(RCMO,GT.1.0D=6) GO TO 60

Iz EskzRzRzEa e
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C For symmetric tops make x axis pass through atom JJ.
Jd=JJ+1 _
IFCJI.GTLIENDY GD TO 140
0O S0 I=1.3
20 RBARCII=P{JJ,I}
ISYM=1
G0 TO 35
60 IF(ISYM.EQ.D}WRITEL{G,630)TOP(ICALCY A RTILDE
C Find direction cosines of the x aris.
DIRC1A1)=AAX/RCMOD
BIRCZ2,1)=BRY/RCHMD
DIRCIANI=CCE/RCMD
C Make initial choice for direction cosines of the v axis.
DAX=DIRC(T.1)
EBX=DIR(2,1)
DCX=DIRC(3.1)
DAZ=DIRC1.3)
DBZ=DIR{Z2+3)
DCZ=DIRC3I,3)
BIRC1,2)=SGRT{ABS(] . 0-DAX*DAX-DAZ*DAZI)
DIR(2,2)=S0RT{(ABS(1.0-DEX*DBY-DBZ*DBZ))
DIR(3,2)=5QRT(ABSC(1.0-DCX*DCYX=DCZ*DCZ))
BIGD=DIR(1.2)
I1b=1
DO &2 I=2.3
IF(DIR(I »2) .GT.BIGD)ID=1I
62 IF(ID.EQ.IYBIGD=DIR(I A2
IF(ID.NEL3YGD TO &4
DIR(T#2)=={(DAX*DCX+DAZ*DCZ)/BIGD
DIRCZ2-2Y==(DBX+DCX+DBZ*DCZY/BIGD
GO TO 68
G4 IF{ID.NELZIGD TO &6
DIRCI#2)Y==(DAX*DBX+DAZ*DBZ)/BIGD
DIR(I,2)==(DBX*DCX+DBZ*DCZ2)/BIGD
GO TO &B
66 DIR(2,2)=—(DAX*DEX+DAZ*DRZII/BIGD
DIRC3+2)Y=—(DAX4DCK+DAZ*DCI)I/BIGD
Check to see if determinant of direction cosines is +1
68 DETLAM=DIRCI,1)#{DIR(2,23%DIR(3,3}-DIRC2,3I%DIRC3,2) )
* =DIR(I,2Y%(DIR(2,1I*DIR{Z,3I-DIR(2,3I*DIR{IL1) )
* FDIRC T3+ {DIR(2A1I*DIRC I+ 2)=DIRC2-2I%DIRCZ,1Y 3
IF{DETLAM.GT.0.0)GO TO &0
DO 7O I=1.3
7O DIRCIA2Y==DIR{I.2}
BD WRITE(HLH40)
IF{ISYM.GT. 0G0 TO %0
WRITECGAG41D(DIR{#1) #d=123)
WRITECSL842I(DIRIS#2) 0d=143)
20 WRITE(E,643){DIRCI,3I,0=1,.3)
C Translate top atoms into system centred on top origin of ¢co-ords.
K=ISTART-=1
B0 100 I=1.NT
J=I+K
TOPX(IX)=P(J#s1)=RTILDECT)
TOPYCII=P(J #2)=RTILDECZ)
TOPZLIY=PC(J,3)=-RTILDE(3)
100 ATMASCI)=WT{(MASS{J})
C Rotate top atoms into xsysz co-0rd. SysStem.
DO 110 I=1.NT
TA=TOPX(I)
TB=TOPY(1)
TC=TOPZIC(I)
TOPX(I)=TA*DIR(1,1)+TB*DIRC2+1I+TC*DIRC3Z,1D
TOPY(I)=TA*DIRC1-,2)+TB*DIR(2+2)+TC*DIRC3Z,2)
110 TOPZ(I)=TA*DIRC1,3)+TB*DIR{2,3I+TCHDIRC3,3)
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Calculate top moments and products of inertia and Unbalance factor.
TIz=0.0
D0 120 I=71.NT
TX=TOFX(IJ
TY=TOPY{(IX

120 TIZ=TIZH+ATHMASCID*x{TX*TX+TY*TY)
WRITE(&,650)0TI2
TiXZ=0.0
TiYz=0.0
U=0.0
IFCISYM.GTL.OYGO TO. 140
b0 130 I=1.,NT
TIXE=TIXI+ATHASC(II*TOPX(I)*TOPZI(I)
TIYZ=TIYZ+ATMASCID)*TOPY{ID*TO2Z2(1)

130 U=sU+ATHASCI)I*TOPX(LY
WRITECGAS660)TIXZ.TIYZ AU

Calculate Ieff,

140 RUCII=U*{DIR(3,2)*RTILDEC2)~DIR(2,2)*RTILDE(3))
RUC2I=Ux{DIR(T+2)*RTILDEC3)-DIRC3,2) *RTILDECTY)
RUCS)=U*(DIR(2,2)*RTILDEY])-DIRC1,2) *RTILDELZ})
TERM=0.0
0o 150 I=1,3
BETACI)=DIR(IA3)4TIZ-DIR(I, 1) *TIXZ=DIR(IAZ2I*TIYZ+RU(I)
BETACI)=BETACI)*BETACI)/PMOM{I)

150 TERHM=TERM4BETA{I)

RIEFF=TII=C(U*UfWTMDLY=TERM
F=505379.0/RIEFF
WRITEL{OH+,GVDIRIEFF.F
F=F/29970.245800
WRITE(&-5680)F
IF(ICALCL.EQ.T1IRIDLD=RIEFF
IF(ICALC.EQ.T1IGO TO 160
IF(RIOLD.EQ.D.D)RETURN
RIEFF={(RIEFF+RIOLD} /2.0
F=505379.0/RIEFF
WRITECH,690)
WRITELH+6T0IRIEFF«F
F=F/29979.2458D0
WRITEL{G,680)F

RETURN

160 ICALC=ICALC+1
IF{ICALC.GT.2YRETURN
ISTART=NTOP+3
IEND=NATH
NT=NATH-NTOP-2
IF(NT.LE.OYRETURN
GO0 To 20

- 500 FORMATCIF12.4)
500 FORMAT(/Xes*Internal Rotatisn Calculation.")
610 FORMATI(X,"Using Observed Principal Moments of Inertia.®/Xe
¥1Ta =", F12.68X,"Ib =", F12.6.8%,"Ic =", F12.6)
615 FORMATC(/X,A8+," Atoms",I3," to".13)
520 FORMAT( X,AB," Centre of Mass at "+3F12.7)
6530 FORMATY XeAB," Origin of co-ords."+3F12.7)
640 FORMAT(X,"Direction Cosines" /06X, a"»118s"b 118, c*)
5-‘5&1 F{JRHAT{I:'N.«-Z’:F‘IE.B}
642 FORMAT(X."y'»,3F12.8)
563 FORMAT(Xes"z'"»3F12.83
650 FORMAT(/Xe" Iz =",Fl4.8)
660 FORMATO Xo'lxz ='",Fl14.8/%s"1yz =",F14.8/%+" U =",F14.8)
670 FORMATY Xao'leff="sFl14. 8/ /%" F =",F14.3," MHz")
680 FORMATL X.' F S"2F14.8," cmkx=1"%)
590 FORMAT(/YX,"'"Average Over the Molecule')
END
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APPENDIX &

DETERMINATION OF THE TORSIONAL HINDERING POTENTIAL FROM SPECTROSCOPIC DATA

As pointed out by Pickettz?, rotation-vibration interactions need not be
considered in a theory of pure vibrational spectra, provided that the complete
vibrational Hamiltonian is used. Therefore, insofar as a molecule is rigid
except for its large-amplitude torsional degree of freedom, the problem of
calculating its vibrational energy levels reduces to that of solving the

cne-dimensicnal Schroedinger equation arising from the Hamiltonian;

=1
%PIE[TF + Vi) = E
The substitution;
R |
P = iK d_ﬁ.
is here used to obtain the Hamiltonian cperator

A d

H = Froob s V(e

T d

where F is the internal reotation constant discussed in Appendix 5.

For molecules with a rigid symmetric internal top, F is a constant, but for
an asymmetric internal top, F is a function of ef. Fio) may conveniently be
constructed as a Fourier series and, since the molecules under finvestigation
here can all be considered to have symmetry aboutet=0, only the cozine terms
need to be included.

Hence;

Flst) = FU + n[F" COS ne

Zimilarly, only cosine terms need to be included in the torsional potential
function when it is expressed as a Fourier series. 3Such a series is
conventionally re-arranged so that V(d) = 0

i, VIK) = 3 Eii'ﬂﬁ-cos ne)
n
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The expanded Hamiltonian operator is therefore;

‘I?= -i{F + [F‘ COS Na li + [U {1-cos ne)
det” 0 5 n e, 5 n

The above Hamiltonian, which iz a re-arrangmeent of that derived by Lewis

Malloy Chao and Laane!ZZ

» 13 the basis of the torsional potential program
given at the end of this section. The program sets up the Hamiltonian in the
free rotor representation and diagonalises the resulting energy matrix
numerically. Parameterisation of the spectroscopic data is achieved by non-
linear least-squares {itting.

The Hamiltonian for the free rotor is;
2
i _FELZ

with eigenfunctions

1 lmec
Lij el - M0, 41,42, +uu.

Az

and eigenvalues
- 2
Em = Fm
The torsicn Hamiltonian may be expanded in terms of the ¢h, but caleculation
of energy levels is facilitated by performing the Wang transformation, which

results in a ractorisation of the energy matrix into odd and even blocks. In

practice, this is the same as using the following sine and cosine basis

functions;
lPeuen 21 10
m RE
1
:TCDE Me m=1,2,3 ....
tp;dd =—':I—$in mes m:112,-3 L

S
Matrix elements are then given by
Hop = <0 [H[m> = <[] 0>

m
,_\_/*211' o Bl de

0
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and have been evaluated as follows;

<m' IHI|m> - [Fﬂmz * %Evnlsmm* +4 % 1Ir1'JE{|11'-|-m:I,n - * % vﬂ8|m*-M|,n

Upper sign refers to cos block
Lower sign refers to sin block.
for the m=0 elements, which only occur in the cosine block;
1
<OlH|m> = 3 5> v 8 -— Sy .
l l %? no,m 2JE1%: né;m,n

Derivatives of Energy Levels with Respect to Parameters

Numerical diagonalisation of the energy matrix H is equivalent to a contact
transformation

T HT =B
where T iz the matrix of eigenvectors obtained by performing identical

cperations on & unit matrix as were performed on H in order to diagonalise it.

A single eigenvalue iz then given by;

where Tk iz a zingle eigenvector, i.e. the k'th column of T. It therefore

follows that:

TEH'E',I': aH
37, © Tk L3p 1
i i
where Pi is the ith parameter and [aHﬁaPi] iz a matrix which has elements;

2
AH/3 = 2 '
{aH/ Pinm,,m 5P, <m' |H |m>

These matrix elements are easily cobtained from the matrix elements of H, given

earlier, and are as follows;

) R -
ﬁu (m‘iHlmk =m Smm, m=1,2,3 «.....

B L m' i
—o Him» = - L
'a,Fn <m | IH'I = [ &F’l‘gl'mi ,n ¥ S{Sm|+m}1n] m ]l213

e Smm" - S{m'+ml,n Im'm|,n

ﬁl—; <m'EH|m> == + : — - ﬁ' m=0,1,2 venss
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and, for the cos block only;

% (ﬂ]Hlmb = -SL:H m=1,2,3 ....
n 22

Performing the necessary matrix multiplicaticns then results in the following

expressions for the derivatives:
-]
BE, j { o e
o= = t il
@ FD m=1 mk

where the tmk are the elements of the eigenvector Tk'

oE j _

K , g
—— t - « MM . [ 1o i ' }
BFn m'=1 m=1i m'k mk ] ]m !TJI-_.I'I 6‘"‘ +ITiJ,rt
2E, (Lo tok - Enk
X JZ

EI_SI_'_ [
_,_t ir‘m’k .tmk[ lm; e im m;,n _Eh iu,n]

Truncation of the Basis Set

All af the summations in the above run to infinity, but in practice the length
of an eigenvector is the same as the order of H and H has to be limited to a
manageable size.
An eigenfunction may be obtained from an eigenvector as a linear

combination of basis functicns;

¢k : ;:.tmk E:Im
where the ﬂm, in this case, are the free-rotor functions given earlier.
The order of H is therefore eguivalent to the size of the set of basis functions
used. Truncation of the basis set affects the accuracy of the calculated
eigenvalues, but there is no point in calculating energies to an accuracy of
more than a few orders of magnitude better than that of the spectroscopic data.
a suitable truncation point may be decided by observing that the eigenvector
elements tmk become smaller as the difference between m and k increases. If
T, still has significantly large entries close to the truncation point, E,

will be inaccurate.
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Weighted Non-Linear Least-Sguares Fittingli?

Data for the program consist principally of differences between torsional
energy levels and can come from widely different experimental sources. This
presents an unusual data adjustment problem since the program must be capable
of fitting microwave AE values, with ¢~ 0,1 MHz, at the same time as it
fits, for example, relative intensity data having o ~10 or 20 cm".
3tatistical weighting of the observations in the least-squares fit is
therefore essential, as is double precision arithmetic (64 bit) to cope with
welghting coefficients which can span sixteen orders of magnitude.

The initial calculated guantity 1%{1], associated with the ith observation

P

can be expressed as a linear combination of the starting parameters;

v 2 a1 )
1%{11 = 5;% pq + §?§ PE F orararsesasat E;%p pnp
where ')‘b{i:l =B - B,
L2 ) &‘rEkt 3E,
9Py~ 3F; T3Ky

and np is the total number of paraneters.

The cbject of least-squares fitbting is to adjust the parameters in such a way
as to simultaneously minimise all residuals (observed-caleulated guantities).
After parameter adjustment, the newly calculated gquantity (i), on the

aszsumption that the derivatives are constants, is given by;

Wil :E—P;{p1 +i|;p,|} +§g{p2 +5p2]+ ..... weseanans
i.e,; '}ﬂ?i
i) = 1%!11 + 5. -315
j J

Observed and <alculated gquantities will, in general, be different;

'1.}1 = ]}{i] + I"i

whers ry is the residual.
Simultaneocus minimisation of all residuals can be accomplished by minimising

the weighted square error sum S with respect of all parameter increments.
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Mo
- 2
S = Zwi r}
1
where Hi = {making 3 dimensiocnless).
Therefore, substituting for i
n
4
= - - —_— 2
s %”1 [, - (1) %panEPJ]
S is minimised by setting its derivative with respect to each parameter

increment to zero.

4]
28 _ P 2wy 20
57,7 © -ziZwltvin}.%m -—L::'*___ a—j .Spj]ﬁ; =0

therefore;
op
::'I.K:JE akj .apj

These are the np normal eguations which can be arranged in matrix form;

- - — —_

.
]
W

ki )

The elements of b are the required parameter shifts. Solution of the normal

equations is then accomplished by pre-multiplying both sides of the above by

A-t, provided that such an inverse exists;
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The derivatives 'ar'l?ifa p i used in setting up the normal equations are
in fact slowly varying functions of the parameters. As a consequence, the
calculated parameter shifts will not usually produce the smallest possible
5. It is therefore necessary to approach the optimum parameter set by a
process of iteration. The calculated shifts are added on to the old
parameters to produce a new parameter set. The new parameters are then
used to calculate eigenvalues, residuals, eigenvectors and derivatives from
scratch and a new least-squares fitting calculation is performed. Iteration
is continued in this fashion until the calculated parameter shifts are
several orders of magnitude smaller than the estimated uncertainties in
the parameters themselves,

Eztimation of UnEEPtBintiesﬁf"

The estimated standard deviation of an observation of unit weight, d, is

given by;

Where Npp is the number of observations with finite weight, nT"rp iz the
number of parameters allowed to vary in the fit, and nef‘f'nvp is the number
of degrees of freedom for the fit.
Sﬂld = 2; Hi [1i - 15{1}1*

i.e. The best estimator of ¢ makes use of the residuals as they are, not as
they are projected to be after parameter adjustment. The predicted value
of o after parameter adjustment is, however, a useful guantity since it is
often a very good estimate of what o will be at the convergence point. It

is obtained by replacing Sol d with sne:w’ where;

= a))i 2
Shew =§Hi [vj-304) _ij ﬁ 'Epj]
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which, after some manipulation, can be put in the convenient form;

n

Snew = Sﬂld - i[: a, 8Py

Parameter Uncertainties and Correlation Cnefficientsﬁ4

Estimated parameter uncertainties are given by;

a—j = lcrz E.JJ
where the a‘j'j are the elements of the inverse of the normal matrix A'T.

Farameter correlation coefficients are given by;

. JK'
Y i
jk aa&ﬂ"k
l.e.; i
A= ﬂjk

REFINEMENTS TC THE PROGRAM

Preferred Conformational Angles

In addition to fitting torsional energy differences, any internal rotation
model must reproduce preferred conformational angles (obtainable from
structure and other sources) as minima in the potential energy surface.

& preferred value of of In&in} is a root of the equation;

dvies . )

min® = 0
dex
when;
z
d Il'rl[l'a':;m:f.n‘lI > 0
deg?

For the purpose of least-squares fitting, it is necessary to obtain
calculated X in from the parameters and compare them with observedquin
input as data. 3Since V(el) is a smoothly varying function, this is most
easily accomplished by taking an observed oly and using it as the starting

point for a Newton-Raphson iteration to find the calculated 05{1}.
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i.e.;
- fle )
c‘r‘lExt T Tlast -W%EEEE}
last
o in radians.
ﬁlast is the initial approxlmatlnn,CXhext iz the result of a round of
iteration.
Where;
_odvi) \
£ia) i el ;Zﬂn‘ﬂn sin n«
o diVied)
R 1> nt vV, cos nx

The Héwtun—ﬁaphson procedure converges very rapidly. Typically, for
a calculation invelving a three-fold dominated potential, adjustments of
less than IG"TO radians will be achieved after four cycles of iteration,
starting from a guess which was 10% in error.

By analogy with the other spectroscopic data discussed earlier, o((1i)
must now be expressed as a linear combination of parameters.

Before a round of least-zquares adjustment;
) = ax
ok (1) % o v,

After adjustment;

(1) = 3@%‘ (v +8V )
n I

o (1) + 3 5¥ v
n n

Haw,cxo is defined when;

dv
E-fl:c(g: 1lr1, 1ul'2' -!-!llll.J—cI

The partial derivatives at the pointﬂ(:e{o are therefore;

Beg (af 5 ; .
==ls7 = =z n 5in neg
aun B'Un o

g )

dod?
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Centrifugal Distortion

It is well known that centrifugal distortion produces terms in pq, pﬁ, etc.,
in the overall rotation Hamiltonian. Internal rotation is entirely analogous
in this respect. Terms in ph and pﬁ have therefore been included in the
final Hamiltonian in order to assess their importance to the internal-rotation

process.

The total Hamiltonian operator becomes;
A M

Biog = H + g 4
where;
' & &
A
- P EJ
He.a = PFy (ﬁ] + Dy (H
& &
_ i) 2
= DF1 ah - DFE E'\E'
Hence;

' _ 4 o
<m |Hc_d]m> = (DF, m' + DF, m’) 8,

and
3 ' RS
aDFI <m IHth|m> =m <“mm'
> _ 6
TF <m’ letlm}* =m Smnt".
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Program Vit Input Format

Line 1 Title {1048)
Line 2 Hbasis (I3)
Line 3 Ifix, F_ (12, 2X, F16.8)

Lines & Iend, Ifix, n, Fh {211, 12, Fi6.8)
Lines § Iend, Ifix, n, DFﬁ (211, 12, F1&6.8)
Lines & Iend, Ifix, n, ?n (211, I2, F16.8)

Line 7 MNeycle, Icov, Icc, New (413)
If Neycle = 0 go to line 10

Lines 8 Text, .., U {AS, Bx, 2F16.8)
Blank line terminates list.

Lines 9 Text, Hu’ HL’ Obs, U (A8, X, I3, X, I3, 2 F16.8)
Blanlk line terminates list.

Line 10 Npred, Iplot, Imat, Ivec, Ider (5I3)

Notes
Nbasis = Number of basis functions
=z Order of Hamiltonian matrix.
Ifix = 0 parameter held constant in fit.
Ifix = 1 parameter allewed to vary in Fit.

Lines 3, 4 and 5 are lists of parameters, A '1' in the first column (Iend)
iz taken to terminate the list in each case. E.g. if no 'FnT parameters are

required, give a single line 4 with a '1' in column 1, then move on to lines 5.

Heycle - maximum number of least-squares Fitting cycles.
Icov = 0 does not print correlation matrix.

= 1 prints correlation matrix after convergence

>1 prints correlation matrix after each round of fitting.
Iee {convergence criterion) Default 10

If calc. shift < (parameter esd)/(ICC)*® for all variable parameters,
program exits from least-sguares fitting routine.
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New >0 prints an updated version of the input file containing the
adjusted paramsters.

Text - allows user information to be input and printed out with each
observation.

°ﬂmin - preferred conformaticnal angle in degrees.

Mu, ML Upper and lower level limiting free-rotor guantum numbers. :

Obs - Observation (preferably in cm™ ')

u - Uncertainty in same units as the observation.
Weight of an observation is 1/0°

Hpred = Number of energy levels to be predicted in each Wang block.

Iplot > 0 prints values of the potential function at intervals of (Iplot)
degrees.

Imat > 0 prints a portion of the Hamiltonian matrix prior to diagonalisation.

Ivec > O prints out eigenvectors in blocks of 12, with Ivec specifying the
start of the block.

Ider > 0 prints out 2(Energy Level) /& (Parameter)

Acknowledgements

The code for subroutine Gaujdn was taken from Program Malon {Appendix T).

Subroutine Hdiag is a modified NAG routine,
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Program Viit=5665. By D.W.Knight. Dec 1784,
Solution of Schroedinger Eqn, for Perindic Potential and
bipha and Cmega depepdence of Internal Pot. fonst,
Reverts to,. Hamiltonian of Lewis et al.. (J Mol Struct (19720,
12+,669) 4in abksence of Distortion Coastanmts.
INPLICIT REALAT (A-H.0-1)
COMMON/YMATRIX/HCI N D 100w VECTOI D0, 120,23 ,ES5INCT10D)
CONMMON S PARMTR S PO FN IR Y DF LYoV I P ) h NE A ND AR P HBASTS
COMMCN/FIX/IFIXFO IFIXFCRYLIFINDIRAYLIFTIEVT 2D
COFMON/DATASTEYXTCC DY, MPMOINTDI A 24ARCTISD) A NIBS LM AMG
COMMOMSIHNFO/LAIELY? D)
COMMONSMISC/TITLECTIO)
Reading Title (1JA8).
READCS,S50MY TITLZ
WRITECG, 600 TITLE
Reading Order of Matrix (No. of fasis funcs.)
PEAD(S,S10) NBASIE
IT (HNEASIS.GT.1070Y NBASIS=T17D
IF (NBASIS,.LT.12) NRASIS=12
Reading FMs the Internal Potation Loanst.
READCI 5200 ITIXFN.FD
HF=0}
HR=1
HY=0
po 10 I=1.8
FH{IY=1, 0
IFIXF({IYy=0
pF(IY=0.0
17 IFIXDCIN=0
po 2N I=1.7¢
VRLI¥I=0.0
20 IFIxv(Iy=0

C Reading fAlpha Dependence Parameters Fn.

pe 30 I=1.8
READCSA530) TEND,IFIX#MNeP
IFCIEMD.NE.TIGD TR 47
FHLNY=P
IFIXFINI=TIFIX

A0 NF=N

C Reading Distortion Parameters DFn.

40 pO 50 I=1.8
READCSA530) ICHD, IFIX +MaP
TFCIENPLHE.DDIGD T 60
PFIHI=P
IFIXPINI=IFIX

50 Ho=N

67 MVDOM=0
voom=_0.0 )

Reading Potential Coeffs. Wn.
oG 70 1=1.12
READCS.530) TEND,IFIXAHNAP
IFCIENMD.NE.DYGD TO B0
VHNINY=P
IFIXVINI=ITIY
IFCABE(P)  CGT.AISIVDOMIINVDOM=Y
IFCHVDOMLE2 NI VDIMEP

T NU=HN

87 IF(VDPOMLER. D .M RVEROM=D
IFCNVDON.CR.0IWRITE(S,602)
ITFCHNVDOM. GTLIIWRITE(A, 6043 NYpOv
NP=1T7+NVY

[ Least sguares Fittiny Foutine.

READCEST10INCYCLEATICOVAICC-NEY
IFCNCYCLEL.CEQ.MYGD TO 90
WRITE{A,H61NINRASTIS

CALL LEASORCHCYCLELTCOVL.TICCD
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L Energy Levelss, Potentdial Funce Matrixes FEigenvectors, Derivatives.
90 AFEADC S .S 10 FYh=D I NPRFD AT PLAT s THAT, TWEL, IRER
TFOHEH GT.OICALL MNUFILECMCYCLE,TCOVATCE,
*NMPREDAIPLOT A IMAT,IVEC »IDERY
IFCIPLOTLGTLOY CALL VPLOTCIPLIT.HWDOMY)
IF{NPRED.L2.0) STOP
TF(NFRCD.GE_MBASIE) NPHED=MNBASI 5=
IFTCHCYCLEL.GT.MG2 TO 100
WRITECAHG610INGAETS
WRITEC&,6200FN
TFIHF.GT.OMIWRITECAH,E303CFHAAIIATI=TNF)
IF(HD W GT.OIWAITEC L, G4DI(DFCIY A=%D
IF (IPLOTLGT.OY GO TO 100
IF(NV.GT.OIWRITEC A, AS0Y (YNNI LT=T.NV)
109 CALL SETUPRPC=1.0D0Y
IFCIMAT.GT.OYCALL: ®PRIMNTCO?
1v=0
IFCIVEC.GT.OYTV=1
IF{IDER.GT, D) Iy=1
CALL HRPIAGIHIATTIGS I W)
oo 110 I=1,N°RED
110 ESINCII=HOILI)
CALL SETURCT. DD
IFCIMAT, T, MY CALL: MPRINTCT)D
IFCIVEC.GTL MY Jw=?
IF{IDERL.GT, MY Iv="
CALL HDIAGIHIASISAIVY
HRITECA,64T)
WPITFCAAA69340T21)
pe 130 I=1,.HPRED
J=T41
130 WRITEC(A,HTFMITLESTHILIY LH{DAD
ITFCIVEC.GT. ™M CALL” WPRIMTI(MBASIS,IVFL)
IFCIDER.GT.™MICALL, DERPR(NPRED,NVDOM)

¢Nd s7op
C
SN0 FORMATC(INAED
51N FORMAT(SIZ?
527 FORMATI(IZ,2?XsF16.8)
5370 FORMATC(ZINA,I7.F15.%)
C
AN TORMATCX A10A%/X,"Torsional Poteatial Zrogram VFIT')
SN2 FORMAT(X,'"Free Batar. ')
S04 FORMAT(X,13,"' Fold Dominated Potential')
510 FORMAT(/X,I%,"' Rasis Functionz™)
20 FORMATIS X, "F2="F12.8)
5370 TFTORMATL/ X, "Coeffs Fn of Flalphad=Fl+¢Sigmalfn*Cosin*alphald"
#f{x,5F16.8))
S5L0 FORMAT(/¥,'Distortion Coeffs HFa?
*f(x,5F15.832 .
5537 FORMATC/ s "Caeffs vn of Vi{alphalsiigmavn({1=Cos(n¥alphaldks/2"*
*flu b SFETALRYD
L5670 FORMATC/ X+ "Fnergy Lewvels'//f2%,
#"Iml  0dd (5§7) Wfn- Even (Cos) Wfn-*/)
665 FORMAT(3X."N' 218X, F16.8)
570 FORMAT(X,13,2F16.87
D
===t e e e e e e m e e m e m e m s e e ————————

BLOCE DATH

IMPLICIT REAL*E C(A-H,.0-2)

COMMON/INFOSLASELLZD)

DATA LAIEL/GA FO«%H FledH T2+4H FTsb4 FhelH FoebH Fhe
*GH FTsebH FRa5H DF1A4H DFZ#4Y DF3.4H DFG+4H DFS-4H DFG.4H DFT
*LH ODFRAAH VTLL00 V2. AH V34U VAL4H VS .4H  YAL4H V7.4H  VE.
*LH  WOLEH VIDL45H V11-4H V127

END
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SUBROUTINE NUFTLECHCYCLEAICOV,ICC  NPREDIPLOT,, IMAT,,IVEC.IDERY
€ Outputs an UYUpdated Version of the Input File to Device N9,
IMPLICIT RBEAL*=S (A=-Hs0=7)
COMMONSINFO/LDLLICRILLOCRY LVET2)
COMMONSMISCSTITLI (10
COMMON S PARMTR PO, FNCE ) h DF (B VMO 12 b HF A HD oV, P, HBASTS
COMMONSFIXSIFO,IFFCEI LIFRLBILTIF VAT
COMMONSDAT A TEXTOS0) » MUCSO Y, ML CSD3 0B {52 .U (SN .BESCSN) »
*HNOBES, HANG
IFCNCYCLEL.EQ.DY RETURN
WRITE(D,9ANITITLE
HRITECT,910)4TA515
WRITE(9,F2031F,FN.LD
IF(NFL.EZ.DYGY T 22
00 10 I=1,4F -
17 WRITE(Q,925)IFF LT Y1 FNLIYALFL{I)
20 IFC(NF LT BIWRITEC D, 930}
IF(HB.Ea. DAY TO L3
oo oIN Is1.MD
30 WRITEC(O, 92 YIFDCIY T, DFCTI) L0011
47 TFINDLLT.BIURITE(R, 92N}
IF(HV. FI.DYE3 TO £17
on 50 I=1.4Y
50 WRITECO.925 I FvLId o TayNLTI ALY I
67 TFINV.LTLTITYARITECS 9300
MEW=1
WRITECR, P10 INCYC _F,ICOVL,ICCLNEY
IFINANGL.EQR.OIGD TD 68
BO B2 I=1,NANG
IFCWIId . EQ,. N, MElI)=1_0Dp-6&
U=1, 0f5aRTI(WITID
G2 WRITF(F. 2300 TEXT(I ) ,0BS(TI2,UsRES(T)
GF WRITELD.25%)
TET=HANG+
DO TN IsIET V035
U=1,.0/50RTC WETIY )
T MRITECS, S40¥TEYTLTI) »MUCTIY LTI, 080C 1Y, U, RESCIY
WRITE(D,%50)
WRITE(?, 91D INPIES , TPLOT,IMAT,IVEC,IDER
RETURN

200 FORMAT{1DAEY
210 FORMATISIZ:
F20 FORMATEIZA0XeFlE. L, 20 NG
D25 FORMAT(Z2IZ2,F1A R, DX R4
A0 FORMATC('1")
PI5 FORMATCRE,BX,IF16.2)
DED FORMAT(AB.X,13,¥,T73,3F14.8)
950 FORMAT(X)
EHD

[ rrer e m— - ———— e ——————— e -
SUBROUTIME VPLOTC(IESTEP.NDOM)

Calculates Points for Plotting the Potential Func. Vi{alphkal.
TMPLICIT RCAL*E TA=Hs D=2}
COMMON/PARMTI/ECITY h VT2 o NF HD, MV, NP, YRASTS
IF(NDOM,EQ.OI RETURN
WRITE (e 600
HRITE(LAGTIDN (T, T=THY)

ARITE L HAGENYIVLTY 21 =T P NYY
WRITEL LA 630D

IFCISTEPLGTL3ODY TETEP=3D

TALFA=D

oo 20 I=1,.360
PALFA=FLOATCIALFRY ) _ TL&5320251090=-07
VALFA=QO. O
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DO 10 ME1.Y

17 WEALFA=VALFA ¢ v{u)+# {1 0-DCOSCFLIATINY=®QALTAD
WRITE (LA GA40ITALFRAAVALFA
ITALFA=STALFA+ISTER
IF(IALFALGELSLDD
20 CORTIMNUE

yre.n

RETURN

ADT FORMAT(S/X."Potentizl Function ".
#*"Y{alphalsSigmava(1-Cosin*alphal )/}
10 FORMATIX,"n'SX 12, 11CAN,222)
G20 FORMATIN."Vn' ,12F10.4)
37 FOPMAT(/Xs"alpha'ssXes*Vialphal'}
SLT FOPMAT(X TG ,F15,5%)
EMD
[ oo o i
SURROUTINE MPRINTILD
C Prints Qut Initial Matrix Elements,
IMPLICIT REAL®*E (A-H,.0-1)
COMMON/MATRIX/HOTI 2D, 1000,V ETO0 100,23, EC100)
IF (L.EQ. MY JRTTECAR.600)
IF (L.CG.1Y ARITE(L.610)
pn 20 I=1.12
20 WPITECG, 62N CH{TIAJY 20212120
RETURN
00 FOrMAT(/¥s"Hamiltonian Matrix in
#*'Top Left is (10141130402
10 FORMAT (S Xs"Hamiltonian Matrix in
*'"Top Left 15 C(OIHIDY, 'S
A70 FOPMATIX,T0F10.%)
EHr

the Sinim*alpha) Basis. '»

the Cosim*alpha) Basis. '«

SURROUTINDG VRPRINTINDG, IV)
C Prints FEigenvectors 3in Blocks of
INPLICIT REAL®R (A=Hs0=7)
COMMOHSHMATRIN/HOI D100, V0100107, 20, E01 00
BIFEMSION TORENTLYZ)
IFCIV.GELHNDY Tu=ya=11
IF=1Iv+11
WRITE(G,600)
ARITE(ALAZNMI(T,1=21v,TE}
DO_10 I=1.N8
WRITECOLG2NIIW0T K10 K=V ,IED)
WMPITE (6,617
oo 15 I=I1V.IE
IGENT(IY=1=1
WRITECH BRNICINENTLCI) 15TV, IFD
b 20 I=1.0A
HREITECA 6200 (VI <20 4k=IV,1E)
RETURE
FONMAT(/ ¥+ "'Tigenvectors Transforming Fron the Sin Basis'/)
FORMAT(/ X, "Eigenvectors Transforming Fron the Los Basis' /)
FORMATIXA12F1 0, 4
FORMATLZ Ko 1341107 K130,

1?2. IV Saecifies Start of Black.

10
15

2N

500
51N
520
530

t..._....,,, ----------------------------------------------------- _—— e
SURROUTIMNF DERPRONZREDLNVDIND

C Prints Out Emergy Level Derivatives war.t FParameters.,
INPLICIT PEAL*B{A~H,0-7)
COMMONSPARMTRSPCINI L NFNDAHYARXV-HAASIS
COMMOMSEIX/ITIN (YD)
COMMON/DERIVS/DER(SD,29)
BIMEMSION DLC2D)
BATA DLSSH dESDFD
#*9H dESAFS »PH

s8H dESAF1 +8H dESAF? +BH dE/AF3 LBH dE/SAF4 »
AFSFdFé +BH dSfd4F7 +PH dE/dFR 84 d4E/dOF1.

*EH
w8 H
*8H
=R

dE/dDF2# 84
dESADF 7,04
dESfdvd P4
dESfdv® R4

dESADF3,8H
dESHDFR ,BH
dE/dV5 ,8H
AESdVI0 BH

dESAnF 4,84
dESf4VT L81
dESIVE »0H
dF f4v11.,.RH

dE/dDF5.84 JESIDFG,
dE fdv? #BH dESAVE »
dESdVT #8H dESdVE »
dF fdv12)



TFIXCT)=1
pn 10 I=2.29

10 IFCPCIDLME.NLTTIFIN (L 3=
IFCHNV.ER. DG TO 32
o 20 I=1R,MAXV
TFCIFIXCIYLGT  OIHINV=T]
TFOIFIX(IN.GTLDI50 TO 30

en COMTIRUE

I0 IFCHNDLEQ.NIGD TO 52
MAXD=HD+D
Do 40 I=10,Mu8%D
TFCIFINCIY . GTLIIMIND=]
TFCIFIXCIN.GTLOIGO TO 50

£0 CONTIHNUE

50 IF(NFL.EI.0XGD TD 45
MAXF=NF+1
0 &0 I=2.MAXF
IFCIFIX(IYLGT.IIMINF=]
TFOIFTIXCIN.GTLI230 TD A5

60 CONTINUE

A5 IF(NV.GT.OIG) TN A3
MAXV=1E8
MINV=18
Nv=1

68 IF{NR.GT.OYGD TO 73
MAXD=10
MIND=11)
ND=1

77 IF(NF.GT.0XGD TO 71
MAXF=NYDOM+
IFCHVDOM,.EQL)IMAXF=2
TFCMAXFaGT,?) HAXF=2
MINF=MAXF
HF=NVDOM
TF(NF.GT L9 NF=1
ITCNYDOM.ENLDINF=T

71 b0 72 I=MINF.,"AXF

T2 IFIXC(IY)=1
00 ¥3 IsMIMND.MAXD

TH3 IFIX(IY=1
DO T I=sMINV.AXY

T4 TFIXCIN=1
WRITE(A.46070)
I1sIGk==1
I158HIFT=D
pn 90 IW=1.7
IF{IN.ERTIIWRITELLE A1)
IF{INERLSIWRITEC A, 620
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WRITECH, 63000LCT 4 (DL G wd =NTHF o MARF ) 4 (DL (KD # K=MIND, MAXD )

*, (DLIL) A LEMINV, MAKY)D
DO 80 I=1,MPRED
M=l+ISIGN=TSHIFT
pn 75 II=1,.MaXy

75 DER(1,113=0,7
CALL DERCAL{T1.N,7.300)

BN WRITEC(OH,640IMADEICT1 2100 DERCT20) s d=MINF s MAXFI L (DERCTLKDY S
*K=MINDMAXD) r (DERCTAL)AL=MINV,- MEXY)

ISIGN=1
90 ISHIFT=1

RETURN
6507 FORMAT(/Y¥.'"Energy Level
517 FORMAT(/X,"Sin Block. ")
520 FORMAT{/X,"'Cos Block,"')

530 FORMAT(/4X s "n s 1P (2K b8/ SNAT12(2XAABY/5X,5(2X, AB))
A4 FORMATINAI4.12F 10, 3 5%,12F 10, %/5%,5F10,.3)

END

berivatives w.r.t Parameters,'?

-
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SUBRDUTINE LEASGONCYCLE,ICRYV,ICC)

INPLICIT REAL*T (A-Hs0-2)
COMMON/MATRIN/NOIODAIN0),, VECTOI00, 100, 2),ESINCINDS
COMMOB/OARMTRS (29, NFHD, 'V, 4P, NBASTS
COMMDNJFIXSIFIXNC?™)

COMMON/DERIVS/DERLSD,29)

CONMONSNORMIAL(ZR, 29

DIMENSION Y(29),0P(20),ALFALD)
COMMON/DATA/TEXTOE D)o MUCSD) A ML (SN, 285 (D) A WETGHT(S2) L RES(5D),
*NOBS,HANG

COMMON/INFOSLAREL(2?)

BATA ALFA/EHalphamin.BHalphamax/
IFCICCLEQLMITCI=10

Joc=ICC

CC=FLOAT(JCC*JCCwICCD

C Writing out the Starting Parameters.

-

El

WRITE (A, 637

Do 5 Is.MP

IF(PCIN.EO.D.DIGD TO 5

TFCIFINCIY LB OYWRITE (S, 6403LARELCTY 2 (1)
IFCIFINCIY L GT.OMWRITE(E,650)LAREL(I) P (I)
COHTINUE

€ Reading Input Datar, Deciding Which Wang Blocks are Needed.,
Calewlating Weights and Degrees of Freedon.

4.

1M

25

NEFF=M

D & I=1.10 )

READ(S 51 ITERT(I I, 0B5(1) U
TFCORS(I).ER.N. 0050 TO 7

LUESSER

WEIGHT(IY)=1.7
IFIN.GE.1.OD-YWEIGHT (I}=1/{u»u
TF{WEIGHTLI ), AT 1. JD=4)INEFF=YEFF+1
HAERG=I-1

IF1=1

I¢ns=N

ISIN=N

FRAX=D

Do 10 I=IET1.50

READC S 500, EN0=2 Y TEXTCI) »MCT 3o ML LT 0B5CT) 1)
NMMU=RBSEMUCINY

MPL=ABS(HLLIY)
ITFCCMMUEMMLYLERLDYS0 TO 20
IF(MPLIYuGr o O3ICOE=T
IFCMLETY ,GE. DI =1
TFOMUCTIY L LTLIIISET =T

IF(MLOIY LT.OXISTIHET
IFIMMULGT . MHAX) M A= MM

TFOMML ST MEA MY MY =ML
WEIGHT(I¥=1.1
IF(U.GET.OD=RIWFTGHT (I)=1/ (U}
IFCMEIGHT(I) W GT . 1.000=GINEFF=SNETF+1
HOBES=1-1

IF{MMAY.ERLDY RETURY

IFEMMAX. GELNIASTISINBASIS=MHAYHT
IF{HAASIS.GT INDYETOP 'I1legal Quantum Number in input data.'
wVp=0

Do 25 I=1.4P

IFCIFIACID aGTLINYP=NVP+T
HbEF=HEEF=HVP

IF{NDPF.LE.IYSTOP " More Parameters than Useful Observations,'
WRITE{OL 6N INDF

FHOF=FLOAT CHDF2

C Least Squares Fittimg Cycle,

b0 900 IROUMD=1.NCYCLE
WRITF(A.GO2YIROUND
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Caleulating Enerpies, Residuals and Perivatives.
WRITE(ALHT10)Y
SWRR=0.0
IFCNARG.CR.DYGD TO 29
B0 27 I=1.MANG
Do 24 J=1.4p
2 DERCT,J)=0.0
CALL MOWATOHCIATTSY
WRITE (G 610 TEXNTOI) s ALFACMUCII Y » ORSC I, RES(Id L MWETGHTCTI}LITS
27 SURR=SWRRHUEIGHT(IY*RES(I) *RES(I)
29 IFLISIHLEG.MGH TO 40
CALL SETUPRC=-1.2DpM)
CALL HDIAGIHIAZSIS.T)
Do 3N I=1.MBA0E
30 ESIHNCII=HLI,.I)
G0 IFCICOS.EQ.OYGD TO 5N
CRLL SETURCT.0ODD)
CALL HDIAGINIASIG,Z2)
30 00 60 I=IET.N035
MMU=ABSIMUCTY)
MML=ARS(MLETI}
IFCMULTIY LT 0YFURP=ESTIH{MMUY
IF(MUCTIY GELOYEUP=HCMBU+T 4T+
IFCMLEIY L LTLOYELO=ESTINIMML)
TFOMLCI) S GELIJELD=H{MMLHT » "ML+
RES(IY=0RS{I}-CUP+ELD
URITrfﬁ;ﬂ?HJTExTEIJ;HUEI]zHL{Ij,ﬂﬂS{I}fRES(I}quIGHT(I}
SURR=SURR+UCIGHT(I)*RES(II#0ES(T )
DO 55 J=1,HP
55 DFR(I.J¥=C.D
CALL DFRCALCI . “UCI) »1.0007
CALL DERCALCI MLCIY .=1.000)
&7 CONTTIHUE
B0 75 F=1.YP
no 70 oJs=1.hP
TN A{KLJY=0.0
pPrIEY=0.0
¥YIEY=0.0
75 CONTIMNUE
SIGMA=SARTI{SWHTR/FHDF)
WRITE(GL OGNS IGME
IF{IRDUND.LQ, 936D TO 70
IF(SIGMALGT SISO WRITE(LA,ATS)
JF(SIGRALLE.SIGOLDIWRITELSE-A74)
€ Setting Up and Solving the Normal Fauations,
785 b0 90 I=1.MNOBCS
o BD J=1.HP
Y CdISYCII+UETGHTOID ®*RESCI) »DEQ(] .00
B0 B0 K=J.HE
Al I =ACK s J ) +AdETIGHTCII*DERCTIS €Y *DER(T 02
AL AEI=ACK L)
80 COMTIMNUE
0 CONTIHUE
oo 100 J=1.H02
100 IFCIFINCIYLEA.DY ACded2=1.100
CALL GAUJBNINP)
B 110 J=1.N2
oo 110 ¥=1.42
110 pPLJI=DPLIY + ACI, %Y (K)
‘C Parameter Adjustnents,
WRITECHLAH%)
IFLAG=0
ps=0.0n



129

200

250

501
517

5010
505
617
515
520
6310
647
550
567
G665
6710
4R N
582
G54
586
59N

— 269 —

oo 120N J=1,8p

DE=DS+OP(JIRY (I
IFCIFIXCIY.GT.DY 52 12 115
IFCRCIY.EQ.D.D 50 T 120
WRITECGHL68T) LARILUJY APCID

GO TO 120

PCII=PCIY+0P00D
ESDP=SIGMA+SORTIAC) 00
WRITEC(GHAE7T) LABELCII »POJYLESD,DP0))
CCP=ESDSCC

TFLABSCDPOIY) J5TLCIPY IFLAG=T
CONTINUE

SIGNEWS=SART( (SURR-DSISFNDF )
WRITE(G.687) SIGYEW
IFCICOV.GT.IYCALL, RHOCALIND, NV ™)
IFCIFLAGLERLDY G TO 950
SIGOLD=SIGHA

CONTIMNUE

IFCICOVLEQLTICALL: RHOCAL(NP NVP)
RETURN .
WRITE(G,6%7)

IF(ICOV.EQ.LTYCALL RHOCALINP.HYP)
RCTUEN

FORMAT AR ¥l 3o e 13,2 F16.80
FORMAT AR BX,2F15.8)

FORMETL X "Cyrele Namher'.I3/7)

FORMATE/X-13+" Degrees of Fresdam.')

FORMATCI3X » "mu ml* w7 X "0Obs » 140 " Obs-Calc"»2Xs"Weight '}

FORMAT O - AR, 2N AB 20 r F1A. B s 516,546,153

FORMAT O AR, 3 8e 120N a I3 200 F18,33,:%,G16.5)

FORMATC/ X, "Least Squares Fitting Routine'f¥."Initial Parameters®)
FORMAT (X AL AFTA. 80" Canst™}

FORMAT (X R4 »F15.8)

FORMAT L/ X, "E.S.D.. of an Observatiocn ="', F16.8."/Sqrtlleight) ")
FORMATC/2X-"Estinated Parameters ", TH,"E.S.D."»7H,"Shift fram Old")
FORMAT (X s Ab 3 (X,F15.8))

FORMAT N AL XoP 15 3,7, "Const, ")

FORMET (/X,"New Expected S.0. of Obs.=',F16.8,"/SartiWeight) ')
FORMAT(X+"Conwverging. "}

FORMAT(X»"Diverging.'}

FORMATL/ X+ "Refinenent Terminated.'}

END

SUBROUTIMNE RHOCALANP.NVP)

C Prints the Paramster Carrelation Cosfis,

10
15

20

31

TMPLICIT REAL*BE (A-Hr0=-I)
COMMON/NORMSFBE2 T, 290
COMMOMIFIXIIFIN(2D)
COMMOMFIMNFO/LARELT 29}

DIMENSION IW(Z2RI,ETR(29),RUO(2D)
IFCNVP EQ.NYRETUTY

WRITEC(E.AD0T)

E=1

b0 20 I=1.4v>

0o 10 J=ELHP

IFCIFIXCIYLGT,.DY G0 TO 15
COMTIHNUE

IveIs=y

K=J+1

HRITECO- 100 CLABELCIVITIIY o112 PY
00 30 I=1.WuP

£=IV{I}

RTD{IY=SORTCACH KD
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B0 S0 I=1.KVP
o0 40 Js1e1
7 BHOCIY =ACIVIId, IvC ) JCRTODLIIRRTOCID D
57 WRITECALE200CRHOCIY »)=1,12
RCTURN
500 FOPMATI/X."Correlation Coefficients. ™)
H170 FORMATOE N A AG s 10 (G ARG IS 3X A4 13 CENAREYY
G627 FORMAT(X »1S5FR. G/ 2TA4F R4
END

SUBRROUTIMNE DERCAL{IODS.M.S5T6RN)
Calculates Perivatives Using the Hellmann-Feyrnman Theorem and the
C faet that Eigenfumelkd=Sum Dver i 3f Figenvect{irk)*sBasicsfunclid.
IMPLICIT REARL®E (A-H.0=2)
COMMOMN/HATRIXN S HOIDD 100 2 VECTOYI0, 100,72 3,E5IH(100)
COMMOM/PARMTE/PI2T) A NF A ND, MY, NP+ NOASLS
COMMONSFINSIFIXC(Z3)
COMBMONSDERIVESDCRCOE0,29)
IVT=2
TF(H.LT.OYIWT =1
WANG=T.D
IFI{M. LT, DY WANG==1,0
ISHIFT=N
IFCHLGE.OYISHTFT=1
ISTART=1+ISHIFT
K=ABS(MY+TSHIFT
C dESdFD
TFECIFINCIYE2,.2250 TO 20
B0 10 ISTSTAXIT.WAINGIS
FA=FLOATCI=TISHIFTY
UW=VECTCIKeTWT)
10 DERCICAS A1 )=DERCTOAS, 1I4SIG YR YULF e FY
C dE/dFn
0 IF(NF.EQ.DIGD TO %51
HPE=NF+1
DR &N IB=2,.M*E
ITFLIFIXCIPI ER,DIGD TO 40
H=IP-1
00 30 I=sISTART.MIASIS
ML=T=I5HIFT
FIML=FLOATEMLY
D0 30 JSISTRITSHIRSIS
HR=J=ISHIFT
FHR=FLOAT(MR}
DELTAT=0.0
IFCARS(HL=NPY EOQ.MIDELTAT=1.7
DELTAZ=0.0
TFCCMLAMRI CERLNIDELTAD=1.0
AN PERCINAS,IP)=DERIIOBS A IPI 4N IGY s VECTOI A Mo I VTIRVECT O, K, IWTh s
*FMLAFMR® (DELTAT-JANG*DELTAZI/ 2D
L0 CONTIMUE
C dESdDFn
50 IF{MDLER.DIGD TO 100
IFCIFINCIOILEQ.O¥GD TO 70O
DD G0 I=ISTART,NBAEIS
FHSFLOAT(I-ISHIFT?
VYSVECTOI KeINT2
60 DERCIOEBSA1NISDERCIDIBS L INI 4 SIGH* VXYY RFH*FMaFM*FM
T IFCIFIXCIIILEQ.DNGD TO 20
pn B0 I=TSTART.N3IARSIS
FM=FLOATC(I-TSHIFT)
YYSVECTO I K1T)
B0 DPERCIOASA1TI=DERCIIGS 11+ SIGH YV RYYRFM*FM*FM e FM=FMeF M
90 HPE=ND+?



L d4E/
101

121

140

200

€ Vew

110

2n

30

Calctu
£0

a1

— i1 —

difm

IF{HY.CQ.DYRETURY

oo 200 IR=TE,NP

IFCIFINCIPYLER.DIGED TO 201

N=Ip=-17

VO=VECTC T, 15.2)

IFCIVT.NELZ?X5D TO 120
DERCIOBS»IP)=nZR{I0BS,IPI+SIGN+CO.SeVI*VI-VOrVECT N+ T4 Kr2d*
* DL7NTI06T211 06548 oh 3

pO 140 ISISTART.NRASIS

ML=I-ISHIFT

DO 140 J=ISTART.NEBESIS

MR=J=TSHIFT

DFLTAT1=D0.0

IFIML.ER.MRIDELTAT=1.0

BELTAZ2=0.0

IFCO(MLEMRY EFQ.HIIF_TAaP2=1.0

DELTAZ=0.0

IFCABS (ML-MPI .EQ. M) DELTAZ=1,D

DERCIOBE A IPI=DZROIOBS s IP) S ION*VECT (oK INTIAVECTO) KL IVT 4
LD SEDELTAYT =D 254 (WANGRDELTAZ+DELTAS 3
CONTINUE

RETURRK

EHND

SIHBROUTINE HEMTON(IORS,ITS)

INPLICIT REAL*T (A=-H,.0=-2)
COMMONSPARMTRI/ 20T oV O 2D s MFND NV NP MBASTS
COMMONSFIXN/IFINCITI A1 FV{12)
COMMONSDERIVE/DERCSO, 20}
COMMON/DATASTEE TS, MUCSN Y o MLCS M, DBS(S0Y, WTCSOY . PESCSO)
*HORSHANG

DATA CONV/T.7ac329251 99002/

ton=Raphsoen iteration to find osotential turming point.
ALAST=03SCI03GRY*COYY

Do 20 I=1.100

piv=0.0

p2v=0.0

oo 10 J=T1.NY

FHSFLOAT (S
CIV=DTV+CFMNAY (3RS TINCFN*ALAST) ) f2.0
D2V=D2VE(FM&FN&V ) *DCOSCFM=ALASTII/ 2.0
CONTINUE

CELTA==-BIV/D2V

ANEXT=ALAGTHDELTA
IFCABRSCOELTA) LT 1.00=100G60 TO 30
ALAST=SANEXT

CONTINUIE

HTLINASY =00

RETURHN

ITS=1I

RECC(IORSY=0B5CI02L) -AHNEXT/CONY
IF(D2V.GTL.N.0350 T3 40

WTCIORSY=0.0

MUCIORS) =2

RETURN

lation of the dAlpha/dVn coeffs,

GO 50 I=1.MNV

TFCIFVALIILEQ.MIGD TOo 50

FH=FLOATCIZ
DERCIODS,TI=-FY*NEIN{FHN+ANEXTI/ (2.8 D2 YT DY)
CONTIHNUE

RETURHN

EMD
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SUGROUTINE SETUP{WANGY

IMPLICIT BEZAL*® (A=H,0=2)
COMMON/MATRIN/HOIDDLT100Y A VECTOIDN,1N0, 23, ESINT100)
COMMON/PARMT R/ FO s TNLR ) A DFLE) A VHOI2) o HF A D s NV NP N3 ASTS

€ Wang==1 for S5in (odd) Basis, Wang=+1 for Cos (even) Rasis.
bo 10 I=1.MHRARIS
oo 10 J=1.*8457%
190 H(I.J2=0.0
sv=0,.0
IFCNV.LT.TIGY TO 25
pn 20 I=1.41V
20 SV=SVHVH(D)
sv=sy/f2.0
ISHIFT=D
IFCRAMNG.GT N, M ISHIFT =1
ISTART=1+ISHIFT
C For cos hasis H{1.13={0IHI0Y., For sin Hasis H{1,1¥=C11HI1Y.
oo 30 I=1.MBASTS
M=I-TSMIFT
FH=FLOAT (")
30 HOILATYsFOxFMeFR+SY
CIFENVLLTLT1YGD TO RD
IF(WANG.LT.O.MIGD TO 50
RTR=SAQRT{5,.0)
MAX=NY+1
D0 40 I=7fs"AX
M=1-1
40 HET1 13 ==YH{HYFIRT®
50 b0 A4S I=ISTART-.MN3IASIS
ML=I=I85HIFT
K=1+1
b0 a0 J=KL.HRASIS
MR=J=-TEHIFT
TFCIMB=MLY GT.HVIGD TN &2
HET #JIsHOT A Y=Y HIMR=MLY 4.0
60 COHTIMIUE
42 CONTINUE
6% COMTIMNUE
Do 7% I=sISTAST.M3IASIS
ML=I=ISHIFT
PO FO JsIAHRASIS
MAE=J-ISHIF™
IFCAPL+MRYLGTNVIRD TO 72
HET A JI=HOI A0 =WANGeYN (ML+M2Y /4.0
70 CONTINUE
& CONTIHUE
75 CONTIHUE
B0 IFCHMFLLTLTIGD TO 110
D0 95 I=ISTART-NBRESIS
MLEI=-ISHIFT
FML=FLNAT{ ML)
=141
po 90 J=K.NRAESIS
MR=J=IS5HIFT
IFCCMR=MLY . GT.NFIGY TO 92
FHR=FLOATIMRY
H{I ,d0=HCI» )Y +FMLEFMR*FN{MR-=MLI/2.D
B0 COMTINUE
22 CONTIHNUE
5% CONTINUE
B0 105 I=ISTART.,NEBASTS
ML=I-ISHIFT
FML=FLOATIML)
Do 100 J=I.NBASTS

2

i
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MR=)=-T8UIFT
ITCCMLHMRILGTLNFYED T 1N2
FRE=FLOATLR)
HET o dy=sHITI A DY —dRUGH FML*FMR+TN(HL+MRY S 2,0
COMTIMNUE
CORTINUE
COMTIMUE
IF(HR.LTLT1}P=TIRY
DO 120 I=ISTART ,NQASIS
FH=FLOAT(I-ISHIFT)
FMA=FM2FY:xFH: F1
FMA=FMA*FM*FA
120 HOIA13=H{I.T)+DFC12%FM4 +DF(PI®FME
RETURH
EHD

e
Ll == N |
i

Pl Ry |

SUBROUTINE GAUJDRINY
C GAUSS-JORDAMN ALGIRITAM FOR INVERSTION OF A POSITIVE DEFIMITE

IMPLICIT REAL®E (A=-Hs0=23
DIMEHSION H{Z™)
COMMON/NORM/E(2D,23
IF fN.LELTY 30 T2 ®
k=N
b0 5 KER=1.HN
P=Al1,1)
IF (PLLE.O.OYSTOP*Hormal matrix fajils to invert?
DO 3 I=2,H
G=ACI-1)
aM=-0
IF {1.GT.KY 3v=1
H{I)=nM/P
BO 2 J=2.1

2 OALI=T,J0=1}=Aa0T,00+2=2HC(J)

T CONTINUE
AEiNNY=1.0/fP

MATRIX.

DO 4 I=2.M
b ACH I=13=H(I?
5 K=K-1
DO & J=T1+H
Do &6 K=1.4
O KATKLJI=AC)AK)
RETURMN
g2 oAlTL.1¥=1.0/A07,1)
RETUEN
END
C —————————————————————————————————————————————————————————————
SUBROUTINE HEIAGIN.IVECLT)
C Jacobi Diagonalisation for Symmetric Matrices. Only the lpper
L Triangle is Used. M=0rder of Matrixs, HOH=Max Order of Matrix.
[ Eigenvalues are nnt prdered so that Correlation between Basis
L Funcs. and Energies is Preserverd.
C Dimension Statement in Calling Prog. is HONDWM.HNDM)
C UCHOM,NDM,2). U=Srorage For two sets of Eigeavectors Loaded
C aceording to IVECT=1,2. If IVECT=0D Eigenvectars are not-caled.
C NDM and MDBG=MDH+1 are set hy the Data Statement.

IMPLICIT REAL*E (A=-H.0-2)
COMMON/MATRIN/HOTO0000),UC10N00, 23,55 INC100Y
DATA BHDM NOGSRA-ERBA100,101,0,0001.0.00220021/
NR=0
H1=N-1
IFCIVECTLER.TY 30 T OF

¢ IMITIALISE FIGENVECTORS TF WANTED
KE=1
Eb=1



100

101
o7

bH 101 I1=1.H — 27k —
K=K

po 100 J=1.H

UCK,TYECTY=D

KE=K+1

UCKD, TVECT)=1.7

KD=EDRB+HDG

KK=KE+ND M

IF(N1.LE.DYRETURN

C FI'D ARSOLUTELY LARGRST ELEMENMNT OF H

105
104
103

HTOP=0,

Kb=1

DO 103 I=1.H

K=KD

po 104 J=IsH
A=DABS{H(K)}
IFLHTOP=-02) 105,104,104
HTOP=nR

K=K+1

KD=KDR+NDG
IFCHTOP.LE.D.ODYRETURN

CALCULATE THE PIVOT THRESHOLD == THRSH

108
mz

110

AVGF=FLOAT(H&NT IR _ 55
p=0

KS=HNDG

po 107 JJa=1.N1

K=KS

Do 108 J=3J.N7
G=SNGLIHIK}/HTOP
pP=p+0xQ

K=K+MDG

KS=KS+NDM
DSTOP=FERA*D
THRSH=SOARTI(N/AVGF I *HT OP
IFLAG=0

C START A SWEEP

CHECE

CHECK

115
CHECK

117

Khh=hpH

JJT=0

DO 1171 JA=T1.41

K=EDD+1

e=1

DO 112 J=JJ .M

HIJ=H{K)

AHIJ=DABSCNIIY

Th SFE IF PIVART 15 ABOVE THRESHOLD
IFCAHIJ=THRSHY 113,113,114
KI=sK=KEDD

HII=H(KIJ

Kl=JJ+K

HJJ=H{KI}

S=EHJJI=HII

AS=DARS(S)

TO SEE IF POTATION IS SIGHMTIFICANT
IFCAHIJ=FRAO*8EY T1%2,.113-115%
IFLAG=1

FOF ROTATION CLTESLC TO 4% DESGREES

TFQI.E=T1DRAHTJ=ASY 116,117,117
5=0.TO7106TEITIRLS420+000

£=5
IF{HIJ.LT.DOY S==§
G0 TO 18
CALCULATE ROTATICN WHIIH IS NOT CLOSE TO
T=HIJ/E

116

TT=0.25/DSART (2,254 T*T)
C=BSRRT(0.54TT)
TT=T*TT/C

IFCS) 140,141,141

£5 DEIREES

CO5=Cs5IN=E



140 §=-¢ - =

C=TT+TT
GO TO 11F
147 S=TT+TT
CALCULATC HWEW ELFEMEMTS GF H
118 ¥¥=MS+¥DD
Do 119 M=Mo,{]
T=H{M)
TT=HLEK?
H{MI=CoT=5S&TT
HIKE)=S®T4[%TT
117 KK=sKEK+1
MI=KI
IFCIITY 1274122,122
120 MSS=KE+T
Do 121 M=MES.K)
MI=MI+HODM
T=H{MI)
TT=H(KE)
H{MI)=CRT=5%TT
HIKE)=SS*T+C*TT
121 KE=M
122 HIEJY=S&#HIJ+C*Y ] )
HEKII)=C*xHIKI)=S# (Lo HI J=S*H 1)
HM=Kd
PO 123 I=J.H
HI=MI+HDM
T=H{MI)
TT=H{M?
HEMII=CxT=5=*TT
H{MI=S*T+C*TT
123 M=H+HDN
HR=KR+1
IFCIVECTLES.OY G2 TO 98
CALCULATE MNEW EIGENVWECTCRS IF MEERESH
MSS=ME+N1
D0 125 I=M5.M55
K=I+KDP
T=U(I-IVECTY
TT=U(HIVELT)
UCTI#TVECTISCHT=5TT
128 UM, IVECTI=S*TH+CHTT
OR Q=AHIJSHTOP
D=D=0*0
CALCULATE THRESHOLD FROM SCRATCH IF ROUHN=0FF GETTING LARGE
IF{D=DSTOPY 175,122,129
126 =0,
MES=NDG
Do 127 EXK=1.41
M=M5S
b 128 I=KE.Y
F=SHNGL{H{M)ISHTO?
D=D+Q*Q
12% M=M+HDG
127 MSS=MSS+NDN
DETOP=ERA*D
CALCULATE MEW THRCSHOLD
129 THRSH=SARTI(DSAVSFY®HTCOP
113 K=K+NDG
112 MS=MS+HDN
JJiT=3J
1171 KbD=KDD+NDM
C STOP Il THERE WERE MO SIGMIFICAMT R2TATIONS AROUND PIVOTS ABOVE
[ THRESHOL v
IFCIFLAGY 110,192,110
19% RETURN
END

o

N
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APPENDIX 7

COMPUTER PROGRAM MALON

Program Malon is a least-squares fitting and prediction program designed

to treat the vibration-rotation interaction in molecules having a single
aperiodic tunnelling co-ordinate. The original version of the program

was written by L. Halonen and P.H. Turner at Reading University. The
version described here is a modification of the original, which in addition
to fitting data and calculating line frequencies and intensities, also
calculates energy levels, intermediate results for the quadrupole coupling
problem and rotational constants transformed into the principal axis
system. The program has also been modified to write out an updated version
of its own input file, containing the least-squares adjusted parameters in
place of their initial estimates.

The program sets up a version of Pickett's reduced-axis system (RAS)

Hamiltonian27 including all possible quartic terms in the interaction
Hamiltonian HOT' In addition, the program includes quartic and sextic
centrifugal distortion (c.d.) terms in Watson's A reduction38

B 7

By Ho

H =
Bon -~ M
. —

e
1

2 2 2 B
b.F XO PX + YO Py + Z0 PZ + cad.

H. = X, P2 + Y, P2 + Z. P® + c.d. + AE-
i1 1 "x 1y 1 "z +
i 2 2 2 _p2
Hoq- [Txy + TjP ][PX,PZ]+ + TkTEPZ,[PX,PZ]+]+ + Tkz[(PX Py),[PX,PZ]+]+ + AD

where [A,B]+ = AB + BA
AE; is the zero-point energy difference between the V=0 (+) and V=1 (-)

states.
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AD is the energy difference between the minima in the potential energy
surface (AD=0 for the symmetric double minimum problem).

A,B,C are related to X,Y,Z according to representation;

T 11" 111"
X B ! C A
y C A B
- A B c

Choice of.representation is limited by the fact that coupling is only allowed
along the y axis.

TXZ is the expectation value of the xz element of the inverse inertial tensor.

i.e. T = <I" 1
XZ XZ

For further discussion of the RAS Hamiltonian, see Chapter 2, page 20 onwards.
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INPUT FORMAT.

line 1

line 2

lines 3-38

line 39

line 40

line 41

Title (10A8)

Rep (I3)
1,2 or 3 for 17, II¥ or III"

Fix, End, Parameter (F1.0, I1, X, F15.6)

Fix = 0 == fixed parameter
Fix = 1 - variable parameter

End = 1 terminates list of parameters at previous line >
go to line 39

Parameters in order are;
AE-, T__, (MHz)
-+
TJ, Terr Tkoo (KHz)
AD, (MHz)
XO’ YO’ ZO, X Y1, 21, (MHZ)

XZ

11

8y, BIKy, 8Ky, &J, $Ky,  (KHz)
B, BJK., AK,, 8J.,8K,, (Kz)
HJ,, HIK,, HKJ,, HK,, hdy, hJK,, hK ,  (Hz)
HJ,, HJK., HKJ,, HK (Hz)

1? 1? E 1° hJ1,hJK1,hK1.
Ncycle, Idrc, Iupd, Nopr (4I3)

Ncycle = max. No. of least-squares fitting cycles.
if Ncycle = 0 go to line 41

Idrc = 1 prints effective rotational constants and constants
transformed into the principal axis system.

Tupd = 1 —= Updated input file will be output on device 09
if Ncycle > 0

Nopr = 1 —= Prints correlation matrix after each round of fitting.

v', v, J', K, K!, J, K, K_, Obs/MHz, Uncertainty/MHz

(814, 2F11.3) list of observations. Prime refers to upper
state,max. list length 150 observations

If uncertainty = 0 or blank, weight = 1
uncertainty > 0, weight = 1/uncertainty?

Blank line terminates list if No. of observations is < 150.

JBpin? YPmax’ Imin’ L-]max’ x’aa’ Xbb* Xec
(414, 3F9.4)
No further input is required if Jmax =0

JE » J range for energy level calculation
J # J range for predicted spectrum
The program calculates up to J = 30

Aga etc. (in MHz) are used in the energy level routine to

calculate;
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;I - 2 2 2
chi =X _<P2> + X <PP> +X  <PZ>
Thence, when TXZ = 0 (i.e. in the principal axis system);
Eq (J,¥) = Chi x Y(I,J,F)

chi =)<Tu as defined in Appendix 4.

line 42 Bos By Hes Digs Dupy Du (6F12.6)
Dipole moments and dipole derivatives (Debeye). Use dipole
derivative if inversion occurs about the axis in question.

line 43 F.,F (2F12.6) in MHz.
min’ " max

Upper and lower predicted frequency limits
Default 7900 - 42000 MHz.

line 44 Xlim (D12.4)
Intensity limit for predicted transitions.

Default 10~ %/cm. Min. 10 1S/cm.

line 45 T, HWHM (2F12.6)

Temperature/K. Default 195.
Half width at half max./MHz/Torr. Default 20.

line 46 Boltzmann Factor (F9.3)
Default 1.0.

line 47 Symmetry No. (F12.6)

Order of rotational subgroup. Default 1.0.

line 48 SP1, SP2 (2F12.6)
Spin weights. Default 1.0.
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PROGRAM MALON LISTING (FORTRAN IV)

Input on device 05. The updated input file is output on device 09. All

other output is on device 06.

C Ori

10
“11

12

ginal By L.Halonen and P.H.Turner, Readingy Univ,

IMPLICIT REAL*8 (A-H,0-2)
COMMON/BLANK/H(62+8),V(62,52),HS5(62,56)
COMMON/ROTPAR/P(36),PFIX(35),FJK(3D),FJK1(30),PLABEL(36)
COMMON/FREQS/0BS(150),WTC150)

COMMON/VDATA/IVUCISO) LIVLCISD)
COMMON/DERIVS/DER(150,36),CALC150),DUM(9826)
COMMON/INTDAT/DIPC(S) s FLOW,FUP,SIGMA, T,HWHM,R,EXX,S,XINT,XLIM,
*SP1,SP2

COMMON/TAU/IT(52),1TUCI50),ITLC15D)
COMMON/LDATA/LUCTISD), LLC15D)

COMMON/JDATA/JUCISD) ,JLC15D)

COMMON/PDATA/IPUCISO) ,IPLCISD)

DIMENSION TITLECID) LIX(24),REP(3),CHY(3)

DATA IX/6s122e3020b01¢3¢142042302+3¢4012301060420042+643/
DATA REP/SH IR »,5H IIR ,SH II11IR/

WRITE(6,9010)

READ(S5,80D0) (TITLE(I),I=1,1))
WRITE(6,901)CTITLECI) ,1=1,10)
READ(5,930) IREP
WRITE(6,902)REP(IREP)

DO 6 I=1,35
READ(S5,945)PFIX(1),IPEND,P(I)
IF (IPEND)G,5,7

CONTINUE

NOOP=1I-1

IF (IPEND.EQR.D) NOIP=36

DO 10 I=3.,5

P(I)=P(1)%1.0D-3

DO 11 I=13,22
PCId)=P(I)>*1.30D-3

DO 12 1=23,35
P(I)=P(I)*x1.0D-6
READ(S5,930)NCYCLE,IDRC,IUPD,NOPR
IF (NCYCLE)13,13,1

C Least squares fitting routine follows

1

CALL INPUTC(JRMIN,JRMAX,NUM)
WRITE(6,903)NUM
DO 14 I=1,NUM

C Identification of upper and lower level symy blocks

C for

14

each transition inout.
10DD=MODCJUCI),2).
LXY=MODC(JUCI)=ITJCI),4)
IF(LXY.EQ.DILXY=4
TEMP=IX(IODD*12+4*x(IREP=1)+LXY)
LUCI) =1
IF(TEMP.ER.T.0R.TEVMP.EQ.&)LUCI)=2
10DD=MODCJLC(I),2)
LXY=MODCJLCI)=ITLCI) 4D
IF(LXY.EQ.D)LXY=4
TEMP=IX(IODD*12+4*(IREP=-1)+LXY)
LL(I) =1
IF(TEMP.EQ.T1.0R.TEVP.EQ.4)LL(I)=2
CONTINUE

TEST=1.0D+7

DO 15 ICYCLE=1,NCYCLE
WRITE(C6,904)ICYCLE
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DO 16 I=1,NUY
DO 17 J=1,NOOP
17 DER(I,J4)=0.0
16 CAL(1)=0.0
IODD=MOD(JRMIN,2)
J=JRMIN
27 IND1=0
IND2=0
DO 18 I=1,NU¥
IFCJUCI).NE.JLAND.JLCI).NE.JDGO TO 18
IND2=1
IF CINDI.EQ.DIINDI=I
18 CONTINUE
IFCIND1.EQ.D)GO TO 19
RK=0.0
RIZFLOAT CJ*(J+1))
DO 20 I=1,J
FJKCI)=SQRTC(RJI-RKE (RK+1.0)) *(RJ-(RK+1.0) * (RK+2.0)))
FJK1(I)=SQRT(RJ-RK+x{(RK+1.0))
20 RK=RK+1.0
LMAX=2?
IF(J.EQ.O)LMAX=1
DO 21 L=1.,LMAX
ITEMP=0
DO 22 I=IND1,IND?
IFCJUCI) JEQLJLANDLLUCI)LEQ.LYITEMP=1
TFCJLCI) CEQuJANDLLLCI) EQ.L)ITEMP=1
22 CONTINUE
IFC(ITEMP.,EQ.DJ)GD TD 21
CALL SETUP(CJ,LsN)
M=MINO (7 ,N=1)
CALL BANDIG(N,M)
CALL ASSIGN(N,L,J,IREP,NO,NCYCLE)
DO 23 I=IND1,IND2
IF(JUCI).NELJIGO TO 24
NT1=1+IVU(TI)*ND
N2=NO+IVUCI)*(N=-ND)
DO 25 K=N1,N2
IFCIT(K)LER.ITUCI))CALL DERCAL(K,I,1.0D0,N,NOOP)
25 CONTINUE
24 IF(JLCI).NE.J)GO TD 23
N1=1+IVLCI)*NO
NZ2=NO+IVL(I)*=(N=-ND)
DO 25 K=N1,N2
IFCIT(K) EQ.ITLCI))CALL DERCAL(K+I,-1.0D2,N.,NOOP)
26 CONTINUE
23 CONTINUE
21 CONTINUE
19 10DD=1-10DD
J=J+1
IF(J.LE.JRMAX)GOD TO 27
WRITE(6,705)
CALL LSQ(NUM,NOOP,TEST,IREP,NOPR,SDF)
IF(TEST)28,15,15
15 CONTINUE
28 CONTINUE

IF (IUPD) 55,55,39

C Writing to updated input file

39 WRITE(9,600)(TITLE(I),I=1,1D)

WRITE(9,610)IREP
DO 40 I=1.,NODP
1PF=0
IF (PFIX(I).EQ.1.D0) IPF=1
CONST=1.0
IF (J.GE.3.AND.,I.LE.S5) CONST=1.0D3
IF (I.GE.13) CONST=1.00D3
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IF (1.GE.23) CONST=1.0D6
PAR=CONST*P(I)
WRITE(9,620)IPF,PAR,PLABEL(I)
40 CONTINUE
IF (NOOP.LT.3%) WRITE(9,625)
WRITE(9,630INCYCLE,IDRCANOPRASDF
DO 50 I=1,NUM
RES=0BS(IJ)-CAL(I)
KAU=(ITUCI)+JUCI)#1)/2
KCU=KAU-ITU(I)
KAL=CITLC(I)+JL(I)+1)/2
KCL=KAL-ITLA(I)
IF (WTCI)JNEL1.0). 30 TO 45
WRITE(9,634)IVUCI) L IVL(I)»JUCI)  KAU,KCUL,JLACI),KAL,KCL,OBS(I),
*RES
GO T0 50
45 U=SQRT(1.0/WTC(I1))
WRITE(9,635)IVUCII,IVLCI),JUCI)»KAULKCULJLCI)  KALAKCLA,O3S(I),
*U,RES
50 CONTINUE
IF (NUMJLTLI5D)WRITE(9,640)
C .
55 IF CIDRC) 13,13,5%6
C Calculation of determinable rot. consts. and conversion to P.A.S.
S6 X0=P(7)+2.0*P(13)+2(14)-2.0%P(15)=-2.0*xP(17)
YO=P(8)+2.0*P(13)4P(14)+42.0*P(15)+2.0*xP(17)
I0=P(9)+2.0*P(13)° .
X1=P(10)+2.0*P(18)+P(19)=-2.0*P(21)-2.0%xP(22)
Y1=P(11)+2.0*P(13)+P(19)+42,0*P(21)+2.0*P(22)
21=P(12)+2.0%P(18)
WRITEC6,914)X0,Y2,20,%X1,Y1,21
IF (ABS(P(2)).LT.0.001) GO TO 13
WRITE(6,915)
CALL ROTATE(P(7),P(B),P(D),P(1D),P(11),P(12),0)
WRITE(6,916)
CALL ROTATE(X0,Y0,20,%X1,Y1,21,1)

13 READ(S5,940)JEMINAJEMAX,JMINAJVAX, CHY
IF (JEMAX.GT.30) JEMAX=30
IF (JMAX.GT.30) JMAX=30
IFCIUPD.EQ.1.AND . NCYCLE.GT.O)WRITE(?,555)JEMIN,JEMAX,JMIN,JMAX,
*CHY
IF (JEMAX.LE.D0) GO TO 70
C
C Energy level prediction follows
WRITE (6.,.900)
WRITE (6,909) CHY
IF (NCYCLE.GT.D) GO TO 75
WRITE (5,905}
DO 80 I=1,NOOJP
IF (PCI).EQR.J.D) GO TO 80
CONST=1.0
IF (1 .GE.3.AND.,I.,LE.S5) CONST=1,D0D3
IF (I.GE.13) CONST=1.0D3
IF (I1.GE.23) CONST=1.0D6
PAR=CONST+*P (1)
WRITE(6,907)PLA3ELCI),PAR
80 CONTINUE
75 CONTINUE
CALL ENCALCJEVMIN,JEMAX,IREP,NDOP,CHY)
C
70 IF(JMAX.LE.D) STOP
C Calculation of spectrum follows
WRITE(6,900)
WRITE(6,905)
1F (NCYCLE) 72,72,30



72
73

31
30

51
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IF (JEMAX) 73,733,330
WRITE(6,905)

DO 31 1I=1,N0J?P

IF (P(1).EQ.0.0)Y GO TO 31
CONST=1.0
IF(l.GE.3.AND.I.LE.S5)CONST=1.0D3
IF(I.GE.13)CONST=1.0D3
IF(I1.GE.23)CONST=1,.0D6
PAR=CONSTxP(I)
WRITE(6,907)PLABEL(I),PAR
CONTINUE

N=1

READ(S5,950,END=90)DIP
READ(5,950,END=9))FLOW, FUP
READ(5,960,END=9J)XLIM

IF (XLIM.LT.1.2D-18) XLIM=1,00-10
READ(5,950,END=9])T,HWHM

IF (T.LT.1.0D00) T=195.0
IF(HWHN.LT.1.0D=5)HWHM=20.2
READ(5,950,END=2])Q

IF (R.EQR.0.D) Q=1.0
READ(5,950,END=9])SIGMA
READ(5,950,END=9])SP1,SP2
IF(SIGMA.LT.1.JD-5)SIGMA=1,D
SUM=SP1+SP2

CONST=0.0
IF(SUMLLT.1.0D-5)CONST=1.0
SP1=SP1+CONST

SP2=SP2+CONST

IF (IUPD) 90,920,517
IF (NCYCLE) 23,72,52

C Writing to updated input file

62

90

600
610
620
625
630
634
635
540
645
650
655
705

WRITE (9,645)(DI?(1),1=1,6)
WRITE(9,645)FLOW,FUIP
WRITE(9,652)XLIM
WRITE(9,645)T,HAAN
WRITE(9,645)Q
WRITE(9,645)51IGMA
WRITE(9,645)SP1,5P2

WRITEC(6,908)T
WRITE(6,912)(DIPCI),I=1,6)
WRITE(6,911)HUHM,SIGMA
WRITE(6,912)SP1,5P2
WRITE(6,913)2
WRITE(6,918)JMIN,JVAX
WRITEC(6,919)FLOW,FUP
WRITE(6,920)XLIM
WRITE(6,705)

CALL PREDICT(JMIN,JMAX,IREP)
STOP

FORMAT (10AB)

FORMAT(1I3)
FORMAT(I1,2X,F15.6,2X,A8)
FORMAT(X,1H1)
FORMAT(213,2X,1H1,13,43X,F12.4)
FORMAT(8I4,F11.3,12X,F12.4)
FORMAT(BI4,2F11.3,X,F12.4)
FORMAT (X)

FORMAT(6(FR.3,3X))
FORMAT(D12.4)

FORMAT(4I14,3F9.4)

FORMAT(/25H UPPER LEVEL LOWER LEVEL,37X,B8HV=) CHAR/10H
*60HKc vV J Ka Kc OBS/MHz  0BS-CALC _

WEIGHT

%u

V.

J Ka »
_wLh
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706 FORMAT(/7X,24HUPPER LEVEL LOWER LEVEL,12X,8HROT LINE-,15X,8HV=0 CH
*AR/74H TY?E v J Ka Kc vV J Ka Xc FREQ/VH2z STRENGTH INTENS*
*cm Zu AND

709 FORMAT(D10.4)

800 FORMAT (10A8)

700 FORMAT(/1X%X,30C4H---=))

901 FORMAT(/X,10A8,3X+14H PROGRAM MALON)

902 FORMAT(/1X,11HA REDUCTION,10X,14HREPRESENTATION, AS)

903 FORMAT(/1X,13,12H TRANSITIJNS)

704 FORMAT(/1X,12HCYCLE NUMBER,I2)

905 FORMAT(/20H CALCJLATED SPECTRUM/)

906 FORMAT(20H MOLECULAR CONSTANTS/)

907 FORMAT(1X,AB,F14.6)

908 FORMATC(//7H TEMP/K,10XeF7.3)

909 FORMAT(/7H CHIaa=,F9.4,9H CHIbb=,F9,.4,%9H CHIcc=sF9.b,4H MHZ//
*25H CALCULATED ENERGY LEVELS/)

910 FORMAT(12H DIPOLECA)Y/DsSX,F7.3/12H DIPOLE(B)/D,SX,F7.3/

*72H DIPOLECC)/Ds>5X,F7.3/184 DIPOLE DERIV(AY/D,SX,F7.3/
*178H DIPOLE DERIV(B)/D,SX,F7.3/18H DIPOLE DERIV(C)/D,SX,F7.3)

911 FORMAT(17H HWHM/(MHz/TORR) ,F7.3/11H SYM NUMBER,7X,F6.3)

912 FORMAT(14H NSPINAT (SP1) ¢S XsFT.5/9Xs5H(SP2) s 4XsF7.5)

213 FORMAT(/17H VIS 30LTZ FACTOR,4X,F10.5)

914 FORMAT (/30H EFFECTIVE ROT, CONSTS./MHz
*/11H VO STATE ,3F14.6/11H V1 STATE ,3F14.6)

915 FORMAT(/37H A REDUCED PRINCIPAL AXIS CONSTS./MHz)

916 FORMAT(/40H EFFECTIVE PRINCIPAL AXIS CONSTS./MHZ)

918 FORMAT (/11X bHIMINASIZ,/1XsbYIMAXLIZ)

919 FORMAT(/15H MIN FREQ/MHz rF12.45/15H MAX FREQ/MHz sF12.4)

920 FORMAT (/25H INTENSITY LIMIT/CM*x=1 +D10.4)

230 FORMAT(413)

940 FORMAT(414,3F9,.4)

45 FORMAT(F1.0,I1,X,F15.6)

250 FORMAT(6F12.5)

960 FORMAT(D12.4)

END

BLOCK DATA

IMPLICIT REAL*8 (A-H,0-2)

COMMON/ROTPAR/P(35) ,PFIX(35),FJK(H5D),PLA3L(35)

COMMON/ITAB/II(8,35)

COMMON/INTDAT/BRIANC(18)

DATA PFIX/36%).0/,P/36+0.0/

DATA PLABL/B8H DE/MHz,8H Txz/MHz,8H Tj/XHz,8H Tk1/KHz,8H Tk2/KHz,
*8H DD/MHz,8H X)/MHz,8H YO/VMHz,8H Z0/vMHz,8H X1/MHz2,8H Y1/MHz,
*8H Z1/MHz,BH DJI/XHz,8HDJKO/KHz,8H DKO/<Hz,8H dJO/KHz,8H dKO/KHz.,
*8H DJ1/KHz,8HDJKI/KHz,8BH DK1/KHzr,8H dJ1/<Hz+,8H dK1/KHz,3H HJO/Hz.
*BH HJKO/Hz,8H HKJD/Hz,8H HKO/Hz,8H hJO/Hz,8H hJKO/Hz,8H hKD/Hz .
*8H HJ1/Hz,8H HJK1/Hz,8H HKJ1/Hz,8H HK1/Hz,8H hJ1/Hz,8H hJK1/Hz,
*8H hK1/Hz/

DATA II1/1+8%3+2+3+,3+5%0,46,+,0,5,5%0,6,0,7,5%¥0,8,0,9,0,10,0,11,0,12,
*6*0,13,3%0,16,3%03+,15,3%0,15,3%0,17,7%0,18,3%0,19,3%x0,20,3*2,21,
x3%0,22,7%0,23,7%]4244s7%0,25,7%0,26+,3%0,27,3%*0,28,3%0,29,3*0,30,
*7%0,31,7*%0,32,7%)233,3%0,34,3%D+35,3%0,35,3%D,37,7%0,38,7%),39,
*7%0,40,7%0,61,3%Dp62,3%0,43,3%0,64,3%0,45,3%0,45,3%0,47,7%x0,48,
*7%0,469,7%0,50,7%0,51,3%0,52,3%0,53,3%0,54,3%0,55,3%0,56,3+0/

DATA BRIAN/2.252,0.516,4%0.,0,7900.0,42500.0+1.0,195.0,20.0,1.0+
*3%0.0,7.0D0=8,2%1.0/

END

SUBROUTINE ROTATE (X0.,Y0,20,%X1,Y1,21,1BAV)

IMPLICIT REAL*8 (A=-H,0-2)

COMMON/ROTPAR/P(36) ,PFIX(35),FJIK(30),FJK1(30),PL(36)
DX=X1-X0

DYR=Y1-Y0

Dz2=21-20

DXZ=(DX+DZ) /2.0

XR=(X0+X1)/2.0

Y=(Y0+Y1)/2.)
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ZR=(20+421)72.0
R2D=P(1)+DYR#DXZ
ETAR=ZR-XR
ETAP=SQRT(4.D*P(2)*«P(2)+ETAR*ETAR)
P2D=(R2D*ETAR)/ETAP
DYP=P2D-P(1)-DX2Z
E11=(XR+ZR) /2.0
XP=E11-ETAP/2.0
ZP=E11+ETAP/2.0
X1P=XP+DX/2.0
X0P=XP-DX/2.0
Y1P=Y+DYP/2.0
YOP=Y-DYP/2.0
Z1P=1P+4D2/2.0
Z0P=2P-D2/2.0
WRITE(6,10)X0P,YOP,20P,X1P,Y1P,Z1P
IF (IBAV.LT.1) RETURN
QY=(R2D*P(2))/ETAP
WRITE(6,20)2Y
WRITE(6,30)XP,Y,2P
RETURN
FORMAT(11H (+) STATE »3F14.6/11H (=) STATE ,3F14.6)
FORMAT(/26H HIROTA®S PARAMETER Qy/MHz,F14.6)
FORMAT(/28H EFFECTIVE ROT. CONSTS./MHz/11x,3F14.6)
END

SUBROUTINE ENCALCJEMIN,JEMAX,IREP,NOOP,CHY)
IMPLICIT REAL*8 (A-H,0-2)
COMMON/BLANK/H(52,3),V(62,52),HS(62,56)
COMMON/TAU/IT(62),1TT(300)
COMMON/VDATA/NV(3D])

COMMON/PDATA/IP(30D)
COMMON/DERIVS/DER(150,36),CAL(150),DUM(9826)
COMMON/ROTPAR/P(36) ,PFIX(36),FJK(30),FJIKI(30),PL(36)
DIMENSION CHY(3),NR(3,3)

DATA NR/947+8+8+2+,7+7+,8,9/

M1=NR(1,IREP)

MZ2=NR(2,IREP)

M3=NR(3,IRLCP)

M4&=M1+3

M5=M2+3

M6=M3+3

CHI=0.0

WRITE(6,20)
J=JEMIN
I0DD=MOD(J,2)
NA=2*J+2

DO 13 I=1,NA
H(I,1)=0.0

IT(I)=0

IPCI)=0

DO 11 JA=1,NA
V(JA,1)=0.D
CONTINUE

RK=0.0
RJ=FLOAT(Jx(J+1))
DO 14 I=1.,J
FIJKCI)=SQRT ((RJ-RK* (RK+1.0))*(RJ=(RC+1,0)*(RK+2.0)))
FJK1(I)=SQRT(RJ-RK* (RK+1.0))
RK=RK+1.0

CONTINUE

LMAX=2

IF (J.EQ.D) LMAX=1
DO 16 L=1,LMAX
CALL SETUPC(J,L,N)
M=MINO(7,N-1)
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CALL BANDIG(N,M)
CALL ASSIGN(N,L,J,IREP.ND,1)
DO 18 I=1,ND
IA=I+NO
NV(I)=0
NV(IA)=1
18 CONTINUE
DO 15 I=1,N -
IF (DABS(H(I,1)).LT.1.0D0-5) GJ TO 15
DO 19 ID=1,12
DER(I,ID)=D.D
19 CONTINUE
CALL DERCAL(I,1,1.,0D0.,N,12)
KA=(J+IT(I)+1) /2
KC=KA=-IT (1)
IF (J.EQ.0) GO TO 12
RV=NV (1)

CHI=(2.J)/RJI*{CHY (1) * (DERCL M1 +DERCI,M4) I +CHYC2)*(DER(CI,M2) +
*DER(I,M5))+CHY(3)*(DER(CI,M3)+DERC(CI,M5)))
12 WRITEC6,30)IPCI)#NVC(I)rJsKALKCAHCI,1),DERCILT)LDERCLL2),
*DERCI,NM1),DERCIAM2),DERCIAM3),DERCI, ML), DERCI,M5),DERCI»ME)»CHI
15 CONTINUE
16 CONTINUE
J=J+1
10DD=1-10DD
IF (JEMAX=J)17,12,10

17 RETURN

20 FORMAT(/SOH %Zvd v J Ka Kc Energy/MHz dE/dDE dE/JT ,
*54HdE/dAD dz/4BD dE/dCO dz/dAl dE/dB1.,
*24H dE/dC1 Chi/MHz/)

30 FORMAT(X,13,12+313,F13.3,2F9.3,5F12.6,F10.4)
END

" SUBROUTINE PREDICTCJMIN,JMAX,IREP)
IMPLICIT REAL*8 (A-H,0-2)
COMMON/BLANK/H(52,3),V(62,52),HS(62,55)
COMMON/FREQRS/ES(30D)
COMMON/LDATA/IL(307)
COMMON/TAU/IT(62),ITT(300)
COMMON/VDATA/NV(30)D)
COMMON/PDATA/IP(30D)
COMMON/DERIVS/VV(62,248)
COMMON/ROTPAR/P(36) 4PFIX(35),FJK(30),FJK1(30),PLABEL (36)
JEJMIN
10DD=MOD (J,2)

DO 10 I=1,672
H(I,1)=0.0
IT(I)=0
DO 11 J1=1,62

11 V(J1,1)=0.)

10 CONTINUE
DO 12 1=1,243
ES(I)=0.D
NVCI)=0
ITTCI)=0
IL(1)=0
1P(1)=D
DO 13 J1=1,62

13 VW(J1,1)=0.0

12 CONTINUE

21 RK=0.0
RJ=FLOAT(J*(J+1))
DO 14 I=1,J
FIJKCID)=SQRTC(RJ-RK* (RK+1,0)) *(RJ=(RC+1.0) * (RK+2.0)))
FJKICID=SQRT(RJ=RK* (RK+1.0))
RK=RK+1.0

14 CONTINUE
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LMAX=2
IF(J.EQ.D)LMAX=1
IF(JLEQLIJMINIGO TO 15
C Move result of calc for previous J up to top half of each array
DO 16 1=1,124%
11=1+124
ESC(II)=ES(I)
ILCII)=IL(I)

ES(IN=0.0
IL(I)=0
NVCII)=NVCID
NV(I)=D
ITTCIID=ITTLLY
ITTC1)=0
IPCII)=IP(]1) .
IP(I)=0 i
DO 17 Ju=1,62
VVJIJI1)=vV(JJd,1D)
VV(JJ,1)=0.D
17 CONTINUE
16 CONTINUE
C _

15 DO 18 L=1,LMAX
CALL SETUP(JsLsN).
M=MINO(7,N-1)

CALL BANDIG(N,M)

CALL ASSIGN(N,L,J,IREP,ND,D)
IND=62*(L=-1)

DO 19 1=1,N

II=I+IND

ES(IId=HC(I,1)

ITTCIID=IT(ID)

ILCII)=L

Do 20 JJ=1IN

20 VV(JJ,I1)=v(dJ., 1)

19 CONTINUE

18 CONTINUE
CALL SELECTCJ,IREP,JMIN)
J=J+1
10DD=1-10DD
IF (JJLELJMAX) GO TO 21
RETURN
END

SUBROUTINE SELECT(J,IREP,JVIN)
IMPLICIT REAL*8 (A=-H,0-2)

LOGICAL ISEL

COMMON/ROTPAR/P(5) +XsYs2,SPAREC159)
COMMON/FREQS/E(3ID ’
COMMON/LDATA/ILLC3D0)
COMMON/TAU/ZIXY(62),1T(300)
COMMON/VDATA/NV(3D)
COMMON/DERIVS/VV(62,248)
COMMON/INTDAT/DIP(5),FLOW,FUP,SIGMA, T, HWHM,Q,EN, S, XINT,XLIVN,SP1,
*SP2

COMMON/PDATASIP(243) ,LEAVE(52)
DIMENSION LB(9),TYPEC(4)

DATA TYPE/4LH AsbH Brb4H Cr4H o/
DATA LB/3+1,2+2+,3,1,1,2,3/

KD=0

DO 13 KA=4,6
IF(DIP(KA).LT.1.0D0-6)G0 TO 13
KD=LB(KA=-3+3*(IREP=-1))

KDA=KA

13 CONTINUE
DO 1 KA=1,3
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IF(DIP(KA) . LT.1.0D=-6)G0 TO 1
KX=LB(KA+3*« (IREP=1))
DO 2 IU=1,124%
IFCILLCIU)LEQ.D0)G0 TO 2
KAU=(J+IT(IUY+1)/2
KCU=KAU-IT(IJ)
I1=1U+1
ection of @ branch transitions
DO 3 IL=11,12%
IFCILL(IL).EA.D.0R.IL.EQ.125)50 TO 3
KX=LB(KA+3x(IREP-1))
I1SEL=,FALSE.
IUL=ILLCIUd-TLLCIL)
IF(KX.EQ.T1.AND.IJL.NE.O)ISEL=.TRUE.
IF(KX.EQ.2.AND, IUL.EQ.,0)ISEL=,TRUE,
IF(KX . EQe3,AND,IJL,NE.,O0)ISEL=,TRUE,
IF(.NOTLISEL)GD TO 3
EN=ECIU)=-ECIL)
IF(ABSC(EN) ,LT.FLOW.OR.ABS(EN).GT.FUP)GO TO 3
JL=J
CALL INTENSCJ,JL,KXsKDsKALXKDA,TU,IL)
IF(XINTLLTLXLIW)SD TO 3
KAL=(J+ITCILY+1DY /2
KCL=KAL=-ITC(CIL)
IX=4
MA=MOD(IABS(KAU-<AL),2)
MC=MOD(IABS(KCU=-KCLY,2)
IF((MAL.EQL.D).AND.(MC.EQ.T1)) IX=1
IF((MA_EQ.1).AND.(VC.EQ.1)) IX=2
IFC(MALEQLTY.ANDL.UVMC.EQR.D)Y) IX=3
IFCEN.GT.O)WRITECGE,20)TYPECIX) A NV(IU)#JsXAULKCUSNV(IL)»J KALSKCLS
*ENsSXINTLIPCIUY,IPCIL)
EX==EN
IFCENSLT.OIWRITECGH,20)TYPECIX)ANVCIL)»2Js<XALAKCLANVC(IU)L,J,KAULKCU,
*EXsS,XINTLIPCILY),IPCIU)
CONTINUE
IF (J.EQ.JMIN) GO TO 2
ection of P and R branch transitions
DO 8 1IL=125,248 '
IFCILLCIL)YL.EQ.D) GO TO 8
KX=LB(KA+3*x(1REP-1))
ISEL=.FALSE.
IuL=ILLCIUY-ILLCIL)
IF(KX.EQ.1.AND,IJL.EQ.O)ISEL=.TRUE.
IF(KX.EQ.2,AND,IJL . NE.O)ISEL=,TRUE,.
IF(KX.EQ.3.AND.,IUL.EQ.O0)ISEL=.TRUE.
IF(.NOT.ISEL) GO TO 8
EN=ECIU)-ECIL)
IF(ABSCEN) .LT.FLOW.OR.ABS(EN).GT.FUP) GO TO 8
JL=J-1
CALL INTENSCJ,JL,KX,KD,KA,KDA,IU,IL)
IF(XINTLLT.XLIM) GO TO 8
KAL=C(J+ITC(IL)) /2
KCL=KAL=-ITCIL)
I1X=4
MA=MOD(IABS(KAU-KAL),2)
MC=MOD(IABS(KCU=-KCLD ,»2)
IF ((MA.EQ.0).AND.(MC.EQ.1)) IX=1
IF ((MALEQ.T1).AND.(MCLEQ.T)) IX=2
IF ((MA.EQ.1) .AND.(MC.EQ.0)) IX=3
IFCENL.GT.OXWRITEC(H6,20)TYPECIX) A NVC(IUD»#Jr<AULKCULNVCIL)»JL,XALAKCL,
*ENsSHXINTL,IPCIU),IPCIL)
EX==-EN
IFCENJLT.O)WRITECS,20)TYPECIX) e NVCIL) 2 JL,KALAKCLANVCIU)»Jr<AULKCU,
*EXsSoXINTLIPCIL),I2(IUW)

8 CONTINUE
2 CONTINUE
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1 CONTINUE .
20 FORMAT(X,AG,I14,313,2H =212,313,F11.3,XsF7.3,3%X4sD9.3,16+,3H - ,13)
RETURN
END

SUBROUTINE INTENSCJU,JL,KX,KD,KA,KDA,IU,IL)
C Do not input non-zerd> Y-type dipole moment derivatives.

IMPLICIT REAL*3 (A-H,0-2)

COMMON/ROTPAR/P(5) »XsYsZ,SPARE(CTI59)

COMMON/FREQS/E(3ID)

COMMON/LDATA/ILL(300)

COMMON/PDATA/IP(30D)

COMMON/DERIVS/V(62,248)
COMMONIINTQAT/DIP(5):FLOW,FUP,SIGMA;TrHNrQ'ENoSrXINT;XLIM:SP?:
*SP2

oOoo
.
oo

=~
Ll o B 7o I I 7 I 7 ]
mo nlo-=rn

=on han

~ | »
-0 D

9.EQ.1) ID1=1
DO 7 1=1,2
NV=I-1
IX1=1+NV+ID1
JL1=JL+1
JUT=JU+T
KL=0
IF (ILLCIL).EQ.2)KL=1
ML=KL+1
Ku=0
IF (ILLCIU) LEQ.2)KJ=1
MU=KU+1
DO 2 L1=ML,JL1
KU=0
: IF (ILLCIU) LEQR.2)KJ=1

IX=1+NV
DO 3 L2=MU,JU1
IF(KX.EQ.3.AND. K. EQ.KUIS=S+PHI(KXsJLsJUrKLAKUI*V(IX,TUI*V(IX1,1L)
IF(KX.NE.3.AND.IABS (KL=KU).EQ.1)S=S+PHI(KX,JL,JUsrKLAKU)#
*V(IX,IUY*VCIXT,IL)
IX=IX+2
KU=KU+1

3 CONTINUE
IX1=1X1+2
KL=KL+1

2 CONTINUE
IF (19.EQ.1) ID1=-1

7 CONTINUE
IF (KX.EQ.2.AND.EN.LT.0) §$=-§
J=JL
XJ=FLOAT (J)
AX=1.0/(4.0%(XJ+1.0))
IF (JULEQ.JL) AXSAX*(2.0%XJ+1.0)/XJ
IF (I9.EQ.D) S1=DIP(KA)*SQRT(AX)*S
19=19+1
IF (19.EQ.2) GO TO 6
KX=KD
1F (KX.NE.0) GD TO &

6 IF (KX.NE.D) S2=DIP(KDA)*SART(AX)*S
SETA=SP1
IF (ILLCIL).EQ.2) 3ETA=SP2
SEBETA*(S1+S2)*#(51+52)
ER=DMINTC(ECIU) ,ECIL))
E7=EXP(=4,79927455D=5%ER/T)
XINT=1.15210D-11#SART (X*Y#Z) *S*EN**2*SIGUA*Q*E7/ (HW*T*%3_5)
RETURN
END
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FUNCTION PHICIALPHA,JL,JU,KL,KU)
IMPLICIT REAL*3 (A-H,0-2)
J=JL
IF (IALPHA.NE.3) GD TO 1
PHI=2.0%«FLDAT(KU)
IF (JL.NE.JU) PHI=2.0#SQRT(FLOATC(J#1)*(J*1)=KU*KU))
RETURN
IF (JL.NE.JU) GO TO 2
K=MINO(KUsKL) ,
PHI=SQRTC(FLOAT(J*C(J+1)=K*(K+1)))
IF (K.EQ.D) PHI=SQRT(2,0)*PHI
1F (IALPHA.EQ.2.AND.KU.GT.KL) PHI==PHI
RETURN
K=KL :
IF (KL.GT.KU) 50 TD 3
PHI==SQRT(FLOATC(J+K+1)#(J+K+2)))
IF (K.EQ.0) PHI=SQRT(2.0)*PHI
RETURN
PHI=SQRT (FLOAT ((J=X+1)*(J=K+2)))
IFC((K=1).EQ.D) PHI=SQRT(2.J)*PHI
IF (IALPHA.EQ.2) PHI==PHI
RETURN
END

SUBROUTINE INPUT (JRMIN,JRVAX,NUM)
IMPLICIT REAL*B (A-H,0-2)
COMMON/FREQS/J3BS(150),WT(150)
COMMON/VDATA/IVUCTISO),IVL(150)
COMMON/JDATA/JUCISD)»JLC1ISD)
COMMON/TAU/IT(H2) »JTUCISD),JTLCI50)
JRMAX=0

JRMIN=101

DO 2 I=1,150
READ(S5,20)IVUCI),IVLCI)»JUCI) KAULKCUL,JLCI),KAL,KCL,OBS(I), U
IFCJUCII+JLC(INIT,3,1
JRMIN=MINOCJRMIN,JUC(I),JL(I))
JRMAX=MAXDC(JRMAX, JUCI),JLC(I))
WTC(I)=1.0

IF (UaGT<1.0D=6)WT(1)=1.0/CU*U)
JTUCI)=KAU-KCU
JTL(IJX=KAL-XCL
CONTINUE
NUM=TI=1
NT=NUM=1

DO 5 I=1,N1
J1=JudD

K=1

I1=1+1

DO 4 J=I1,NUVM
IF (JUGII=J1)b6,6,4
K=J

J1=Ju )
CONTINUE

IF (K=1)7,5,7
JUCKI=JUu(I)
JudIy =i
J1=JTUK)
JTUKY=JTUCI)
JTUCID =J1
J1=JL(K)
JLKI=JL(I)
JL(I) =1
J1=JTL(K)
JTLCK)=JTL(I)
JTL(I)=J1
JI=IVU(K)
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IVvu(l)=4J1
J1=1VL(K)
IVL(K)=IVL(I)
IVL(I)=J1
U=0BS(K)
0BS(K)=0BS(1I)
0BS(I)=U
U=swWwT(K)
WT(KI=WT(I)
WTC(I)=U
CONTINUE
RETURN
FORMAT(BI&4,2F11.3)
END

»

SUBROUTINE SETUP(CJ,L,N)
IMPLICIT REAL*B (A-H,0-2)
COMMON/BLANK/H(52,3),V(62,52)+,HS(62,56)
COMMON/ROTPAR/EX»T1,T2+sT3+ThLsDDsX(6)#D(1DI,HHC(14),PFIX(36),
FJK(30),FJK1(3D),PLABEL(36)
DIMENSION HD(62,5),HE(62,1)
DA=0.0

pDB=0.0

‘DC=0.0

DE1=0.0

D1=0.,5*(DB+DC)

D2=DA-D1

D3=0.5*(DB-DC)
FISFLOAT(J*(J+1))
F2=F1*F1

F3=F1*F2

DO 10 1=1,62

DO 11 K=1,8

H(I,K)=0.0

DO 12 K=1,56

HS(I,K)=0.2

DO 14 I1=1,5
HD(I,I1)=0.0

CONTINUE

CONTINUE

I1=1

21=1

IF (L=1) 1.1,2

K=0

2I=SQRT(2.0)

Yi=-1.0

GO T0 7

K=1

Yi1=1.0

GO T0 7

I=1+1

I0DD=MOD(I,2)

K=K+10DD

IF (K.EQ.0) ZI=SaRT(2.0)
IF (K.GT.J) GO TO 5%
C1=FLOAT (K*K)

€2=C1*C1

C3=C1*C2

RK=FLOAT (K)
10DD=MOD(I,2)
ODD=FLOATC(IODD)
EVEN=1,0-0DD
HSC(I,1)=1.0%EVEN
HS(I,12)=1.0+0DD
HD(I,1)=F1~0DD
HD(I1,2)=C1%0DD
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IF (K.EQ.,1) HD(I,5)=0DD*YI*F1%3.,5
HS(I,13)=(F1-C1)*DDD/2
HS{1,15)=HS(I,13)
HSC(I,18)=(F1-C1)*CEVEN/2
HS(I1,20)=HS(I1,18)
HSCI,17)=C1%2DD
HS(1,22)=C1*EVEN
HS(I1,23)=-F2+0DD
HS(1,30)=-F2*EVEN
HS(1,24)==F1%xC1%2DD
HS(I,31)==F1%«C1%ZVEN
HS(I1,25)==C2%0DD
HS(I1,32)==-C2*EVE\N
HS(I1,37)=F3*0DD
HS(1,47)=F3*%EVEN
HSCI,38)=F2*C1%x0DD
HS(I,48)=F2*xC1*EVEN
HS(I,39)=F1%xC2*x0DD
HSC(I,49)=F1*xC2*EVEN
HS(I,40)=C3%)2DD
HSC(I,50)=C3*ZVEN
I1F (K.NE.1) GO TO 8
HSC(1,13)=HS(I1,13)#+#),25*YI*xF1+JDD

HS(1,18)=HS(I,18)+),25*YI*F1*xEVEN
HS(I,15)=HS(I1,15)=D.25%YI*«F1+0DD
HS(1,20)=HS(I1,20)=0.25*YI*F1*EVEN
HS(1,26)==YI*F2%3DD
HS(I,33)=-YI*F2+EVEN
HS(I1,28)==YI*F1+0DD
HS(I,35)==YI*F1%EVEN
HSC(I,41)=YI*F3%0DD
HSC(I,51)=YI*F3*EVEN
HS(I,43)=YI*F240DD
HS(1,53)=YI*F2*«EVEN
HS(I,45)=YI*F1%0DD
HS(I1,55)=YI*F1*EVEY

IF (K.GE.(J=2)) 30 TO0 9
B1=FJK1(K+1)

B2=FJK1(K+2)

B3=FJK1(K+3)

R3=2.0%RK+3
HS(I1,10)=0.54R3%31432*B3%xZI*EVEN
HS(I,11)=0.5%R3%314B2*B3%ZI*0DD
IF (K.GE.(J=1)) GO TO 25 :
A=FJK(K+1)/4.0

C4=(RK+2.0) *(RK+2.2)
HSC(I,14)=Z1%A*DDD
HS(I1,19)=ZI*A*EVEN
HSC(I1,16)==HS(I,14)
HS(1,21)==HS(I,17)
HS(I1,27)=-4.0%A*F1*Z1%0DD
HS(I1,34)==4 ,QxA*F1%ZI*EVEN
HS(1,29)==2,0%A*(C4+C1)*ZI*0DD
HS(I1,36)==2.)%A*(C4+C1)*ZI*EVEN
HS(1,42)=4 . 0%A%F2%21%0DD
HS(I1,52)=4 0%A*F2*ZI*EVEN
HSCI1,44)=-HS(I1,29)*F1
HS(1,54)==HS(1,35)*F1
HSCI,46)=2.0%xA*(C2+C4*C4)*ZI*DDD
HS(I,56)=2.0%A*(C2+CL*CL)*ZIXEVEN
HD(I1,4)=0.5*Z1%0DD*4,0%A
HDC(I,3)=0.5+Z1%EVEN*L . D*A

IF (K.GE.J) 50 TD 15
B1=FJK1(K+1)

R1=RK*(RK+1,0)

R2=2.,0*RK+1.)
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HS(I1,2)=0.5*R2*SART(F1-R1)*ZI*EVEN

HS(I,3)=0.5*R2*SART(F1=-R1)*ZI*x0DD
HE(I,1)=0.5*R2*SART(FI1-RI1)I*Z1

HSC(1,4)=HS(I,2)*F1

HS(I,5)=HS(I1,3)*F1

HS(1,6)=(2,0%C1*CT1+R2I*HS(I,2)
HSCI,7)=(2.0%CT1*CT1+R2)*HS(I,3)

R4=2.0%RK=-1.D

RS=RK* (RK=1.0)

R6=(RK+1.0)*(RK+1.0)

R7=2.,0*RK+3,]
HS(I+,8)=(D.25*R4*(F1-R5)+0.25%R7*(F1-R6))*B1«ZI+EVEN
HS(I,9)=(0.25*R4*(F1-R5)+0,25*%R7*(F1=R6))*B1*21%0DD
IF (K.NEZ1) GO T2 15
HS(I,8)=HS(I,B8)+YI*Q.5*xF1*EVEN -
HS(I,9)=HS(1,?)+YI*D.5*F1x0DD

21=1.0

GO TO 5

N=1-1

DO 13 I=1.,N

HCI 1) =HSCI A1) *EXHASCILT13)«X (1) +HSCI,15)*xX(2)+HS(I,17)%X(3)
+HS(I,18)*XC(4)Y+HSCTI,20)*X(5)+HS(I1,22)*X(5)+HS(I,23)*D(1)
+HS(I1,24)%D(2)+HSCI,25)*D(3)+HS(I1,25)*D(4)+HS(I,28)*D(5)
+HS(I1,30)*D(5)+HS(I,31)*D(7)+HS(I1,32)*D(8)+HS(I,33)*D(9)
+HS(I1,35)*D(10)+HS(T,37)*HH(1) +HS(I,38) *HH(2)+HS(I,3%)*HH(3)
+HS(I,40)*HH(A) +AS (T, 41) *HHC(S) +HS(I,43) *HH(6) +HS(I1,45) *HH(T)
+HS(I,47)*HH(B) +HS(I1,48)*HH(I) #HS(I1,49) *HH(1D)+HS(I,50)*HH(11)
+HS(I,51)*HH(12) +HS (I,53) *HH(13)+HS(I,55)*HH(14)

IF (I.EQ.N) RETURN

H(I,2)=HS(I,2)*T1+HS(I,4)*T2+HS(1,6) *T3+HS(I1,B8)*T4+HS(I,12)*DD
+HD(I+1)*D1+HD(I,2)*D2+HD(I,5)*D3

IF (I.EQ.(N=1)) GO TO 13

H(I,3)=HE(1,1)%DE1

IF (I.EQ.{(N=2)) 30 TO 13

HCI,4)=HSCI,3)*T1+HS(I,5)*T2+HS(TI,7) *T344S(I1,P)*T4L+HD(1,3)*D3
IF (I.EQ.(N=3)) G50 T0 13

HCI,5)=HS(I,16) %X C(1)+HSCI,15)*X(2)+HS(I1,19)*X(4)+HS(I,21)*X(5)
+HS(1,27)*D(4)+HS (1,292 *D(5)+HS(1,34)*D(?I+HS(1,36)*D(10)
+HS(I,42)*HH(S5) +HS(I1,44) *HH(5) #HS(1,45) *HH(7) +HS(I,52)Y*HH(12)
+HS(I,54)*HH(13)+HS (I1,56)*HH(14)

IF (I.EQ.(N=4)) GO TO 13

H(I1,6)=HS(I,10)*T4+HD(I1,4)%D3

IF (I1.EQ.(N=5)) 50 TO 13

HC(I,8)=HS(I,11)*T4

CONTINUE

END

SUBROUTINE ASSIGN(N,L,J,IREP,NO,NCYCLE)
IMPLICIT REAL*8 (A=-H,0-2)
COMMON/BLANK/H(62,3),V(62,62),HS(562,56)
COMMON/TAU/IT(52) ,1DUNC3I00D)
COMMON/VDATA/NV(30D)
COMMON/PDATA/IP(300)

DIMENSION _B1(12),LB2(12)

DATA LB1/3%0,1,0,0,1,2,1,0.,2,17

DATA LB2/3,1,2+,2¢14+2+2+5%3/

NO=N/2

DO 1 I=1,ND

TEMP=0,0

DO 2 1Z=1,N.,2

T=Vv(1lZ.,.1)

TEMP=TEMP+T*T

IX=1

I1=1+1

DO 3 IY=11.,N

TEMP1=0.0
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DO 4 IZ=1,N.,2
T=V(IZ,1Y)
TEMPI=TEMP1+T*T
I1F (TENWP.GT.TEMP1) GO TO 5
TEMP=TEMP1
IX=1Y
CONTINUE
CONTINUE
TEMP=H(IX,1)

HCIX,1)=H(I,1)
H(I,1)=TEMP

DO 6 1IZ=1.N
TEMP=V(IZ,I)
V(IZ,I1)=V(IZ,1X)
V(IZ,IX)=TEM?P

CONTINUE

N2=0

N3=1

N&=NO-1

NS=NO

IF (NO.EQ.1) GO TO 7

DO 8 I=N3,N&
TEMP=H(I,1)

IX=1

I1=1+1

DO 9 IY=I1,N5

IF (TEMP.GT . H(IY,1)) GO TO 9
TEMP=H(IY,1)

I1X=1Y

CONTINUE

HCIX,1)=H(1,1)
H(1,1)=TEMP

DO 10 IZ=1.,N
TEMP=V(IZ,I)
V(IZ,I)=Vv(IZ,1IX)
V(IZ,IX)=TEMP

CONTINUE

N2=N2+1

N3=ND+1

N4=N-1

NS=N .

IF (N2.EQ.1) GO TO 12
CONTINUE

JODD=MOD(J,2)
IX1=IREP+3xJODD+565%x(L-1)
ITAUT=J-LB1(IX1)
ITAU2=J-LB2(IX1)
IND=62*x{(L=-1)

10DD=1

DO 13 I=1.,N0

I1=I+NOD

IF (NCYCLE.NE.J)Y GO TO0 16
$1=0.0

$2=0.0

DO 15 IZ=1¢Ns2
S1=S1+V(IZ,1)*V(1IZ,1)
§2=S2+V(I1Z,I1)*xVv(I2.,11)
CONTINUE
IPCI+IND)=IDINT(10)0.0*xS1+0.5)
IPCIT+IND)=IDINT(100.0%S2+].5)
NV(I+IND)I=D
NV(IT+IND)=1

IF (IODD.ER.DY G) TO 14
ITCI)=1ITAU1
ITC(I1)=1TAU1
ITAUT=ITAUT-4

GO TO 13
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ITCI)=1TAUZ
ITC(IT)=1TAU2
ITAUZ=ITAUZ-4
10DD=1-10DD
RETURN
END

C The

WHsV o

SUBROUTINE DERCAL(K,I,XI+N/,NOOP)

Look up table "II(8,36)" is initialised as block data.
IMPLICIT REAL#*8 (A-H,0-12)

COMMON/ITAB/II(B,3%)
COMMON/BLANK/H(62,8),V(62,52),HS(62,56)
COMMON/DERIVS/DER(150,36),CALC150),DUM(98B26)
COMMON/PDATA/IPUCIS0),IPLCISD)

DO 3 M=1,NOOP

L1=0

DO &4 L=1,8

K1=II(L,M)

IF (K1) 4,64,1

FACT=2.0%*X1

IF (L.EQ.T1) FACT=XI

DO S5 J=1,N

J1=J+L1

IF (J1-N) 2.,2.,5
DER(I,M)=DERCI,M)+FACT*VI(J,KI*V(JT,KI*HS(J,K1)
CONTINUE

L1=L1+1

CONTINUE

CALCID)=CALC(I)+XI*H(K,1)

$1=0.0

DO 6 IZ=1,N,2

S1=S1+V(IZ,K)*V(IZ,K)

CONTINUE

IF (XIaLT4J) IPLCID=IDINT(100,3%S1+J.5)
IF (X1.GT40) IPUCI)I=IDINT(100.,0%51+0.5)
RETURN

END

SUBROUTINE LSQ(N,M,TEST,IREP,NOPR,EE)
IMPLICIT'REAP*B (A-H,0-2)

DIMENSION DD(35),Y(36),E(35%)
COMMON/WIN/DWD(35,36)
COMMON/ROTPAR/P(36) ,PFIX(35),FJK(3D),FJK1¢30),PLABEL(35)
COMMON/DERIVS/D(150,36),C(150),DUM(9826)
COMMON/FREQS/JI3S(150),WTC150)
COMMON/VDATA/IVUC150),1IVL(150)
COMMON/JDATA/JUCISD),JL(150)
COMMON/TAU/IT(62),JTUCIS0),JTLCISD)
COMMON/PDATA/IPUCISO) ,IPLCISO)

s0=0.0

$1=0.0

$2=0.0

DO 2 I=1,M

DO 2 J=1.,M

Y(J)=0.0

DWD(1,4)=0.0

NEFF=0

DO 3 I=1.,N .

IF (WT(I).GT.1.0D=-5) NEFF=NEFF+1
SO=S0+WT(I)

RES=0BS(I)-€C(I)
KAL=(JTLC(ID)+HJL(I)+1) /2

KCL=KAL=JTL(I)

KAU=(JTUCId+JU(I)+1)/2

KCU=KAU=-JTUC(I)
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IFCWTCI) LEQLTILIIWRITECOLBS)IVICI) »JUCI) 2KAULKCUL,IVLCI)»JLCI) #KALSY
*KCL,OBS(I),RES,IPUCI),,IPL(I)
TF(WTC(I) eNELT.OIWRITEC(G6,86)IVUCI) »JUCL) oKAULKCUAIVLCIY»JLCI) ,KALS
*KCL,OBSCI),RES,WTLI),IPUCI),IPLCI)
S1=S7T+WT(I)*RES*RES
S2=S2+WT(I)*C(IX)*C(I)

DO 40 J=1.,M"

IF (PFIX(J).LT.D.5) D(I,0)=0.D
CONTINUE

DO & J=1,M
YCII)=Y(JII+WTC(I)XRES*D(I,J)

DO &4 K=J,M
DWD(KAJ)=DWD(K,J)+WTC(I)*D(I,KI*D(1,J)
DWDC(J,K)=DWD(K,J)

CONTINUE

DO 30 J=1,M

IF (PFIX(J).LT,.0.5) DWD(J,JD)=1.0
CONTINUE

CALL GAUJDN(4)

DO 33 J=1.M

DO 33 K=1.J

DWD(K,J)=DWD(J,K)

CONTINUE

SO=SO/FLOAT(NEFF)

$4=0.0

DO 35 J=1.,M

S4=SL+PFIX(J)

S4=FLOAT(NEFF)-5S¢4

F=SQRT(S1/S4)

DO S J=1,M

DD(J)=0,0

DO S K=1.M
DDCJ)I=DDCJ)+DWD(JeK)*xY(K)
WRITE(6,60)

$3=0.0

LFLAG=0

DO 7 J=1,M

S3=S3+DD(JIY*Y(J)
EC(J)=F*SQRT(DWD(J,J))

CONST=1.0

IF (J.GE.3.,AND.J.LE.S) CON5ST=1000.0
IF (J.GE.13) CONST=1000.0

IF (J.GE.23) CONST=1,0D6

IF (PFIX(@J)=0.5) 31,31,32
E(J)=0.0

bp(J)=0.0

IF (P(J).EQ.0.0) GO TO 7
PP1=CONST*P(J)
WRITE(6,70)PLA3SELC(J), PP

GO TO 7

P1=P(J)+0DD(J)

PP1=CONSTxDD(J)

PP2=CONST*P1
PP3=CONST*E(J)
WRITE(6,80)PLASELCJ),PP1,PP2,PP3
PCJ)=P1

DDC(JI=E(J)

CONTINUE

WRITE(6,9)

§3=51-5S3
WRITE(6,10)5S1,53
S1=SQRT(S1/S52)
EE=F/SQRT(SD)
WRITE(6,11)EE,F

IF (LFLAG) 49,49,51
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49 IF (ABS(TEST=-S1)=-1.0D-5) 53,51,51
50 TEST=-999.0
WRITE(6,16)
GO TO S2
51 TEST=S1 ,
52 IF (NOPR.NE.1) RETUJRN
WRITE(6,12)
J1=1 ‘
DO 13 J=1,M
IF(PFIX(J)LTL0.5) GO TO 13
I11=1
DO 14 I=1,)
IF (PFIX(I).LT.D.5) GO TO 14
DWDC(J1,I1)=DAD(J,I)*FxF/(DD(I)*DD(J))
I1=11+1
14 CONTINUE
J1=J1+1
13 CONTINUE
J1=J41-1
K=15
L=1
19 WRITEC(6.,17)
DO 18 I=L,J1
K1=MINO(I,X)
18 WRITE(6,15)(DWDC(I,J)rJ=L,K1)

L=L+15
K=K+15
IF (L.LE.JT1) GO TO 19
. RETURN
60 FORMAT(/49H PARAMETER CALC SHIFT NEW VALUE E.S.D./)

70 FORMAT(X,AB,5X,SHCONST,3X,F14.06)
80 FORMAT(X,A8,3F14.6) .
BS5 FORMAT(X,I12,313+,2H =+,12,313,2F11.3,14%,13,3H = ,13)
86 FORMAT(X,12,313+2H =,12,313,3F11.3,3X,13,3H - ,13)
8 FORMAT{(1X,AB,F14,6,3F15.6,5%X,A8)
9 FORMAT(/32X,12HBEFORE CYCLE,8X,1T1HAFTER CYCLE)
D FORMAT(23H WEIGHTED S@ ERRIR SUM ,2D2].5)
1 FORMAT(/38H WEIGHTED STANDARD DEVIATION JOF FIT IS,17X.
*F15.6,5H MHz/
*55H STANDARD DEVIATION OF AN OBSERVATION OF UNIT WEIGHT 1S,
*F15.6+5H MHz)
FORMAT(/19H CORREZLATION MATRIX)
FORMAT(1X,15FB8.3)
FORMAT(/21H REFINEMENT CONVERGED)
FORMAT(1H )
END

- e
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SUBROUTINE GAUJDN(N)
C GAUSS-JORDAN ALGORITHM FOR INVERSION OF A POSITIVE DEFINITE MATRIX.
C UPPER TRIANGLE RETAINS INPUT, LOWER TRIANGLE IS INVERSE.
IMPLICIT REAL*8 (A~-H,0-2) ’
DIMENSION H(35%)
COMMON/WIN/A(36,35)
IF (NJ,LE.1) GO TO 8
K=N
DO 5 KK=1.N
P=AC1,1)
IF (P.LE.DO.D0)STOP*Normal matrix fails to invert'
DO 3 I=2.,N
R=ACI,1)
QM=-Q
IF (1.GT.K) QaM=Q
H{I)=QM/P
DO 2 J=2.1
2 ACI-1,J-1)=ACI,J)+3*xH(J)
3 CONTINUE
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DO &4 I=2.,N
ACN,I=-1)=H(I)
K=K-1

RETURN
AC1,13=1.0/AC1,1)
RETURN

END

SUBROUTINE BANDIG(N,M)

ADAPTED FROM LINEAR ALGEBRA BANDRD AND TQLZ.

BANDRD WITH TRANSFORMATION MATRIX SAVED.

USING HOUSEHOLDER'S TRANSFORMATION.,

98

90

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION D(562),E(52)
COMMON/BLANK/A(62,8),V(62,62)+,HS(62,56)
EQUIVALENCE (D(1)LACT,1)),CECT1),ACT1,2))
IN=N-1

DO 1 I=1,IN

v(I,I1)=1.0

K=1+1

DO 1 J=K.,N

V(I,J)=0.0

VJ,1)=0.0

VIN,NI=1,0

M1=M-1

IF (M1) 100.,99,98

CONTINUE

6=0.0

NZ2=N-2

DO 16 K=1,N2

NK=N=-K

MAXR=MINO(NK, W)

NR=MAXR

DO 15 IR=2,MAXR

KR=K+NR

DO 14 J=KR,N,¥“

IF (J=-KR) 4.,2,4

IF (A(K,NR+1)) 3,15,3
B=—A(KsNR)/ACK,NR+1)

I1U=K

GO TO 6

IF (G)Y 5,15,5

B==A(J=-M=1,M+1)/G

IUusJ-M

S=1.0/SQRT(1,0+B*3)

C=B*S

C2=C*C

§S2=S5*§

CS=C*S
UsC2*ACJ=1,1)=-2.0*%CS*A(J=-1,2)+S2*A(J,1)
UT=S2*A(J=1,1)+2 . 0%CS*A(J=1,2)+C2*A(J,1)
ACJ=1,2)=CS*(A(J=T1,1)~ACJ 1)) +(C2~-52)*A(J=-1,2)
ACJ-1,1)=U

ACJ,1d=U1

Ja=J-2

DO 7 L=IU,J2
UsCxACL,J=L)=-S*A(L,J=-L+1)
ACL,J-L+1)=S*A(L,J=-L)+C*A(LoJ=-L+1)
A(L,J-L)=U

IF (J-KR) 8,9.,8
ACJ=M=1,M+1)=C*A(J-M=-1,M+1)-S*{
NJ=N=J

IF (NJ) 80,820,920
MAXL=MINO(NJ,M1)

CONVERTS MATRIX TO BAND-DIAGONAL
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DO 10 L=1,MAXL
UsC*A(J=1,L+2)-S*A(J,L+1)
ACJ L+1)=S*A(J=1,L+2)+CxACJ,L+T)
10 A(J=1,L+2)=U
B0 IF (N=J-M) 12,121,711
11 G==S*A(J,M+1)
A(J s M+1)=CxA(J, M)
12 CONTINUE
DO 13 L=1.,N
UsC*V(L,J=1)2=-S*V(L,J)
V{LsJI)=SaV(L,J=1)+C*V(L,J)
13 v(L,J=1)=U
14 CONTINUE
15 NR=NR-1
16 CONTINUE
929 CONTINUE
A(N,2)=0.0
C TaLZ2. QL ALGORITHM, CONVERTS BAND-DIAGONAL TO DIAGONAL MATRIX.
E(NY=0.0
B=0.0
F=0.0
EPS=1.0D0-18
DO 32 L=1.,N
J=0
H=EPS* (DABS(DC(LY)#DABSC(E(L)))
B=DMAX1(B,H)
DO 17 IM=L.N
IF (B-ABS(E(CIM))) 17,18.,18
17 CONTINUE
18 IF (IM-L) 19,31.,19
19 IF (J.GE.30)STOP'Energy matrix fails to diagonalise’
J=J+1
G=D(L)>
P=(D(L+1)=5)/(2.0*E(L))
R=SQRT(PxP+1,0)
IF (P) 23,264,246
23 P=P-R
GO TO 25
24 P=P+R
25 D(LIY)=E(L)Y/P
H=G-D(L)
L1=L+1
DO 26 I=L1.N
26 D(1)=D(I)-H
F=F+H
P=D(IM)
c=1.0
$=0.0
M1=1IM-1
I=M1
DO 33 IL=L,M1
G=C*ECID)
H=C*P '
IF (DABS(P)-DA3S(ECI))) 28,27.,27
27 C=E{(1)/P
R=SQRT(C*C+1.0)
E(I+1)=S*xP*R
S=C/R
C=1.0/R
GO TO 29
28 C=P/ECD
R=SQRT(C*C+1.0)
ECI+1)=S*E(I)*R
$S=1.0/R



29

30
33

31
32
100

C=C/R

P=C*D(I)-S*G
DC(I+1)=H+S*(C*G+SxD (1))
DO 30 K=1,N

H=V(K,I+1)

VK, I+1)=S*V(K,I)#+(*H
V(K,1)=C*V(KsI)=-SxH
1=1-1

E(L)=S*P

D(L)Y=C*P

1F (DABSC(E(L))-B). 31,31,19
D(L)=D(L)+F

CONTINUE

CONTINUE

RETURN

END

300
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