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SUMMARY 

This thesis describes a study of three aspects of vibration-

rotation spectroscopy, viz. the analyses of the rotational fine 

structures of the infrared bands of monodeuteromethane and 

trideuteromethyl chloride, the determination of the force constants 

of methyl chloride and the measurement of the absolute intensities 

of the infrared bands of the ~1,2-dihaloethylenes. 

The Infrared Bands of Monodeuteromethane: 

The rotational fine structures of three infrared bands of 

were measured using a spectrometer of high resolving power; ac-

curate values of the spectroscopic constants were obtained by 

analysis of the data. The values of the ground state rotational (B) 

and centrifugal distortion constants (DJ.' DJK)' for all three bands, 

were found to be in excellent agreement with one another and with 

those obtained by other workers for the bands at 2200 ( v
3

) and 

3017 ( v
4

) cm-1 • 

-1 The parallel band at l306cm showed an unusual characteristic 

in that the moment of inertia about the figure axis, for the sym--

metrical methyl deformation vibration, was found to be larger in the 

ground state than in the excited state. This result is unlikely to 

be attributable to Coriolis interactions with the bands at 1158 and 

-1 l473cm • It can, however, be attributed to anharmonicity of 

vibration. The same data yielded a negative value for DJ. This un

usual result is discussed at length in the thesis. 

The rotational fine structure of the perpendicular band at 

-1 l473cm was satisfactorily interpreted and the Coriolis coupling 

constant determined. The rotational structure of the perpendicular 

. . . I band at ... 



-1 . band at ll57cm was not completely resolved. Many of the rotational 

lines corres,\)onding to the bK= -1 transitions were t perturbed.1 

and a series of rotational lines of medium to high intensity could 

not be assigned to the band. A Corioiis coupling constant was de~ 

termined using the RR line wavenuL1bers only. 

The Infrared Bands of Trideuteromethyl Chloride: 

The rotational structure of the six infrared fundamental bands 

and of the overtone, 2 v
5

, of trideuteromethyl ohloric.e were measured 

and the spectroscopic constants determined. The ground state values 

of the rotational and centrifugal distortion constants of the parallel 

bands at 100.8 ( v
3
), 1029~6 ( v 2), 2159.6 ( v1 ) and 2104.3 (2 v

5
) 

cm-l were in excellent agreement with one another. However the DJ 

values found for 2 '5 and v
2 

were ten times greater than those ob

tained for the v 1 and v
3 

bands. A small rotational 1 perturbation' 

was observed in the ~ band. It is suggested that these abnormalities 

arise as a result of Coriolis interaction between v 2 and v 
5 

(1061. 3cm -l). 

The analyses of the rotational fine structures of the perpen-

dicular bands of trideuteromethyl chloride at 2283.2 ( v
4

) and 

768.5 ( v
6

) cm-l yie~.ded B values in close agreement with those of 
. 

the paralleL bands. Abnormally high B values were found, however, 

for the perpendicular band at 1061.3 ( v 
5

) cm-1• These values were 

tentatively assume~ to have resulted from Coriolis interaction 

-1 between this band and the parallel band at 1029o6 em • Coriolis 

coupling constants were determined for the three perpendicular bands. 

The Q-branches of the c1 37 isotopic species of trideuteromethyl 

chloride were observed at 694.8 ( v 
3

) -1 em • The ro-

tational fine structure of the v
2 

band was resolved, analysed and 

values found for the rotational and centrifugal distortion constants. 

••• / The Force Constants . .. 



The Force Constants of Methyl Chloride: 

The harmonic frequencies of trideuteromethyl and of methyl 

chloride were determined. The anharmonici ty constants of the methyl 

group vibrations were foun~ to be of the same order of magnitude as 

those of the deuterated isotopes of methane. 

The force constants of methyl chloride, as defined by Hybrid 

Orbital Force Field and Modified Valence Force Field. models, were 

found by applying a perturbation technique to the harmonic frequencies 

and observed Coriolis constants of methyl- and trideuteromethyl 

chloride. The HOFF model yielded force constants which gave exact 

agreement between the observed and calculated data. 

The absolute intensities vf the infrared ban&s of the B1 and B
2 

vibrational species of cis-1,2-dibromoethylene, cis-1,2-d2-

dibromoethylene and cis-1, 2--dichloroethylene were measured and 

interpreted in terms of dipole moment derivat:i.ves with respect to 

their normal and symmetry coordinates. The values found for the 

B1 bands of cis-1,2-dibromoethylene were further interpreted in terms 

of the bond-moment hypothesis. 



GENERAL INTRODUCTION 

The theory of atomic and molecular systems h.as developed fr·om 

a close study of the spectra obtained from the interaction of these 

systems with electromagneti0 radiation. Since 1900, from the studies 

of Planck and other workers, it has been recognised that discrete 

quanta of energy are absorbed or emitted by the interacting systems. 

The appreciation of the quantisation of energy is basic to the under

standing and interpretaticn of spectra. Furthermore, molecular 

spectra reflect their structure and consequently spectroscopy offers 

one of the most powerful tools for the determination of molecular 

structure. Infrared spectroscopy has been mainly applied to the d.e

termination of molecular structure, tho calculation of the~modJ~amic 

quantities and to the study of the forces acting between the atoms of 

a molecule. From the rotational spectra of molecules it is possible 

to tietermine moments of inertia, bond lengths and bond angles. Know

ledge of the geometry and vibrational froquencies of molecules can 

yield information on the pctential field of the molecule; referred, 

say, to its equilibrium configuration. Howe"lrer, reliable information 

can be 0"btained from the vibration-rotational spectra of diatomic <.md 

simple polyatomic molecules only. Early investigations of the infrared 

spect::-a of m-,lecules were severly handicapped by spectrometers of 

limited resolving power. Consequently, much of the work published, 

particularly on the force constants of molecules, has been found to be 

\lnreliable. 

In the last fifteen years the development of spcctrometo~s of high 

resolving power and of electronic computers, has reawakened interest 

and stimulated research in vibration-rotation spectroscopyo High re

solution studies of the rotational fine structure of electronic and 

. . . I vibrational ~ .. 



vibrational spectra have extended the principles of quantum theory, 

particularly in relation to interactions "between vibrations and be

tween vibrations and rotations. Force constant calculations have for 

long been handicapped by computational difficulties and insufficient 

data with which to define the force field. The use of the electronic 

computer and the determination of additional data, such as vibrational

rotational interaction constants and centrifugal distortion constants, 

obtained from measurements made on the rotational fine structure of 

simple polyatomic molecules, has resulted in the calculation of ac

curate force constants and has shown much of the earlier work to be 

unacceptable. 

Accurate values of force constants are required for a variety of 

reasons. Tables of force constants are useful in that the data derived 

from simple molecules may be used in predicting the approximate 

vibrational frequencies of similar vibratior.al modes in more complicated 

molecules. Much of the work on force constants has been directed 

towards an understanding of the underlying principles governing the 

transferability of force constants. Force constants reflect the bond 

properties of a molecule and moderately successful attercp·~s 

have been made at correlating the~e constants with bond distances and 

with the electronegativities and position in the periodic table of the 

participating atoms. 

Reliable force constants are required for the determination of 

accurate normal coordinates. Exact normal coordinates are essential 

for the interpretation of the absolute tntensi ties of infrarec1, ab

sorption bands. These intensities are a function of the change of the 

bond dipole moment during Yibration and, as such, are dependent upon 

. . ~ I the polar ... 



the polar character and electron d~ribution within the molecule. 

Consequently infrared intensity studies can yield information on the 

redistribution of the valency electrons during molecular deformations 

an~ as a result lead to a deep6r understanding of the principles in

volved in reaction mechanisms. 

In the work of this thesis an attempt has been made to cover 

three various aspects of the study of vibration-rotation spectroscopy. 

In SECTION 1 the vibration-rotation spectra of the infrared bands 

of monodeuteromethane and trideuteromethyl chloride were measured andinter-

:pmeted in as far as possible~ These molecules have not previously 

been studied under high resolution and the purpose of this study was 

to obtain accurate information on vibrational and rotational-vibra

tional interactions. 

In SECTION 2 new harmonic frequencies and force constants 

have been calculated for msthyl chloride using the data obtained on 

trideuteromethyl chloride in SECTION 1. 

SECTION 3 reports a preliminary investigation of the absc.

lute intensities of the infrared bands of the ci§:l,2-dihaloethylenes. 

·The dihaloethylenes form a relatively simple series of closely re

lated compounds and it was hoped that a study of the infrared 

intensities would reflect the chemical and physical properties of 

these molecules. 

The symbols used in this thesis are given in TABLE 1, Appendix l. 

and are therefore not defined in the text. 
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C II A P T Jil'R 1 --·-.·-

THE THEORY OF VIBRATION-ROTATION SPECTRA ----

1.1. Introduction: 

The theory and interpretation of vibration-rotation infrared 

spectra of diatomic and polyatomic molecules have been thoroughly 

1 2 discussed in the classic works of G. Hersberg ' • More recently 

E. B. Wilson, J. C. Decius and P. Cross3 have published a book 

on molecular vibrations which has rapidly been accepted as a stan-

dard reference by spectroscopists. Other books of considerable 

4 5 merit are those of J. C. Brand and J. C. Speakman , G. M. Barrow 

6 and H. C. Allen and P. Cross • In this thesis the vibration-

rotation spectra of gase0ua polyatornic molecules, in particular 

symmetric top molecules, have been studied and consequently, in the 

discussion which follows, emphasis wjll be placed on those aspects 

of the theory which are relevant to the work done. The many lengthy 

equations arising in infrared spectroscopy, which are derived from 

quantum-mechanical considerations, are well known and are therefore 

not derived. 

The infrared region of the spectrum, in which the exciting radia-

·tion is derived from the thermal emission of a hot body, extends 

from the visible regj~ (wavelength aa. 8000 A) to the-microwave region 

of some millirnetres wavelength. The wavenumber (cm-1 ), the re-

ciprocal of the wavelength A( ern), is the mos l; commonly used unit in 

the infrared region. The absor~tion of radiation in this region by 

gase~ results in vibrational and rotational transitions taking place· 

in the electronic grount. states of the molecules acco:rding to well 

established selection rules. 

. . . I l. 2. The ••• 

.. 1 -
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1.2 •. The Absorption of Radiation and the Transition Moment: 

When electromagnetic radiation falls on a molecule, the as-

sociated oscillating electric field can interact with the system so 

as to cause it to absorb the energy, hv , of a photon. Here h is 

Planck's constant and v, the frequency of the radiation. Let the 

initial stationary state, 1, be excited to the excited state, m. 

Quantum mechanical calculations involving consideration of the 

time dependent Schrodinger equation show that the rate of tran-

sition from 1 to m is given by: 

8 3 
'IT 

3 

Where I 'i m j is the total transition moment and p is 1ihe energy 

density of the exciting radiation. The transition moment, which 

determines the transition probability, is given by the relation: 

'"x lmJ =jr~m Px~l dr 
(1-.1) 

in which ljJ is the symbol for the wave function of the relevant energy 

state, ~x ~he :x: component of the electric dipole moment of the 

molecule and dr the volume element of the configuration space. 

Similar expressions are obtained for the y and z components of the 

dipole moment. The relationship between the transitioh moment and 

the absolute intensity of a band is given in CHAP. 6.2. 

The conditions for which equation (1-1) is not zero, determine 

the familiar selection rules in spectroscopyo A molecule, with all 

three dipole moment components zero, will have a zero transition 

moment and consequently no infrared spectrum will 1>9 observed as in 

the case of elemental diatomic gases. The vibrational and rotation-

al selection rules will le discussed later. 

I In order ••• 



3 

In order that vibrational transitions may take place, it is 

necessary for the molecule to have an oscillating dipole moment, 

whereas rotational transitions require the molecule to have a per

mar.ent dipole moment. A non-zero oscillating dipole moment, during 

a vibration, arises as a result of the symmetry of the molecule and 

the sy.mmetry type of the vibration. Consequently the symmetry 

character of the molecule proves to be the principal determinant of 

its spectroscopic behavioi:. 

1.3. The Sympetry Properties of Molecules: 

Molecules are classified according to so-called symmetry 

point groups, such as the c
3
v point group for the methyl halides. 

The symmetry elements of a molecule belonging to the c3v point group 

are a three-fold alternating axis of symmetry, three vertical planes 

of symmetry through the axes and the identity symmetry element. The 

corresponding symmetry operations, associated with the symmetry ele

ments, are rotation about the axis by 120 degrees, reflection through 

the planes and no change respectively. Application of the symmetry 

operations to the molecule 1 resul-t; in displacement of the~ 

atoms,such as occur in the translation or rotation of the molecule 

and in the intramolecular vibrations of the atoms. It can be shown 

mathematically that the application of symmetry operations result ~n 

the normal vibrations (to be defined late=) of the molecule being 

either symmetric or antisymmetric with respect to the principal axis 

of symmetry of the molecule. In this manner the normal >ibrations 

are assigned to a symmetry species. The species is usually denoted 

by A for symmetrical vibrations, B for antisymmetrical vibrations and 

E for doubly degenerate vibrations. 

• • • I By the ... 
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Ey the application of group theory to the symmetry operations, 

where the symmetry elements constitute a group, it is possible co 

determine the number of normal vib~ations in a particular symmetry 

species. Not all vibrationa::'. aymmetry species are necessarily inf'ra-

red active. The symmetry of the molecule and of the normal 

vibrations will determin0 whether the transition moment for a par-

ticular symmetry species is zero or not. 

Thus, if the symmetry of the molecule is known, it is possible 

to determine the number of infrared active vibrations. Conversely 

it is possible to determine the geometry and symmetry of' a molecule 

from the number of infrared absorption bands that are obse:1.·ved. The 

symmetry selection rules hold rigorously for gases C!,t low pressures. 

The higher the symmetry of the molecule the more rigid are the sym-. . . . 

metry selection rules. Thus monodeuteromethane has six infrared 

active vibrations whereas methane has only four. 

Before considE;3;ring the vibrations of :polya-'uomic molecules it is 

useful to discuss those of diatomic molecules which illustrate the 

concepts that arise~ 

The vibrations of the two nuclei of a ciiatomic molecule can be 

reduced to the !Ilotion of a single particle. Let q be the displace-

ment of .the bond from its equilibrium position. The pot0ntial energy 

of the molecule will be given by: 

. . . I If' it is ••• 
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If it is assumed that the amplitude of the vibration of a molecule 

is very small, then the potential energy is given, to a good ap-

proximation, by~ 

(1-3) 

In the linear harmonic oscillator approximation, however, the above 

parabolic potential energy function approximates the potential of 

the oscillating bond very close to the equilibrium position only. 

The term (d2V/dq2) is referred to as the force constant and may be re-

garded as the force that resists the displacement of the atoms. It 

is thus a measure of the bond strength. 

The allowed vibrational spectroscopic terms obtained from solu-

tions of the Schrodinger equation, using the potential energy given 

by equation (1-3), are: 

G( v) = !ill = (v+i)~-. he 
-1 em (1-4) 

where v ~ 0, 1, 2 ••• etc., is the vibrational quantum number and~ 

is the classical harmonic frequency cf the oscillator. 

Solutions of the transition mome1at integral, equ. (1-1), show 

that transitions cannot take place between energy states whose wave 

functions have the same symmetry, transitions only being allowed which 

connect a state with an even value of the quan·~ number to a state 

with an odd value. In the linear harmonic oscillator approximation, 

where electrical harmonicity for the dipole moment change is assumed, 

transitions be tween the vibrational levels, as a result of the a·bsor:t1-

tion of' rA-diation ., will n~t take place unless ~v "' +l. Furthermore, 

from the Boltzmann distribution law, it can be shown that at room 

temperature more than ninety-nine percent of the molecules are in the 

ground state (v = 0). Thus the transitions observed, called 

. . . I 'fundamentals', ••• 
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'fundamentals', will be letween the v ~ o and v = 1 states. At con-

siderably higher temperatures transitions between v = 1 and v = 2, 

e to., may result, and are referred to as 'hot bands'. 

In the observed spectrum weak overtone bands, /::;;,.v = 2, 3, 4 etc., 

and combination bands, in which the transitions are between the 

ground state and combinations of higher levels, violate the harmonic 

oscillator selection rules. Furthermore the observed vibrational 

wavenumbers of the overtones are less than 2,3 ••• etc., times those 

of the fundamentals. These violations of the selection rules are 

evidence of the anharmonicity of the vibrations. 

Inclusion of the higher order terms in the potential energy ex-

p~ession, equ. (1-2), yields a potential energy relation which more 

closely approximates that of actual molecules and the resulting 

vibrational energy levels a~e given byg 

G(v) = we(v + i) - uJ X e e ( 1)2 ~ ( 1)3 v + ~ + a~8 v + ~ + 
-1 em · (1-5) 

where wexe, w6 Ye, etc. indicate the magnitude of the anharmonicity 

of the vibrations. The suffix 'e' indicates reference to an hypo.,-

thetical vibrationless state. The observed wavenumbers for a v(o) 

to·~(l) transition will be given by: 

v obs. = we(v) - wexe v(v + 1) + smaller terms -1 em (1-6). 

From the observed overtone wavenumbers it is therefore possible 

to calculate the magnitude of the anharmonicity and thus calculate 

the hypothetical harmonic wavenumbers (we). For most polyatomic 

molecules few overtones are observed and approximation methods have 

to 1te used in the calculation of their harmonic frequencies. Vibra-

tions involving light atoms, such as the C-H stretching mode, have 

• • • I relatively ••• 
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relatively large amplitudes and the anharmonicities will therefore 

be greater than for vibrations involving more massive atoms. 

1.5. Vibrations of Polyatomic Molecules: 

The vibrations of a molecule do not change its electronic 

energy and consequently the electronic configuration may be ignored 

and the nuclei of the molecule may be regarded as being held in 

their mean relative positions by an intramolecular force field~ In 

polyatomic molecules the nuclei perform their individual harmonic 

oscillations,resulting in a considerably more complex potential 

energy function than in the case of diatomic molecules. In the 

gas phase, a molecule undergoes vibration, rotation and translation 

simultaneously and consequently, if it has N atoms, will require 3N 

coordinates to describe these motions. It can be shown, in both 

the classical and the quantum mechanical approaches, that these 

molecular motions can be separated and independently analysed from 

one another. The vibrations of a non-linear molecule, which has 

three translational and three rotational degrees of freedom, will be 

described by (3N - 6) internal coordinates. In a linear molecule, 

in which only two molecular rotations are involved, (3N- 5) in

ternal coordinates only are necessary. Cartezian coordinates are 

not suitable for the description of the vibrations of polyatomic 

molecules as they result in complicated expressions for the ktnetic 

and potential energies. It can be shown that ·the ext:>:>emely compli

cated vi~rations of a polyatomic molecule may be represented as a 

superposition of a number of so-called normal vibrations. These 

normal vibrations are described by the normal coordinates, usually 

denoted by ~· During a normal vibration all the nuclei of a mole

cule will move in phase with the same frequency and~ in the first 

... I approximation~ • e o 
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approximation, are considered to execute simple harmonic motion along 

the normal coordinate. Thus for a non-linear molecule there wi!l be 

(3N 6) normal vibrations, or fundamentals, referred to a frame

work, as it were, of (3N- 6) normal coordinates. The normal co-

ordinates are of particular importance as they allow the potential 

and kinetic energies to be written in tel'ms of the sums of squared 

terms; respectively given by: 

v ~ 2 Xk ( (1-7) 2 k 

T ~ I ( (1-8) = 2 k 

where the A1 s are coefficients that depend on the force constants 

of the molecule. The significance of these relationships is that the 

quantum mechanical problem is separabl3 in terms of the normal co~ 

ordinates and the energy level patterns of the normal vibrations may 

be independently determined. The determination of the normal co-

ordinates for polyatomic molecules is a difficult procedure andre-

quires a knowledge of the force constants of the molecule. 

Molecules of high symmetry have some vibrations which take place 

with the same frequency in two or three mutually perpendicular direc-

tions. These vibrations are said, respectively 1 to be doubly o~ 

triply degenerate. In the quantum mechanical formulation the energy 

level may be described by two cr three differen·h wave functions res-

pectively. 

In polyatomic molecules it often happens that two levels of 

different vibrations may have nearly the same energy and as a result 

will interact with one another. Interactions between vibrations of 

the same symmetry species, referred to as 1 Fermi resonance 1 , result 

in a repulsion of the two interacting energy levels. Consequently 

II • e I the observed ••• 
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the observed wavenumbers of the vibrations involved in Fermi resonance 

are not in agreement with the predictions of the simple theory. An 

exchange of intensity takes place between the two resonating levels 

and it can be shown that the observed intensities of the two bands 

are related to the degree of repulsion between the two bands. 

J. E. Hansen and D. M. Dennison( have given a simple method for the 

determination of the hypothetical band fundamentals from their ob-

served wavenumbers and reJative intensities. Rotational pertur-

bations arising from these vibrational resonances are discussed latera 

As isotopic molecules have the same electronic st1~cture, the 

potential energy function may be considered to a good approximation 

to be the same for all isotopes of a particular molecule. Conse

quently data derived by isotopic substitutions is used to provide 

additional equations in force constant calculations. The vibrational 

frequencies, however, will be considerably altered as a result of the 

mass differences of the isotopes. The vibrational fr~quencies and 

masses of the isotopes are related by relatively simple rules; the 

so-called sum8 and product9 rules. The product rule is particularly 

useful in the calculation of harmonic frequencies. These rules hold 

rigorously only provided that anharmonicity can be neglected and 

resonances are absent. 

1.6. Rotations and Rotational Spectrag 

Gaseous molecules, absorbing infrared radiation, undergo 

simultaneous rotational and vibrational transitions. Very often in 

the case of polyatomic molecules mutual interactions arise between 

the rotational and vibrational motions. Before considering the 

properties of vibration-rotation spectra, however, it is convenient to 

• • • I discuss . " . 
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discuss the main features of pure rotational spectra. 

All molecules may be formulated in terms of three intersecting 

mutually perpendicular axes, passing through the centre of mass; 

about which they may rotate. These axes are referred to as the 

principal axes and the corresponding moments of inertia are termed 

the principal moments of inertia; IA' IB Ic• The relative magni

' tude of these moments of inertia define the rotational symmetry of 

a molecule as shown belowg 

(1) Linear moleculesg IA = IB' Ic = o. 

(2) Symmetric Topsg IA = I B I Ic and Ic ~ Oo 

( 3) Spherical Topsg IA = IB :: I I o. c 

(4) Asymmetric Top molecules: IA I IB I Ic• 

This thesis is concerned with the vibration-rotation spectra of sym-

metrical top molecules and thus no further discussion on the other 

classes will be given. 

In symmetric top molecules the two equal moments of inertia are 

usually designated by IB and the third by IA. Two classes of symmetric 

top molecules arise, those for which IB > I.A' referred to as prolate 

symmetric tops, and oblate symmetric tops for which IA? IB. Typicl3.1 

examples are the methyl halides and the boron trihalides respectively. 

This discussion will be confined to prolate symmetric tops and, in 

particular, the c
3
v point group. The rotational a;:lglllar momentum 

vector diagram for a prolate symmetric top molecule is gi-ven belowo 
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P z Figure axis 

The moment of inertia IA has the figure axis as its principal 

axis and IB arises from rotation about the axis which lies in a plane 

at right angles to the figure axis. The total q.ngular momentum, P, 

has a component, P in the direction of the figure axis. The angular 
z 

momentum P is produced by the rotational motion of the molecule z 

about the figure axis and is quantized according to the quantum 

number K. The total angular momentum P is quantized according to 

the rotational quantum numter J. 

Treating the molecule as a rigid~rotator, the rotationc;~.l terms, 

obtained from solutions of the Schrodinger equation, are given by 

the relation, 

F(J,K) = BJ(J + 1) + (A- B)K2 

where B =h/8 
I 

-1 .em (1-9) 

Since P is a component only of P, the quantum number [ can
z 

not be greater than J and thus for a given J = o, 1, 2 ••• , 

K = o, 1, 2 ••• J. A and Bare called rotational constants. The 

energy levels are slightly perturbed by centrifugal distortion and 

are more correctly given by; 

2 2 2 2 4 -1 
F(J ,K) = .BJ(J + 1) + (A - B)K ... :OJJ (J + 1) - DJ'"£J(J + l)K -D1~ em 

(1-10) 

/ Where ... 
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Where DJ' DJK and DK are the centrifugal distortion constants. Two 

opposite directions of rotation about the figure axis are possible 

(as indicated, dotted, in the diagram above) and consequently all 

states for K>O will suffer double rotational degen~racy. 

The rotational levels of symmetric top molecules are either 

'positive' or 'negative' depending on whether the total eigenfunction 

remains unchanged or changes sign for a reflection of all nuclei at 

the origin. In non-planar symmetric tops a reflection of the nuclei 

at the origin produces two forms of the molecule, both having the 

same rotational energy levels and which can be transformed into each 

other by passing through an energy barrier. If the energy barrier 

is not too high a splitting of the rotational energy lev-els will 

result, one of which will be 'positive' and the other 'negative~ 

This phenomenon is known as 'inversion doubling' (e.g. the classical 

case of the ammonia molecule), and as this splitting is usually not 

observed, the distinction between positive and negati .. le levels does 

not usually arise. It may be noted that the rotational levels for 

K~ 0 may be split into four sub~levels as a result of the inversion 

doubling and the K degeneracy. 

Rotation about the figure axis will exchapge identical nuclei 

and will cause differences in the statistical weights of cartain 

J,evels, depending on the spin of the nuclei. For molecules with a 

three-fold axis in the ground vibrational state, the levels with 

K = 0, 3, 6, 9 ••• etc., have a larger statistical weight the.n those 

forK= 1, 2, 4, 5 ••• etc. This gives rise to an alternating in

tensity pattern of the typeg strong, weak, weak, strong. The 'strong' 

rotational levels are designated by A and the 'weak' levels ~y E. 

In monodeuteromethane, in which the nuclear spin of the hydrogen 

. . . / . atoms is a half, ... 
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atoms is a half, the ratio of the statistical weights of the A and 

E levels is 2:1. In the case of trideuteromethyl chloride, in which 

the spin of the deuterium atoms is one, the ratio is 11:8. 

For rotational transitions to take place it is necessary for 

a c3v molecule to have a permanent dipole moment which exchanges 

energy with electromagnetic radiation. For the pure rotational 

absorption spectrum, solu~ion of the transition moment integral 

allows only those transitions for vvhich 6.K = 0 and/~. J = +1. 

Furthermore, transitions are only allowed between levels which have 

the same symmetry. Transitions will take place, in the ground vi-

brational state, between neighbouring levels with the same K only. 

The observed spectrum in the far infrared and microwave regions will 

therefore arise as a superposition of K sub-bands. D~~ to the fact 

that rotation about the figure axis does not change any component of 

the dipole moment in any fixed direction, no change in K occurs. The 

same does not, however, apply in the case of vibration-rotation 

spectra. 

Vibration-rotation spectra are considerably more complicated 

than pure rotational or pure vibrational spectra. Furthermore the 
\ 

rotational transitions take place between the rotational levels in 

adjacent vibrational states and consequently rotational constants 

will differ in the two vibrational states. The total energy is given, 

in the first approximation and for symmetric tops, by the sum of 

the vibrational and rotational energies, 

E = G( v ) + F(J ,K) -1 em 

The vibrational energy for a degenerate vibration is: 

• • • I 

(1--11). 

••• 
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G( v) = (v + ta..) we (1-12) 
1. 

where d. is the appropriate degeneracy. The effect of vibration-
1. 

rotation interactions are of considerable importance in degenerate 

vibrations and consequently the rotational energy expression will 

differ for degenerate and non-degenerate vibrations. As a result 

of vibration-rotation coupling the B(v) and A(v) rotational cons--

tants determined from the spectra will not correspond to the 

equilibrium values; they are related to the equilibrium values by 

the following expressions, 

B(v) B· -I B (v. id.) 
-1 

= a. + + em e ]_ 1. 1. (1-13) A -1 A(v) = Be -I a . (v. + to.i) + em 
]_ 1. 

where a. are the interaction constants. '11hese interaction constants 
]_ 

are dependent on the geometry and potential constants of the molecule. 

Further interactions arise as a result of Coriolis forces. 

These forces always arise when a molecule 3s simultaneously rotating 

and vibrating, and are directed at right angles to the direction of 

motion of each nucleus and at right angles to the axis of rotation. 

As the molecule rotates about the figure axis, the Coriolis forces 

produce an interaction between the two components of a degenerate 

vibration. As a result of this interaction the nuclei do not move 

in straight lines during the vibration, but in elliptical paths 

which are most elongated when the coupling between the two componen+.s 

of the degenerate mode is smallest. Because of Co:dolis L1.·i:;er-

action the nuclei in the degenerate modes acq_ai:::e an additional 

vibrational angular momentu;n, r;ih/2TI ,(o.::_ Jr;i!~ 1 ), about t:!.:.e 

figure axis. The constant s· (for the ith vibrational mode) is 
]_ 

referred to as the Coriolis coupling or interaction constant. The 

vibrational angular moment'lffi may act in the same way or in opposition 

... I to the 
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to the rotational angular momentum and this in-teratJtion will 

therefore result in each K rotational level being split into two 

sub-18vels, the separation of which will increase with increasing 

rotation (i.e. increasing K) about the figure axis. It is zero 

for K = O. The two rotational energy level components are usually 

designated by + 1 and -1. Thus the energy for the rotational levels 

of a degenerate vibration can be shown to differ by a term 

+ 2A(v) -1 
~iK em from that of the non-degenerate vibrations. The 

negative sign in the term arises when the vibrational angular 

momentum has the same direction as the rotational angular momentum 

and the positive sign applies if they are in opposite directions. 

For positive values of~ the lower component levels are +1 levels, 

the high.er the -1 levels, while for negative ~ , the ra-.rerse is the 

case. For positive ~ the direction of rotation of the dipole 

moment during the vibration coincides with the direction of the vi-

brational angular momentum, while for negative z;; the converse is 

the case. 

Th3 symmetry properties ofthe rotational levels in vibration-

rotation spectra differ from those in the pure rotational case as the 

symmetries of the vibrational wave functions have to be conside:::-eCJ_. 

2 These are discussed at length by Hersberg (p.406). As in the case 

of pure rotation, the K rotational levels for c
3
v molecules and for 

K = o, 3, 6, 9, etc. have a greater statistical weight than those 

for which K = 1, 2, 4, 5, etc. The two rotational s1ib-levels of 

degenerate vibrations will belong to different rotational sy1runetry 

species, one to the A species and the other to the E species. 

In the vibration-rotation spectra of symmetric top molecules 

there are three types of spectra. These are, respectively, the 

. . . I so-callecl .... 
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so-called 'parallel' ba~d for which the transition moment is 

parallel to the figure axis, the 'perpendicular' nand in which the 

transition moment is perpendicular to the figure axis and the 

hybrid band for which the transition moment has a component in both 

directions. Hybrid bands show both parallel and perpendicular band 

10 type structures. H. C. Allen and E. K. Plyler have analysed a 

hybrid band in trideuteromethane; however as hybrid bands are 

rarely observed they will not be further discussed here. 

1.8. Parallel Bands in Symmetric Top Moleculesg 

Parallel fundamentals are observed in infrared absorption 

spectra when transitions take place between two non·-d.egenerate vi-

bration states. In addition to the vibrational selection rule, 

~v = +1, the following rotational selection rules apply: 

l'lK = o, D J = o, .::!:. 1, if K ~ 0 

b. K = o, AJ + 1 if K = 0 

In addition, transitions may only take place between rotational levels 

of the same symmetry and between + and - levels if inversion doubling 

takes place. Combining equations (1 - 5) and (1 - 10) the spectre-

scopic ter~s in the ground vibratio~al state (v = 0) are: 

T"=G"(v"=O)+B"J(J+l)+(A"-B")K2-DJJ2(J+l) 2-DJKJ(J+l)K2-ni(K4 cm-l (l-14)• 

The energy levels in the excited state (v=l) a?e 1 

T' =G' ( v' =1 )+B 1 J(J+l )+(A' -B' )K2 -D.J32(J+l )~D.JxJ(J +l)K2 -DKK4 em -l (1-15). 

The rotational transitions L J = -1, L J = o, 6 J = +1 give rise to 

the P, Q and R branches, respectiveiy 1 of the vibration band. The 

problem of the labelling of the indiYidual lines of the various sub-

bands is simply solved by a notation in which a prefix, Q, indicates 

i;hat ~K = 0. The K and J values of the ground state are giv0n as 

subscripts, thus ~K(J), Q~(J) a.nd '(J). Q-branches will be 

. ~ . I observed • •• 
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obse~ved for all K values except zero. The observed parallel band 

will thus be formed by the superposition of a number of sub-bands, 

each having P, Q and R branches, corresponding to the various K 

values. 

The observed wa.venumbers correspond to the differences T1 -T", 

bearing in mind the ground state values of K and J and their selec-

tion rules. Using equations (1-14) and (l-15) the following ex-

pressions result from the appropriate theoryg 

~( )= '\j +(B 1+B")(J+l)+(B'-B")(J+l) 2-(D 1 -D")(J+l) 2-2(D'+D 11 )(J+l)3 J.lc J ~ 0 J J J J 

-(D'-D")(J+l)\liA 1 -A11 )-(B'-B")-(D' +D" )(J+l)-(D' -D" )( -;>..2]· 2 J J !_\ JK JK JK JK J+J;J K 

-(DK-D[)K4 cm-1 (1-16)· 

~K(J)"' V 0-(B! ~B" )J+(B'-B" )J
2 
-(D.J-D.J)J

2
+2(D.)-+D.J)J3 

-(D'-D")J~r(A'-An)~.(B'-B")+(D' +D 11 
) ( ) 2}K2 J J L JK JK J- D' -D" J JK JK 

-(D'K-D[)K4 cm-l (l-17) ~ 

Q~(J)= \_l0+(B 1-B 11 )J(J+l)-(D'-D")J2(J+l) 2 
J J 

+ ["(A 1 -A")-(B 1 -B11
) ft2

-(D_iK-DJ1c)J(J+l)K
2 

-(D'-D")K4 cm-1 (J.-lo) .. 
K K 

The symbol -L)o represents -the band. ~centre 1 as it were. The sub-

band origins of the branches for different K values are given byg 

-1 em (1-19). 

The effect of the last term in this equation is invariably quite 

negligible under the attainable precision of measuremento If the 

term (A~-A")-(B'-B") is small, the observed band will show, under 

med.ium dispersion, one P-1)ranch, one R-branch and one line-like 

Q-branch. Under high dispersion it is possible that the rotational 

lines of the K sub-bands for a particular J value will be resohrad, 

~esul ting in observation of the so-called K-K splitting. ~1he 

.. , . / appearance e*e 
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appearance of K-K splitting is usually accompa.n.ied by an alter-

nating int8nsity pattern according to the value of K. If the 

term (A1 ...;.A")-(B'-B") is large, the Q-b:Nmches of the sub-bands will 

not coincide and line-like Q~branches will be observed; the P- and 

R-branches will generally form an irregular, Ul1resolved background 

of lines. The two extreme types of parallel band are illustrated 

by Hersberg2 (p. 418). From combination relationships between 

equations (1~16) and (l-17), it is possible to determine the ro-

tational constants for both the ground an.d the excited vibrational 

states separately. The rotational constants, (A~ B, DJ' DJK' DK), 

are dependent on the nature of the normal vibrations and conse'-

quentiy, while they (l.re li)cely to have the same values in iihe ground 

states for different modes of v~.bration, they are unlikely to be the 

same in the excited states. 

The relative intensity (Hersberg2)(p. 421) of the rotational 

line~ of parallel bands ~re given byg 

I
. .A . -F(j ,K, )hc/fcT 

= KJ~Je .. 
(1-20) 

w}lere F(J ,K,) refers to the term value given in equaticn (l·-14) for 

the ground state and k is the Boltzmann constant. The statistical 

weight, gKJ' is given by 2J+l for K=O; anO,. 2(2J+l) for Kf.O. 

(J+l)2 ..,. K2 
For ~~ J +1 ~;j 

(J+l)(2J+l) 

For .1 J = 0 

For ~ J = -1 ~J= 
J(2J+l) 

In addition, when K=O, the relative intensity, as calculated using 

equa1i·:i.on (1-20), must be doubled.. Furthermore those intensities 

••• I originating • •• 
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originating in the ground states, K=O, 3, 6, 9, etc., must be mul·-

tiplied by a factor related to the spin of the nuclei. Thus for 

monodeuteromethane this factor is two, whereas for trideuteromethyl 

chloride a' factor of 11/8 is usea. 

1.9. Perpendicular Bands in Symmetric Top Molecules: 

Perpendicular bands are observed in the infrared region when 

transitions take place between a non-degenerate ground state and a 

doubly degenerate excited state. There are other cases which do 

not arise in this work. The rotational terms of the ground vibra-

tional state are the same as those given by equation (1-14) for the 

parallel band. The energy levels for the doubly degenerate excited 

state are, however, given byg 

2 T1 =G'(v=l)+B'J(J+l)+(A 1 -B 1 )K + 2A 1 ~'K-D}J2 (J+l) 2-D}KJ(J+l)K2-DKK4 cm-1 

(1-21). 

See (1-7) for an explanation of the Coriolis sign convention. In 

a perpendicular band the rotational transitions are determined by 

the selection rules, 

L)K=.:t,l, !~ J = o, .:t. 1 • 

P, Q and R branches will thus be obtained for all the K values. In 

addition each K value, othe~ than K=O, will have two sub-bands cor

responding to the llK=+l transitions. In molecules, such as 

monodeuteromethane which is a prolate top, in which IB:;:::=-IA' the 

LlK = +l sub-band origins are on the high wavenumber side of the 

band centre, while the L\K = -1 sub-band origins occur at lower 

wavenumbers. The reve~e is true for oblate top~. As discussed 

earlier, the rotational levels in the degenerate excited state are 

split into two component levels. These rotational sub-levels will 

not produce a splitting of the rotational lines in the observed 

• • • I spectrum .... 
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spectrum as the b. K = +1 transitions take place from the ground 

sta·te to the level given by equation (1-21) having the term-2A'r;'K 1 , 

i.e. the +1 level; while for ~K = -1, transitions take place to the 

+2A'l';'K' levels, i.e. the -1 component levels. 

The allowed rptational lines, which are in fact observed, are 

denoted by the following symbols; 

R 
4K= +1, -~ J 0 ~(J) = 

p 
AK -1, AJ b ~(J) = = 

R . 
LlK +1, b..J +1 ~(J) = = 

R 
fJ.K +1, 6J -1 PK(J) = = 

p 
L).K -1, /)..J -1 PK(J) = = 

p 
~(J) b.K = -1, L::iJ = +1 

The K and J values refer to the ground state. The observed wave-

numbers will be given by T'-T" (see equations 1-14 and 1-21); in 

which i~ is convenient to substitute n for Ki' whenAK= -1, n for 

(K"+l) when~K= +1, m for J" when /1J= -1 and m for (J"+l) when 

A J= +1. The following expressions are obtained
21

: 

pp ( )=P sub_(B'+B")m+(B'-B")m2+4D"m3 
n m "'o J 

+DJK ["(2n
2
-2n+l)m+(2n-l)m

2 J 
-(D 1 -D")m2(m-M1) 2-(D 1 -D" )(n-1) 2m(m-l) 

J J JK JK 

... ,. I 

-1 em 

-1 em 

.... 

(1-22). 

(1-23)· 
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PR ( )=Pvsub+(B 1 +B")m+(B'-B")m2-4D"m3 
n m o J 

-DJ1cL(2n
2 
-2n+l)m-(2n-l)m2 J 

-(D 1 -D11 )m2(m+l) 2-(D 1 -D" )(n-1) 2m(m+l) J J JK JK 

~ n(m)=Rv~ub -(B' +B" )m+(B'-B" )m2 +4D:Jm3 

+DJK~(2n2-2n+l)m-(2n-l)m2 J 
-(D'-D")m2(m-1) 2-(D 1 -D" )n2m(m-l) J J JK JK 

-1 em 

-1 em ( 1-24). 

(1-25). 

It is to be noted that a printing error has occurred in the paper 

of reference 21 in that equation 5 should read as above, namely 

(D.J-D.J). The sub v values refer to the origins of the sub-bands. 
0 

The expressions for the sub-band origins are obtained by placing 

m=O in equations (1-21) and (1-14) and applying the selection rules~ 

Rv sub= v -A"+B"+2 (A"--B"-A'z.;')n+(A 1-A"-B '+B" )n2 
0 0 

-Di((4n3-6n2+4n-l)-(Dr(-Di{)n4• em -l (1-26). 

P sub= +A 1 -B 1 -2A'<:'--2(A 1 -B 1 -A'<:')n+(A'-A"-B 1 +Bu)n2 
vo vo 

+Di((4n3-6n2+4n-l)-(D[-D[)(n-1) 4 cm-l (1-27). 

The band centre, Vo' lies between Rv~ub(K=o) and Pv~ub(k=l). 

The rotational lines of the Q branches, for the ~K~ +1 and 

f::t K::: rl sub--bands respectively, are given bolow: 

R~(J)=Rv~ub+(B 1 -B")J(J+l)-DJ1cJ(J+l)(2n-l) 

-(D 1 -D11 )J2 (J+1) 2-(D 1 -D"r)J(J+l)n2 
J J JK Jl>. 

p~(J)=Pv~ub+(B'-B")J(J+l)+D.)-KJ(J+l)(2n-l) 

-(D'-D")J2(J+l) 2-(D1 -D" )J(J+1)n2 
J J JK JK 

--1 em 

-1 
era 

(1-28) • 

(1-29)-

The observed band will reflect the superposition of the sub-bands, 

with the Q-branches prominent and the P and R-branches usually form-

ing an unresolved background. As a result of the spin of the 

• • • / identical nuclei, ••• 
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iden-tical nuclei, the Q branches for K=O, 3, 6, 9, etc., show in-

creas6d intensities in relation to the other K values. The two most 

intense Q branches are for the K=O and K=l(4K= -1) sub-bands. 

Q-branches are separated to a first approximation by 2(A-B-A 1 ~ ') 
-1 em 

(see (1-26) and 1-27) ). As this separation depends on the Coriolis 

constant z.;', the separation of the Q-branches, for different de-

generate vibrations of a given molecule, will not necessarily be 

the same as z:;' may have d~fferent values (between +1 and -1) for 

the various vibrational transitions. 

For s~~etric top molecules which have the formula cz3Y, such 

as CH
3
D and cn

3
c1, it can be shown that the sum of the three z:;' cons~ 

tants is given by: 

B 
I; ' +7! +z:; 6 = -· -4 5 2A (1-30) • 

This relationship holds rigorously as long as anharmonlcity can be 

neglected and no resonances occur. 

The relative intensities of the rotational lines of perpen-

dicular bands are given ~y equation (1~20). Ths statistical weight 

~' and F(J,K) terms are the same as for the parallel band. The 

~~J term is defined below: 

ll J = +1 

/:l.J = 0 

~J = -1 

~J = (J + 2 ± K)(J + 1 ± K) 

( J + 1 )( 2J + 1 ) 

~J == 
(J+ l ~ K)(J + K) 

J(J + 1) 

(J- 1 :t K)(J +.!2_ 
AKJ = 

J(2J + 1) 

where the upper sign refers to the ~K= +1 transitions, and the lower 

to ~K= -1 transitions. The same correction factors for the different 

. . . / K values ••• 
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K values are applied as for the parallel band. 

1.10. Determi~ation of the S~ectral Constants from Combination 

Relationshi~: 

The spectral constants of parallel and perpendicular bands may 

be determined by graphical regression techniques and, in particular, 

by the application of combination relationships. 

The following combination relationships (derived from equations 

1•16 and 1-17) are applicable to the parallel bands of symmetric tops: 

QR - ~ - A "1i' (J-1) (J+l,K) -u2£(J,K) 

= ["4B''-6D.J--4DJ!KK2 ](J+t)-8DJ(J+t) 3 

~(J ,K)-~ (J ,K) = A2F(J ,K) 

= L4B'-6Dj'-4DJKK2 ](.J+t)-8D.J(J+t) 3 

QR +QP ( (J-i),K) (J,K) 
2 2 2 

=2vc+2(B'-B")J -2(D.J-DJ-)J (J +1) 

-1 em 

-·1 em 

(1-31). 

( 1-32). 

+2L (A'-A" )-(B' .,..B" )-(D.Jx-DJK)J2 }K2 -2(DK:-DI()K4 cm-·1 (1-33) • 

QR(. )-~( ) J.,..l,K J,K 

-1 em (1-34). 

The following combination relationsh:l..ps (c~erived from equations 

l-22, 1~23, 1.,..24 and 1-25) apply to the perpendicular bands cf sym-· 

metri~ tops: 

~ -~ -~ +~ n
1 

(m) n, (m) · n2Cm) n2(m) 

==2(A 1 +A11 ..,.B 1 .,..B 11-2A 1 z;; 1 )(n1-n2) 

-(D[+DK?["4(nl3-n23)~6(nl2-n22)+4(nl-~2)~ 

". ~ / in which 

(1-35), 

. ~ . 
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in which F(n,m) = (~ - n2 )(n1 + ~ - 1)m + (~ - n2)m2 and n 

and m are as defined in CHAPTER 1.9. 

R p 
R(K-l)(J-1) + PK(J) 

= 2 v -2A 1 z; 1 +(A'-A11-B 1 +B11 )(2K2-2K+1)+2(B 1 -B")J2 
0 

-(DK:-DiP ( 2K4-4K\6K2 -4K+l )-2(D.J--D,J)J2(J2 +1) 

-(Djx-D,J1<)_L(2K-l)J2+(2K2-2K+l)J J em~-

RR(K-l)(J-1) -~(K-l)(J) 
= 2(B'+B")J - 4(D.J+D.J)J2 

-2(D.JK+DJK)K2J + 2DJ!K(2K-l)J 

RR pp 
n(m) - n(m) 

-1 
em 

= B1 +B"-A'-A"+2A 1 z;'+2(A•+A"-B'-B"-2A 1 l; 1 )n 

-(1l_1-+D 11 ) (4n 3-6n2 +4n-1)+2(B 1 +B" )m-4(D 1 +D 11 )m3 
-K K J J 

-(D.JK+DJ!K)_L(2n2-2n+l)m+(2n-l)m2 J cm-l 

in which nand mare as defined in 1.9. 

(1- 36) • 

(1-37) • 

(1-38) 

(1-39)~ 

Vibrational and rotational perturbations may arise in both 

perpendicular and parallel bands as a result of the mutual inter-

action between states having nearly the same energy. The vibrational 

perturbation arising from the interaction of two vibration states of 

the same symmetry species, Fermi resonance, has been discusseQ earlier 

(CHAP. 1.5.). If the molecule is rotating, this Fermi interaction 

will also perturb the rotational levels and as a result the effec-

tive B values of the interac·i;ing levels may be different, as it 

. . . / were, ••• 
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were, as compared to those in unperturbed levels~ 

In addition to the first order Coriolis perturbation of de

generate states discussed earlier (CHAP. 1.7.) there may be 

higher order perturbations resulting from Coriolis interactions 

of two vibrational levels of different symmetry species. In the 

case of symmetric tops molecules, such as the methyl halides, these 

perturbations will occur between A1 and E vibrational symmetry 

species and will result in increasing repulsion of the rotational 

levels, of the same J, with increasing J. The effective B values 

of the interacting vibrational levels will be changed as compared 

to the unperturbed values even though there is no shift of the vi-

brational levels as in the case of Fermi resonance. Coriolis ro-

tational perturbations may also arise within the same vibration 

10 band as observed by H. Allen and E. Plyler for the perpendicular 

-1 band of monodeutermethane at 2?80cm • These investigators found 

two different B1 values applicable to the P, Q anc R branches of 

the band. They attributed this perturbation to one component of 

the doublet in the degenerate excited vibrational state being ac.

cesible from the ground state for ~J=O, and the other component 

being accessible from the ground state when LlJ=+l. 

In both types of rotational pe~turbation additional lines may 

appear in the spectrum as transitions may occur not only to the 

normal levels but also to the perturbing vibrational levels. 



C H A P T E R 2 

THE INFRARED BANDS OF MONODEtJTE!tOMI!11'I~ • 

2.1. Introduction: 

. 11 12 Early ~nterest ' in the infrared spectrum of methe.ne was 

stimulated by the knowledge that an analysis of the :rotational struc-

ture could lead to accurate data on the C-H band length. However 

in methane, which has spherical symmetry (Td), firet orcer Coriolif'. 

interactions resulting frcm triply degenerate vibrations, com-

plicated the spectra and lead to the rotational constants having 

different values in the P and R branches of a given band. The re-

placement of a hydrogen atom by a deuterium atom jn methane destroys 

the spherical symmetry as monodeuteromethane has c
3
v symmetry with 

no triply degenera~e vibrations. 

Monodeuteromethane has six infrared active fundamentals, three 

parallel, totally symmetric vibrations (A1 species) and three per

pendicular, doubly-degenerate. vibrations (E species). The six 

normal modes of yibration ar~d their quantum assignments are given 

below: 

2945cm-l( v
1

) t · 1 C H t t h" symme r1ca - s re c ~ng 

1306cm-1 ( v 2) symmetrical ··-CH
3 

deformation 

2200cm-
1

( v3) symmetrical C - D stretching 

- 26 -
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3016cm-
1

( v
4

) asymmetrical C - R stretching 

asymmetrical -CH
3 

rocking 

2 The vibrations are assigned according to the system used by Hersberg 

(p. 314) !or the methyl halides. Monodeuteromethane has two unequal 

moments of inertia,one of which (IA)' to a high degree of approxi

mation, is equal to the moment of inertia of methane. Thus the 

early workers in this field realized that an analysis of the re-

latively simple parallel bands of monodeuteromethane could lead to 

the accurate determination of the C-H band le~1gth in methane. 

J. Roser.tha113 obtaineci expressions for the vibrational frequencies 

of the isotopes of methane in terms of the potential constants of 

methane as calculated from its observed vibration frequencieso 

D. M. Dennison14, using the expressions given by Rosenthal and tb.e 

force constants of normal methane, calculated the vibration fre

quencies of monodeuteromethane. In 1935 N. Ginsbe~g and E. Barker15 

observed the infrared spectrum of monodeuteromethe..ne and thereby 

obtained frequencies for the normal vibrations which corresponded to 

those calculated by Dennison. They analysed the rotational structure 

of the pa.rallel band at 2200cm-1 ( v
3 

C-D stretching) and obtained 

values for B' and B". In 1939 W. H. Childs and H. A. Jahn16 

.. . . / measured " .. 
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measured a parallel band, in the photographic infrared, at 902lcm-l 

and obtained a value for :B" in close agreement with that of GinGberg 

. . 17,18 and :Barker. More recently D. R. Boyd and H. W. Thompson · 

carried out an extensive investigation of the parallel band at 

2200cm-1 . under higher resolution than had hitherto been used, and 

obtained accurate values for the rotational and centrifugal dis-

tortion constants. They were able to resolve the K sub--band 

structure and also determined the DJK dis·tortion constant. In 1957 

J. k. Wilmshurst and H. J. Bernstein19 investigated the infrared 

spectra of the deuterated methanes under medium resol~tion and gave 

more reliable values for the observed fundamentals without ana• 

lysing their rotational structures. 10 H. C. Allen and E. K. Plyler 

reinvestigated the parallel bano at 2200cm-l under very high reso

lution (0.02cm-1 ) and observed a perturbation in the P branch whi~h 

resulted from an interaction of the excited state with the levels of 

another higher vibrational level of monode,.lteromethane. They also 

analysed a perpendicular combination band at 2780cm-1 ( v2'"" v
5

) in 

which they observed 1-type doubling in the e;:c~.ted vibrational sta-~e 

and obtained a Coriolis constant which theoretically sb.ould be the 

same as that in the case of the v
5 

fundamental. The p0rpendic·.1la:.c 

band at 3017cm -l( v 
4

) was analysed under medium resolution by 

20 . 21 L. Jones • In 1962 E. C.Le~segang rein·;reE'tigated this band unde:r 

higher resolution and obtained accurate values for the rotational, 

22 
distortional and the Coriolis constants. E. H. Richardson ~1 

analysed the Reman spectra of the parallel band at 2200cm-l and 

the perpendicular band at 3017cm-1 , and obtained a Coriolis inter-

action constant which agreed well with that obtained by Leisegang. 

Thus, at the commencement of this worl: no attempt had been made 

at analysing the rotational structures of the remaining four 

••• • • Q 
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fundamentals of monodeuteromethane~ This is rather surprising as 

monodeuteromethane affords an excellent opportunity for ohtaini~g 

the total Coriolis interaction directly from the analysis of the 

three perpendicular bands. In general this is not always possible 

and it is common practise to apply the~' sum-rule (see CHAP. 1.9.), 

which has theoretical limitations, to obtain the complete set of 

Coriolis constants. The bands of monodeuteromethane, studied in 

this work, were the methyl deformation perpendicular band at 

1476cm-1 ( v
5
), the methyl rocking perpendicular oand at 1156cm-1( v 6 ) 

and the symrnetrica,l methyl deformation vibration band at 

1306cm-1 ( v2 ). These three bands are shown in Fig. 1. 

L 
. 21 eJ.segang observed two poorly resolved bands at 2970 and 

-1 2910cm • These bands are attributed to the pervurbed vibrations 

of the C-H symmetrical stretching ( v1 ) and the 2 v
5 

overtone bands 

respectively, and have resulted from Fermi resonance benveen the Vl 

and 2 v
5 

vibrations. A recent force constant analysis of the 

methane isotopes by I. Millr;23 , has shown the t::.nperturbed frequency 

of the v1 vibration to be at 2945cm-1• The poor resolution and low 

intensity of these bands did not warrant their investigation. 

2.2. Experimental~ 

Monodeuteromethane was prepared by the method described by 

W. H. Childs and H. A. Jahn16• The monodeuterornethane was purified 

by repeated distillation through two traps cooled by liquid nitrogen. 

The purity of the sample was checked by observing the infrared spec

~rum between 650 and 3600cm-1• A trace of methane was observed in 

the region of the intense Q-branch near 1306cm-1• However this did 

not inte:rfere with the rotational lines of monodeuteromethane in this 

• • • I region. • •• 
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region. No other isotopes of methane were observed. 

A Unicam S.P. 100 double beam vacuum grating spectrometer 

(1500 lines per inch and blazed for 1250cm-1 ) was used to obtain 

the spectra. -1 It was operated at a scanning rate of o.80cm per 

minute. The observed spectrum was expanded by means of a SERVO/ 

RITER (Texas Instruments) slave recorder connected to t~e Uhicam 

inst~ument via a balanced cathode follower circuit and operated at 

a chart speed giving one wavenumber for every 1.5 em of chart. The 

spectrometer was calibrated by observing replicates of the sample 

spectrum alternated with spectra of the calibrants. This procedure 

was designed to ensure that errors due to instrument drift, if any, 

would be minimised. Ammonia, methane and water vapour spectra pro-

-1 vided calibration data for the spectral regions 1070 - 1213cm , 

1216- 1366cm-1 , and 1361- 1600cm-l, respectively. The data of 

E. Plyler et a1 24 was used ir.. order to plot calibration graphs from 

which the instrument calibration marker scale could be corrected. In 

order to achieve precision, the observations were replicated six 

times for aach band, the standard deviation obtained being of the 

-1 order of 0.05 em • A Unicam absorption cell of 9.5 em path length, 

fitted with potassium bromide windows, was used. A sample pressu:;:oe 

of 0.13 atmosphere was generally used. In the case of the weakly 

-1 absorbing band at 1476cm , however, the pressure was increased ·co 

0. 2 atmosphere. The maximum resolution (Rayle:i,gh ) of the Unicam 

instrument under these conditions was found to be 0.35cm-1 • The 

6 -1 parallel band at 130 em was reinvestigated at the N.P.R.L. of the 

C. S~ I. R., Pretoria, with a Perkin-Elmer Model 125 double beam grating 

spectrometer. -1 This instrument gave a resolution of 0.2cm and 

a standard deviation of abcut 0.02am-1• 

... I . .. 
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2.3. THE INFRARED BAND OF MONODEUTER01mTHANE AT 1306cm-1 ( y2): 

This band is assigned to the symmetrical methyl deformation 

vibration ( v2). The obs8rved spectr\J.m is shown (Unicam spectra.;.. 

meter) in relation to the bands at 1476 and 1156cm-l in Fig. 1 and 

it can be seen that the P branch overlaps with the perpendicular band 

at 1156cm-1• The parallel band is shown under higher resolution 

(Perkin-Elmer spectrometer) in Figc 2. In both the P and the R 

branches, K-K splitting is clearly observed. In the R'-branch the 

observed splitting decreases with increasing J whereas in the 

P-branch the splitting increases with increasing J. The K=O and 

K=l sub-band lines are not resolved from one another; while the k=2 

lines are observed as shoulders on the intense K=O,l sub~bahd 

transitions. The strong, weak, weak, strong intensity pattern, c:.s 

a result of the spin of the nuclei, is clearly evide~t, particularly 

in the P branch. The band centre shows a relatively sharJ:: and in-

tense Q-branch in which the individual Q branches of the sub-bands 

are not resolved. The rota·~ional lines were ir. general readily as

signed (as confirmed later in plots of wavenumber against K2) from 

the observed K-K splitting and the intensity alternatior. patterr •• At 

the far end 0f the P branch the intensity pattern is disrupted by 

the lines of the interfering perpendic•1lar ba:1d, and as a result 

the lines J=9, 10 and 11, of the K sub-bands, were not readily as-

signed. The observed wavenumbers and their assigrunents are given 

in Table 1. 

The observation of the individual ~otational lines of the sub-

ban~s made it possible to separate t~e ground and excited vibrational 

states completely. In anaJ.yeing the data the first step, hcwever, was 

... I to determine • •• 
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to determine the wavenumbers of the rotational lines of the K=O 

sub-band. In Fig. 3 the observed wavenumbers for the varjous fixed 

2 
J values are shown plotted against K for both branches. In the 

plots the scale on the ordinate axis j s laterally displace c. in order 

to show all the accessible J values. Extrapolation of the plots to 

K=O gave the wavenumbers for the K=O sub-bane. tra.nsi tions. For the 

low J values, the K=O wavenumbers were determined by drewing lines 

parallel to the plots of the lines with higher J values through the 

points and extrapolating to K=O, The extrapolated K=O wavenumbers 

are given in Table 2 and were used in all subsequent calculations in-

volving the K=O sub-band data. 

TABLE 2 .. 

___ ._,_ __ . , _ _.. 

I l 
. -1 -1 ! Assignment em Assignment em 

Q 
1335-90 ~o(4) 1274.62 Ro(3) 

I 

Q 
I 

Ro(4) l342o80 ~o(5) 1266 .. 051 

~o(5) 1349-30 ~o(6) 1257.62 

QR 1355.67 Q 
1248.57 I o(6) po(7) 

%o(7) 1362.05 ~o(8) 1239.57 

Q 
Ro(8) 1368.20 ~o(9) 1230.44 

~ I o(9) 
1374.35 ~ o(lO) 1221.13 

The actual observed values of the unres·olved K=0,1 lines cc..rres-

ponded more closely to the K=l sub-band values and were used as such 

in the calculations that followed. 

• • • / Reference .... 
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Reference to equations (1-16) and 1-17) shows that the slopes 

2 of the K plots of Fig. 3 are given by, 

r(A 1 -A 11 )-(B'-B")-m(D 1 +D". )-m2(D' .... J)n ) ]. in wh:tch 
'- JKJK JKJK· 

m=-J for the P-branch, m=(J+l) for the R-branch. 

In the plots the slopes were found to differ for the P and R branches 

and also for different J values within the respe~tive \ranches. 

These differences were attributed to the effect of the DJK term and 

are discussed later. The plots for J= 9, 10 in the P branch showed 

slight deviations from linearity and these deviations were therefore 

tentatively attributed to the fact that the observed wavenumbers may 

have been 'pert-u.rbed' ly the presence of lines be}.onging to the ad-

jacent perpendicular band. 

The rotational constants were moet conveniently determined by 

the application of the combination relationships given in CHAP. 1.10. 

The combination relationships (1-31) and (1-32) were Used to 

determine the constants B, DJ and DJK indepenJa~tly in the ground and 

excited states. 

In Fig. 4 plots of A2F (J ,K) / (J+i) against (J+?a-)
2 

are shoo,-.il for 

K"=O, 1, 3, 4, 5, (>. end 7 • Reference to equation (1-31) shows 

that the plots for different K values should be parallel lines of 

slope - 8D:J and their intercepts should be gi-ven by 

L4B"-6D.J-4D.JKK2_7. As cart be seer., reasonably good straight lines 

of similar slope were obtained for all the K values. However for 

K"=O, 1, 3 and 4 the points J=39 4 arpear to be similarly dis-

placed from the straight lines. 

... I The • •• 
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The intercept of the K"=O plot gave a B" value of 3.878cm-l 

and the mean slopes of the plots gave a D!J value of 4.40 x l0-5cm-1• 

The intercepts of the plots for all the K" values wera deter

mined from Fig. 4 and plotted against K2 (see Fig. 5). Reference 

to equation (1-31) shows that the intercept .:>f this plot is given by 

4B" and the 

termined: 

slope by '-4DHK· Hence the foilowing constants were de-

-1 
B" = 3.87Bcm ' DJX = 2.74 x 10-4cm.;...\ The good straight 

line obtained in this plot confirmed the accuracy of the plots ob-

tained in Fig. 4• 

In a similar manner the combination plot given by equation 

(1-32) was used to determine the excited state constants. In Fig. 4 

plots ofA~l j J+i against (J+t)
2 

are shown for K' = 0, 1, 3, 4, 5, 6 

and 7. The plots obtained are rperturbed' in a similar manner for 

the low J values as in the ground state and up to J.,5~ for K!=O, 1, 

and 4· Reasonably good straight lines of similar slope were drawn 

for the higher J values to give a mean D' value of -7.2 -5 -1 
J x ~-0 em • 

The negr.tive sign indicates that the excited state is unusual. 

The intercepts of the plots obtained in Fig. 4 were plotted 

against K2 and the plot is given in Fig. 5. The best straight line 

was drawn through the points to give B' = 3.775cm-l and 

-4 --1 D}K = 4.4 x 10 em • 

The combination relationship (1-33) was used to determine the 

band origin v and the difference (B'-B"). Tl:::.e expression, 
0 

~(J-l) + Qp(J) + 2(D.J - D!J)J
2
(J

2 
+ 1) - 2(B! - B")J

2
, was plotted 

against J, for K=O. In calculating the data for this plot the 

differences (D 1 -D11 ) = -1.16 x 10-4cm-l and (B 1 -B") -O.l02cm-1 , 
J J 

••• I found c- G ,J 

3 
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found earlier, were used in the expression above. Reference to 

equati~n (1-33) shows that the plot should give a straight line of 

zero slope and intercept equal to 2 v
0 

if the differences (DJ--D!J) 

and (B'-B") used are correct. These conditiona were in favt met, so 

confirming the B and n3 values; and the intercept corresponded to 

a v value of l306.86cm-1• The calculated data used in this plot 
0 

are given in Table 2 ,Appendix L 

In order to confirm the values found, the combination relation-

ship (1-34) was used to determine the sums (B 1+B") and (DJ-+D!J)• The 

expression ~(J-l) - ~(J) - 2(B 1 +B 11 )J + 4(DJ-+D!f),r3, in which the 

former values found for the B1 sand DJ- s were used, was plotted 

against J for K=O. Reference to equation (l-34) shows that a hori-

zontal plot of zero intercept should be obtained. Tr.e plot obtainei 

gave a good horizontal line in which the scatter of points was within 

-1 ±. 0,08cm of zero, The calculated data used in the plot are given 

in Ta~le 3, Appendix 1. 

In Fig. 3 the slopes of the plots of the observed wavenumbers 

against K2 for different J values in the P and R-branches, gave 

/:(A'-A") - (B'-B") - m(D.Jx+D.JK) -· m2 (DJK-D.JK~J. The slopes for 

J= 6, 7, 8 and 9 in the R branch, together with the DJK values found, 

yielded the following values for (A'-A") - (B'-B")g 0.1287, 0.1273, 

8 -1 0.128 and O.l287?m respectively. In a similar manner the same 

term (A 1 -A") - (B'-B") was calcula.ted from J== 6; 7 9.nd 8 in the P 

branch and gave: -1 0,1226, 0.1216 and O.l233cm respectiyely, The 

values obtained from the R branch were more consistent and a weighted 

mean value of O.l260cm-l was therefore chosen for (A'-A") - (B'-B"). 

Using this value, and the B values determined ear lie~·, (A' -A") = 
-1 0.0206cm • 

••• I The theoretical 0 •• 



TABLE 1. 

The observed l'lavenumbers and assignments to the spectral lines of the 
parallel band of monodeuterometbane at 1306.86 cm-1 .(v2 ) 

The differences (calculated-observed) are shovm in parenthesis. 

' ; 

j Assignment cm-1 Assignment cm-1 

I Qp0{9) 1230.58 (-1).01) I Qp3(5) 1267.10 (+0.14) l Qp2{9) 1230.87 (+0.05) Qp4(5) 1267.83 (+0.31) 
I Qp3(g) 1231.55 (-0.04) Qpo(4) 1274.64 (+0.03) 
I Op4c9> 1232.27 <+o.l5) Qp2( 4> 1274.91 <+o.24) 

1 Qp5(9) 1233.21 (+0.19)!. Qp3c4> .1275.63.(+0.15) I Qp6(9.) 1234.56 (+0.11~) Qp0 ( 3) 1283.01 (-0.01) 

1 
Qp7(9) 1236.01 <+0.22) I op2c3> 1283.29 c+o.22> 

'Qpo(8) 1239.71 (-0.03) I Qpo( 2) 1291.15 (0.00) 
Qp2(8) 1240,.02 (+0.02) I Qpo(1) 1299.02 (+0.09) 
Qp3(8) 1240.67 (-0.03) 1 QRo(o) 1314.35 (+0.06) 
Qp4(8) 1241.45 (:t0.03) II QRo(1) 1321.82 (+0.01) 

1 Qp5(8) 1242.54 (+0.02) i OR
0

( 2 ) 1329.05 (-0.03) 
I Qp6(8) 1243.77 (+0.11) I 0R2(2) 1329.34 (+0.07) 
j Qp7{8) 1245.22 (+0.22) l QRo(3) 1336.03 (-0.06) 
1 Qpo(7) 1248.73 (-0.05) !

1

. QR2( 3 ) 1336.32 (+0.02) 
1 Qp2{7) 1249.05 (0.00) , QR3(3) 1336.99 (-0.06) 
l QP3(7) 1249.67 (0.00) l 0R0( 4) 1342.89 (-0.12) l Qp4(7) 1250.53 (0.00) l QR2( 4 ) 1343.18 (-0.07) 

Op5(7) 1251.63 (+0.01) I QR3{4) 1343.80 (-0.08) 
Qp6(7) 1252.91 (+0.08) I QR4(4) 1344.55 (0.00) 
Qpo(6) 1257.64 (-0.12) j QR0 ( 5) 1349.48 (-0.10) 

i Qp2(6) 1257.96 (-0.05) II QR2(5) 1349.75 (-0.03) 
! Qp3(6) 1258.64 (-0.11) QR3(5) 1350.38 (-0.08) 

I Qp4(6) 1259.49 (-0.10) QR4(5) 1351.22 {-0.10) 
l Qp5{6) 1260~30 (+0.21) QR5( 5) 1352.21 (-0.05) 

I Qpo(5) 1266.14 (+0.10) QR0 ( 6) 1355.87 (-0.02) 
! Qp2(5) 1266.;41 (+0.20) QR2 (6) l356 • .06 (+0.12) 
I 

TABLE 3. 

A " · t -1 r.ssJ.gnmen em 

QR3(6) 1356.77 (-0.02) 
0R4(6) 1357.54 (0.00) 

QR5(6) 1358.58 (-0~02) 
QR6(6) 1359.84 (-0.04) 

QR6(7) 1362.24 (0.00} 

I 
QR3(7) 1363 .• 02 (+0.02) 

I QR4{7) 1363.84 (-0.03) 
I ~R5(7) 1346.81 (-0.01) 
1 QR6(7) 1366.01 (0.00) 

QR7(7) 1367.52 (-0.05) 
QRo(S) 1368.44 (-0.04) 

QR3(8) 1369.26 (-0.04) 
QR4(8) 1369~97 (0.00) 
QRS(B) 1370.89 (+0.03) 

I QR6·(s) 1372.12 c-o.ott) 
I QR7(8) 1373.54 (-0.04) 
1 8Ro(g) 1374.35 (-0.03) 
! R?.(9) 1374.80 (0.01) 

! QR3(9) 13'l5.30 (+0.03) 
j 0R4(9) 1376.01 (+0.04) 
I QR5(9) 1377.04 (-0.06) 
i QRG(9) 1378.12 (-0.01) 
!o ! ·R7(9) 1379.47 (-0.02) 

I 
I 

Spectroscopic constants (cm-1 units) for the v 2 band of CH3D. 

{' 

Constant Th~s work Computer' i 
i 

1 
1306.81(1) 

I 
vo 1306.86 I 

(A'-A") Q.020(6) 0.0186(5) I 

D'K-D11 K not found l 1.5 X 10-4 I 
B' 3. 776. 3.782(3) I 
Bn 3.878 

I 
3.878(6) 

I D' -7.20 .x 10-5 -2.6x10-5 J 
D" 4.40 X 10-5 ' 4.40 x·1o-S J i I 
D' 4.42 x 10-4 ! 

2.8 ~- 10-4 I JK ! 

D" I 2.74 x lo-4 1.1 x Io-4 I 
JK I 

.l I 
I ....... 

I 
I 
I 

i 
I 

i 
I 
! 

.I 
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The theoretical intensities of the rotational lines were cal-

culated from equation (l-20) and compared with the ·:>bservE>d 

intensities in order to ascertain the extent of overlap of the P 

branch with the band at 1156cm -l. The maximum calculated :.nten-

sities occur for, in the case of both branches, J=5. Fig. 2 shows 

that this pattern is true for the R branch only. In the P branch the 

observed lines show increased intensities beyonct J=5, undoubtedly 

attributed to the underlying lines of the band at ll56cm-1• 

J 
Equations (1-16) and (l-17) were used to generate 'calculated 

wavenumbers of the Q~(J) and ~K(J) lines, respectively, from the 

constants found. The differences,(calculated- observed) om-1 , are 

given in Table 1. 

Very recently, i.e. since the writing of this t:r.esis, Professor 

D. G. Parkyn96 , Head of Depa:r+.ment of Applied Mathematics~ U.C.T., has 

programmed the U.C.T. Computer, an I.C.T. 1301, for the complete non-

lil".ear regression of the data observed here. ':::he ~,ralues of the 

spectral constants thus found are compared, Table 3~ with those found 

here. The constants found on using the computer yielded. smaller dif-

ferenoes (calculated- observed) than those found here. 

- 8 -1 2. 4. Discussion of the Parallel Band_.~.l~SJo~-~~-: 

The constants determined ga-,re rise to the generation of cal--

culated wavenumbers which reproauced the observed wavenuobers of the 

R-branch very closely (within±. 0.08cm-1 ). The reproduction of the 

P b~anch wavenumbers was, how~ver, less satisfactory. Thin could 

possibly le attributed to the fact that the overlapping lin~s of the 

perpendicular band at 1156cm-l may have caused a 1 shift' in so.l!le of 

• • 0 I lines of " .. 
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lines of the P-branch. 

The constants determined for this band are compared in Table 8 

with those obtained for the ot~er ban~s of moncdeuteromethane. The 

ground state values found are in excellent agreement with those of 

the other bands. The excited state constants, however, differ sig-

nificantly and are therefore of considerable interest; particularly 

D.J w.hich is negative and (A 1 -A") which is positive. These sign in

versions indicate the presence ~f a perturbation (interfering levels 

and/or anharmonic motions) in the rotational levels of the excited 

vibrational state. The energy levels for the excited ste.te of a 

parallel band are given l;;y eg_uation (1-15), in which ali the n's, 

including nJ,have positive signs- A" is usually larger than A1 

because the moment of inertia in the excited state is generally 

larger than that in the ground sta.te. 

Feference to eg_uation (1-15) shows that a positive D.J value op

poses, with increasing J, the divergence of tne energy levels in the 

excited st~te. This implies that, as a result of oentr~fugal dis-

tortion, the moment of inertia increases with J. The existence of a 

negative D.J value, howeYer, would increase the divergence of ·t.he energy 

leve:!.s with J. This would result in the moment of inertia in the per-

turbed excited state being smaller than that of the unperturbod 

state. 

Leisegang21 , assuming Boyd 1 s18 Yalue ~orB" (3.878cm-1 ) and a 

f t t t b d 1 d 1 h 1 1 t d A" t b .- "'42 -l per e c e ra .e ra roo e , as ca cu a -e o e ). c. om • Frol:'l 

t!le (A'-A") yalue of 0.0206cm-l found, it follows that A' ,. 5.263cm-1• 

This value is greater than the ground state value an~ implies that the 

inomen t of inertia about the figure axis (see 1. 6) is less in the 

6 •• I excited state . ... 



excited state than in the ground state. This result is consistent 

with the negative DJ value found and is further evidence that the 

rotational levels in the excited state are perturbed in the sense 

discussed. 

The B' value obtained, however, is noticeably smaller than the 

values obtained for the other bands and it follows that the principal 

moment of inertia is grea~er than that obtained for the excited levels 

of other bands so far reported. It would seem, therefore, that, in 

the excited vibrational. state, the decreased moment of inertia about 

the figure axis has resulted, as it were, in a corresponding in-

crease in the principal moment of inertia. In the physical model this 

implies that the C-H b()nds in the methyl group are, on average, 

situated more closely to the figure axis. 

The cause of this perturbation is not apparent. It aeems un-

likely that the perturbation could have resulted from an interaction 

with the doubly....:degenerate excited states of tl:.e "bands at 1476 and· 

1156cm-l as the energy differences are too large. D. G. Parkyn96 has 

shown, on classical grounds, that this perturbation may result from 

the anharmonicity of tbe vibration. 

2.5. The Perpendicular Band of Monodeuter~m~thane a! ll57cm-1
( v 6): 

This perpendicular band has a doubly-degenerate excited state 

and is assigned to the asymmetrical methyl rocking mode. The ob-

served spectrum is shown in Fig. 6. The striking feature of this 

band is the single sharp Q-branch which, in a ~ense, resembles that 

of a linear molecule or the parallel band of a symmetric top. On the 

high frequency side of this branch an intensity pattern correspcndin.g 

• • • I to the .. , . 
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to the Q-branches of the K= 1, 2, 3 sub-bands for the 6K= +1 tran-

sitions is apparent and resembles t~e expected theo=etical pattern 

for a perpendicular band. On the low frequency side, however, there 

is a sharp drop in intensity and the expected intensity pattern for 

the ~= -1 transitions is not observed. 

The observed Q-branch separation for the ~K= +1 transitions is 

8 -1 2. em • Reference to equation (1-26) shows that the Q-branch 

separation is given, approximately, by 2(A11-B"-A 1 z;;'). Using the 

constants, given in Table 8, and the observed Q branc~ separation, 

the Coriolis constant was found to be of the order of -0.01. The 

observed rotational lines in the spectrum are separated by 7. 7cm -l. 

Assuming B" to be 3. 878cm -l it follows that B 1 is of the order of 

-1 3. 8lcm • 

In order to assign the lines of the observed spectruffi to 

quantum numbers1 a set of wavenumbers for the rotational lines were 

calculated by applying equations (1-22)· to (l-27) to the constants 

so far dis?ussed and the values21 - -5 -1 DJ = 5 x 10 om and 

DJK = 3 x l0-4cm-l for the v
4 

perpendicular band. The calculated 

wavenumbers gave an approximate fit to the observed spectrum and en-

abled most of the rotational lines to ~e assigned; namely all the 

DK= +l lines and many of the .l~K= -1 lines. The assignment was 

further checked by calculating the rel8,tive intensities (equation 

1-20) of the lines and comparing these with those observed. Good 

agreement was obtained in all cases except those of PQ bands which 

were either very weak or absent. On the low frequen:)y side of the 

R sharp Q branch a number of lines of high intensity were observed, 
0 

but not assigned to this band. These lines will be discussed. later. 

••• I The observ-ed Q •• 
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The observed lines and their assignments are given in Table 4. 

Generally only the ~(J) lines for K = o, 1, 2, 3 and thP- PPK(J) 

lines for K = 1, 2, 3, 4, 5, 6 and 7 were sufficiently well enough 

resolved to be used in determining the constants from combination 

relationships. 

Geometrical regression analyses (equations (1-35), (1-36), 

(1-37), (1-38); and Tables 4, 5, 6 and 7, Appendix 1, respectively) 

yielded the following spectral constants (cm-l units): 

B" = 3.878 

B' = 3.810 

D' - D" = 8 X 10-5 J - J 
3 X 10-4• D' -D" = JK- JK 

The origins of the sub-bands were found by subs·i;i·l;uting the 

above constants and the measured wavenumbers into equations (1-22), 

(1-23), (1-24) and (1-25). The weighted mean yalues, found for 

each K, of these sub-band origins are giv8n in Table 5. 

On the assumption that monodeuteromethane is a perfect 

. . -1 
tetrahedron, A" was found from B" = 3.878cm , ucing accurc1te atomic 

masses and the formula given by W. H. Childs and H. Ja~n16 , to 

-1 have the value 5.242cm • The sub-band origins were found to fit 

the following equations; 

R sub 1156 .. 33 + 2.8566n + 2 ·-1 (2--40), \)0 = O.Oln em 

p sub 
1159.17 - 2.8763n + 2 -1 ( 2-41 ). 

\)0 = O.Oln em 
~ 

On substituting the values A" = 5. 242, B" 3.878cm -1 B' 3 .. 810c:n 
....... 

= 1 = 

into coefficients of the pairs of equations (l-26), (2-40), and 

(1-27), (2-41), the following constants were found: \.l = 1157.68cm-1, 
0 

-1 A1 = 5.184cm andz;;' = -0.012
4

• These constants were then substituted 

into equations (l-26) and (1-27) and the sub-band origins were cal·-

• • • I cula ted • 
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culated. These are in excellent agreement with the observed values 

and are compared in Table 5. 

Using the constants found the wavenumbers of the rotational 

lines of the P, Q and R branches were calculated, using equations 

(1~22), (1-23), (1~24), (1-25), (1-28), (1-29); and are compared 

with the observed wavenumbers in Table 4. 

Twenty-four rotational lines in the P branch, of moderate to 

high intensity, remained unassigned. Eighteen of these lines wers 

fitted to four sets of equations having the form 

sub - 7. 688.J - o. 068J2 + 4(8 x 1o-5)J3, ano. in v observed = v o 
sub -1 -1 --1 which the v 
0 

were given by 11/1-4. OOom , 1146. 31om , 1147. 35om 

and 1158. 37 em -l. The coefficients of J, J 2 and J 3 ar·J in cotnplete 

agreement with those found for the band as a whole. 

2.6. The Infrared Band of Monodeuterometha..!1§L_at.J473c!E.~l~ v 5 )~ 
. -1 . 

Th3 perpendicular band, v
5 

at 1473cm , ls assigned to the 

asymmetrical deformation vibration of the methyl group (see CHAP. 2;.1.). 

In Fig. 1 the band is shown in relation to the v
2 

and v6 bancl<J of 

monodeuteromethane. A notable feature is the weak intensity of tha 

band as compared to the other two. The band is shown under highel.' 

resolution in Fig. 1. It overlies the strong water va;::>our absc:;:-:Dtion 

region and even thovgh the double beam instrument was operated under 

vacuum, the water vapour spectrum was present and considerabl;y com-

8 -1 plicated the assignment of the lines. Between 13 0 and l450cm 7 the 

automatic slit-programme of tha spectrometer was not functioning 

satisfactorily and resulted in a loss of resolution. The spactrometer 

also gave a rising base line at the low frequency end of the band 

(Fig. 7). The observed spectrum shows one sharp central Q branch~ 

... I The remaining • •• 
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The remaining Q branches are of similar intensity to the rotational 

lines and do not show the expected intensity alternation ,Pattern. 

A series of rotational lines were observed in which the line se-

paration gave (B 1 +B") as 7.73cm-1 ~ 10 Allen and Plyler measured 

the combination band ( v
5
+ v

2
) of monodeuteromethane at 2780cm-l 

and obtained a Coriolis constant of -0.26. 26 According to theory 

the Coriolis constant of a combination band should be the same as 

that of the fundamental. This Coriolis constant, which corresponds 

to a sub-band spacing of 5.70cm-1, together with (B 1 +B") = 7.73cm-\ 

(B' -B") == -0. 02cm-l and the constants obtained by Leisegang21 , was 

used to calculate a set of wavenumbers which were found to corres-

pond closely to the observed spectrum. The. relative intensities 

of the rotational lines of the P, Q and R branches were calculated 

and generally gave a satisfactory fit. This initial work assisted 

in assigning most of the lines as given in Table 6. 

Regression analyses (Gquations 1-35, l-36, 1-38; and Tables 8, 

9, 10, Appendix 1, respectively) yielded the fcllowing spectral 

constan~s (cm-l units)g 

B" = 3.876 

B' 3.856 

D" = DJ- = 5 X 10-5 
J 

3 X 10-4
o D" = D' -

JK JK -

The origins of the sub-bands were found by substituting the 

constants determined and the observed wavenumbers into equations 

(1-22), (1-23), (1-24) and (1-25). The mean sub-bands origins, so 

determined for various J values, are given in Table 7 and were found 

to fi tg 

R "sub =147L 98+5. 758n+( zero )n2 -5xl0-5(4n3-6n2 +4n-l )-2.lxl0-5n4cm·-l (2-42) • 
0 . 

P vsub=l477.70-5.73n+(zoro)n2+5xl0-5(4n3-6n2+4n-l) cm-l (2-43). 
0 . 

••• I On substi-tuting . .. 



TABLE 4. 
' 

The observed wave nutr.bGrs and assignments to the spectral lines of the 
perpendicular band of monodeuteromethane at 1157.68 cm-1 ('IJ€2)· The 
differences (calculated-observed) are shown in parenthesis • 

. . 
!Assignment cm-1 Assignment cm-1 j 

~-------------------------'~-----------------------+-~--~~---------~··=--1 

... . . ~;. , ... :. 

Assignment· • cm-1 

Rp5(12) 1069.15 (+0.14) 

Pp5(9) 1070.81 (+0.08) 
1072.03 

Pp?(B) 1074.20 (+0.09) 
R -pO(lO) 1074.70 (-0.19) 

Pp6(8j 1677.00 (-0.06) 

Pp5(8) 1079.54 (+0.08) 

1080.94 

Pp7f7' 1082.84 (+0.02) 
' J 

Pp6(7) 1085.58 (-0.06) 

Pp5(7) 1088.21 (+0.01) 

1089.43 

1090.01 

Pp4(7) 1090.80 (+0.14) 

1091.86 

Rp6(10) 1092.05 (-0.02) 

Rp0(8) 1093.00 (0.00) 

Pp6(6) 1094.07 (-0.08) 

PpS(6) 1096.70 (0.00) 

1097.80 

Pp4(6) 1099.30 (+0.14) 

1100.93 

Pp3(6) 1102.47 (-0,27) 

1103.93 

PpS(5) 1105.37 (-0.30) 

f' 1105.14 
PP4(5) 1107.60 (+0.22) 

1109.83 

Pp3(5) 1110.75 (-0.16) · 

1112.07 
1114.00 

Rp4(7) 1114.40 (+0.10) 
PP4(4) 1115.80 {0.25) 

Pp1(5) 1116.26 (-0.04) 
1118.34 

Rp0(5) 1119.00 (+0.03) 

1120.20 

i I 

Pp2(4) 1121.63 

PQ9(13) 1122.64 

(+0.03) 1 RRl(l) ll7~.06 (+0 .• 12) I 
(+0.02) I PR1(2) 1178.80 (-0.10) 

' PR3( 3) 1180.27 (+0.01) 

RR0(2) 1181.61 (+0.01) 

PR2(3) 1183.37 (-0.26) 

RR1(2) 1184.48 (+0.03) 

PR1(3) 1185.99 (-0.04) 

1123.60 

Pp1(4) 1124.25 (+0.19j 

PP3(3) 1126.96 (+0.03) 

Rp0(4) 1127.32 (+0.03) 

1128.29 

Pp2( 3 ) 1129.54 (+0.27) 

PQ7(10) 1130,97 (+0.10) 

1131.77 

Pp1(3) 

Rp0(3) 

PQ6(9) 

Pp2(2) 

Rp1(3) 
Pp 1(2) 
'D 
~03(11) 

R 
Po(2) 

PQ4(7) 

PQ3(8) 

PQ3(6) 

Ppl(1) 
PQ3(4) 

PQ2(5) 

PQ1(7) 

RQo(S) 

~1(6) 
.KQ1(5) 

RQ2(5) 
RQt!.(10) 
RQ5(9) 
RQ5(6) 
PR1(1) 

RQ7(8) 

RR0(1) 
'D 
~R2(2) 

1132.80 (-0.15) 

1135.43 (+0.10) 

1136.31 (+0.13) 

1138.01 (-0.11) 

1138.29 ((+-00 •• 0125))11 
1140.72 

I 
1141.72 ( +0 .14) i 
1143.56 (-0.01) j 
1144.11 (+0.02) l 
1145 • 77 c +0. oa > 1 

i147.85 (-0.01) i 
1148. 60 ( -0.06) i 
1149 .2o c +o .1o) 1 

1151.oo I 
1151.49 < -0.07) 1 

I 
115 2 • 31 ( +0 • 20) j 
115 6 • 20 ( +0 .13) l 

I 
1158.12 (+0.12) ; 
1159.30 ,(-0.10) ! 
1162.00 
1162.60 
1166.00 

I 

" ) j \ +0.08 i 

(-0.06) ! 
(0.00) i 

1170.10 (-0.16) i 
1171.42 (-0.01) i 
1173.11 < +O .13) I 

I 
1174.25 (+0.04) 1 

1176.00 (-0.09) ! 

RR2(2} 

~R0(3) 
p· 
- R2(4) 

RR1(3) 
p 
- R1(4) 
Pn 
-l\3(5) 

RR2(3) 

RR0(4) 

RR3(3) 

RR1(4) 

PRl(S) 

RR2(1..J.) 
R 
·Roes) 
RR3(4) 

RR1(5) 
RR4(4) 

RR2(5) 

RR0(6) 

RR3(5) 

RR1(6) 
RR4(5) 
RR2(6) 
RR0(7) 

RR1(7) 
·R 

R2(7) 
RR5(6) 
RR1(8) 
R 

R2(8) 

1187.42 

1188.81 

1190.30 

(-0.02) 

(+0.02) 

(-0.13) 

1191.63 (+0.07) 

1193.09 (-0.07) 
1194.32 (-0.05) 

1194.67 (-0.08) 

1195.83 (+0.05) 

1197.36 (+0.09) 

1198.57 (+0.18) 

1199.80 (+0.13) 

1201.71 (-0.08) 

1202.79 (0.00) 
1204.33 (+0.19) 

1205.58 (+0.07) 
1207.40 (-0.01) 

1208.51 (+0.01) 
1209.50 (+0.03) 

1211.53 (-0.08) 

1212.33 (+0.08) 
1214.13 (+0.20) 
1215.28 (-0.01) 

1216.07 (+0.09) 
1218.82 (+0.18) 
1221.67 (+0.18) 
1224.00 (-0.01) 
1225.30 (-0.02) 

~228.30 (-0.01) 



TABLE 5. 

Calculated and observed wavenumbers of v5ub of the perpendicular band 
0 

of monodeuteromethane at 1157.68 cm-1 (v 6 ). 

K AK = + 1 ilK = ..... 1 

! Observed Calculated Observed Calculated 

0 1159.17 1159.19 

1 1162.00 1162.08 1156.33 1156.31 

2 1165.00 1164.99 1153.70 1153.46 

3 1167.92 1150.70 1150.63 

4 1171.86 1147.60 1147 .• ,83 

5 1173.83 1145.00 1145.04 

6 1176.81 1142.38 1142.27 

7 1179.82 1139.50 1139.53 

I 8 1182.85 1136.80 
I 
l 

I 9 1185.89 1134.10 
! 

TABLE 7. 

Calculated and observed wc;.venumbers of v~ub of the perpendicular band 

of monodeuteromethane at 1473.33 cm-1 (vs)~ 

K ilK = + 1 fiK = - 1 

Observed I Calculated Observed Calculated 

I 
0 1477.73 l 1477.74 

1 11~83 .43 I 
I 

1483.50 1471.97 1471.97 

2 1489.25 I 1489.25 1466.24 1466 .21+ 

3 1495.01 1495.00 1l.J.60.50 14€0.51 
4 1500.77 1500.74 1454.80 1454.78 

5 1506.50 1506.48 1448.90 1449.07 

6 1512.19 1512~19 1443.35 1443.35 
7 1517.87 1437.65 
8 1523.53 1431.94 

9 1529.15 1426.25 



TABLE 6. 

Observed wav~numbers and assignments to the spectral lines of the 
perpendicular band of monodeuteromethane at 1473.33 cm-1 (v5) • The 

differences (ca1cu1ated-observed}are shown in parenthesis. 

Assignment cm-1 

Pp6(7) 

Pp3(9) 
Pp1(10) 
p 

P5(7) 
Pp2(9) 

Pp6(6) 
Pp3(8) 

Pp4(7) 
Ppl(9) 
Pp5(6) 
Pp?.(B) 
Rp0(9) 
Rp3(11) 
Pp1(8) 
PP5(5) 
Pp2(7) 
Rp1(9) 
Pp3(6) 
p 
•~P0(8) 

PP4(5) 
Ppl(7) 
PP2(6) 
PP3(5) 
PQ9(10) 
Pp2(5) 
PP3(4) 
Rp3(8) 

. Pp . ~.2(4) 

I Pp3(3) 
Rp4(8) 

Rp3(7) 
PQ6(13) 
Ppl(4) 
PQ6(8) 
Pp2(3) 
Rp0(4) 
p~5(11) 

l 

1388.55 
1389.65 

( +0 .06) I 

1392.80 

1394.40 
1395.35 

(-0.05) 
(+0.08) 

c-o.14) I 
I 

c-o.og > I 
(+0.02) ll 

(0.00) 
1396.55 
1397.60 
1399.90 
1401.00 
1402.00 
1403.30 
1406.55 
1407.60 
1408.95 
1409.87 
1411.30 
1412.50 
1413.40 

co.oo) 1 

(-0.07) l 
<+o .17) I 
(-0.03) I 
(+0.10) 
(+0.03) 
(0.00) 
(+0.19) 
(-0.04) 
(-0.09) 
(+0.12) 

1414.60 (+0.08) 
1415.80 (-0.07) 
1417.10 (-0.15) 
1419.20 (+0.01} 
1421.50 (-0.07) 
1424.55 (+0.06) 
1427.25 (-0.12) 
1429.35 (-0.04) 
1431.80 (+0.08) 
1435.00 (+0.02) 
1437.10 (+0.06) 
1437.70 (-0.07) 
1440.00 (-0.08) 
1440.40 (-0.09) 
1440.90 (-0.16) 
1442~10 (+0.05) 
144.2.89 (-0.01) 
1446.41 (+0.09) 
1446,80 (-0,01) 

i 
Assignment cm-1 I A • 1 I ss~gnment em-

P05(7 ) 1448.05 (+0.05) RRi(3) 
Pp1(3) :)..448.40 (+0.19) I PR4(7) 
Rp2(5) 1450.00 (+0.10) I RRQ(4) 
PQ4c12 ) 1451.85 (+0.14) i PR1( 5) 
PQ4(8) 1453.48 (+0.01) RR2(3) 

Po4c6 > 1453.90 C+0.12), PR4Ca> 
Rp 3(5) 1455.66 (+0.20) l RR0(5) 
Pp1(2) ~456.45 (-0.02) I RR3(3) 
PQ3(7) 1459.60 (-0.13) RR2(4) 
P i RR r 
•p1(1) f~64.15 (+0.07) . R 1,5) 
PQ2(6) 1465.55 (-0.11) -R3(4) 
PQ1(6) 1471.19 (-0.05) PR2(8) 

~~1(2) 1471.·90 (-0.05) I RR2(4) 
--..w( 7) 1476.69 (-0.09), RR1(6 ) 
RQ0(2) 1477 .• 65 (-0.03) II RRQ{7) 
RQ1(7) 1483.35 (-0.02) RR3(5) 
RQ1(3) 1483.25 (0.00) I RR2(6) 
RQ2(9) 1487.20 (+0.11) i RR1(7) 
RQ 2(5 ) 1488.70 (-0.09) ! RRo(8) 
R I R 
02(3) 1489.06 (-0.07) I R4(5) 

PR3(3) 1491.10 (+0.02) RR3(6) 
RQ3(ll) 1492.20 (-0.12)! RR2(7) 
RQ3(10) 1492.60 (-0.03) ,. RR5(5) 
RRQ(1) 1493.05 (+0.07) . RR4( 6) 
RQ3(8) 1493.37 (+0.04) I RR1(9) 
RQ3(5) 1494.41 (-0.07) ! RR4(7) 
PR2(3) 1496.75 (+0.09) li RR2(9) 
;:{Q4(1l) 1497.60 (+0.14) 

1 
RRQ(11) 

RR1(1) 1498.75 (+0.13) RR4(8) 
RQ4(5) 1500.06 (0.00) RR3(9) 
RR0(2) 1500.70 (+0.06) RR2(10) 
PQ5(6) 1505.47 (+0.03) , RR6(7) 
RR1(2) 1506.64 (-0.14)! ~R4(9) 
PR4(6) 1507.80 (+0.10) I R6(8) 
RQ6(10) 1509.61 (-0.05) j RR4(10) 
Ro6(8) 1510.56 (-0.09) I RR3(11) 
RR2(2) 1512.20 (+0.04) l RR6(9) 

. j 

1514.00 (+0.08) 
1515.35 (-0.02) 
1515.90 (-0.04) 
1517.60 (+0.01) 
1519.75 (+0.06) 
1522.70 (0.00) 
1523.42 (-0.06) 
1525.60 (-0.07) 
1527.35 (-0.02) 

1529.00 (+0.09) 
1533.00 (+0.05) 
1534.05 (+0.07) 
1534.80 (0.00) 
1536.46 {+0.06) 
1538.20 (0.00) 
1540 .. 40 {+0.11) 
1542 .. 14 (+0.08) 
1543.90 (+0.01) 
1545.50 (+0.04) 
1546.40 (-0.20) 
1548.05 (-0.13) 
1549.70 (-0.10) 
1551.90 (-0.02) 
1553.60 (-0.01) 
1558.50 (+0.02) 
1561.05 (-0.10) 
1564.18 (0.00) 
1567.40 (-0.15) 

1568.28 (-0.04) 
1569.84 (0.00) 
1571.40 (-0.01) 
1572.22 (0.00) 
1575.53 (-0.06) 

1579.65 (-0.18) 
1582.74 (-0.10) 

158l.t .00 ( +0 .16) 
1586.75 (-0.08) 
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On substituting the values A" = 5.242, B" = 3v876, and B1 = 3.856cm-l 

in these equations as indicated by theory (see (1-26), (2-42) and 

(1-27), 2-43) ), the following constants 

A 1 = 5. 222cm -I, z_;' = -0.289 and (Dr( - DJ() 

. -1 
were foundz v = 1473.32cm , 

0 

-5 -1 = 2.1 x 10 em • 

These were used to generate the sub-band origins, quoted for com-

parison in Table 7. 

The constants were aJso inserted in equations (1-22), (1-23), 

(1-24), (1-25), (1-28) and (1-29) in order to generate the wave-

numbers of the rotational lines of the P, Q and R branches. Thes~ 

are compared with the observed values in Table 6. 

2.7. Discussion of the Perpendicular Bands of Monodeuteromethan~: 

The constants found for the bands at 1157.7 ( v 6) and at 

1473 ( v
5
)cm-l are compared in Table 8 with those obtained for the 

other bands of monodeuteromethane. The ground state constants are, 

as in the case of the parallel band, found tc Qe in good agreement 

with those of the other bands. 

Reference to Table 4 shows that the constants, found for the 

-1 band at ll58cm , gave an excellent fit to the observed wavenumbe:r:-s 

R R R ~ of the R, P and Q branches. The agreement for the .~K= -1 tran-

sitions, however, was found to be relatively poorer, particularly 

for the K = 1, 2, 3 and 4 sub-bands. Mills 1 ·
23 work on force 

constants, discussed later, yielded a value for z.;' 6 of 0"588 with 

which these findings (-0.012) are not in agreement. 

The additional unassigned lines in the P-branch and th~ unusual 

intensity pattern forman interesting feature of the v6 band. 

... I L. Smi th25 • •• 



TABLE 8. 

Spectroscopic constants (cm-1 units) for the bands of CH3D. 

I 1 i i j I l I I Constant "1 I "2 "3 "4 "5 "6 
I 

<"2+"5) j 

I 
I 

.2776. 33 I I "o 
. 2970 

I 
2910 1306.86 2200-.03 3016.75 1473.32 1157.68 

I ,3.878 I 

Bn I 3.878 3.876 3.876 3.878 3.880 - I I 
B' - 3.776 3.835 3.864 3.856 3.810 I 3.839 

i 
A" - 5.242 5.242 5.242 5.242 5.242 5.242 

A' 5.263 
I 

5.240 5.222 5.222 5.184 5.221 I - I l I 

D" -5 5.2x105 5xl55 -5 ' -5 
(DJ-D'+) l - 4.40xl0 ·5xl0 8x10 

I J l =Llxl.o-4: 
! D" I -5 -5 I 5x155 ,....s . -5 i 

J - I -7 .20x10 5 .• 6x10 5xl0 8x10 
I I 4 -5 -4 -4 -4 Dt1 - 2.74x10 8.5x10 3x10 3x10 3xl0 I .... ! JV ~ ... l -4 D' -5 -4 -4 

3>t154 I - 4.42xl0 9.Sx10 3x10 3xl0 

I 
-JK I I 

I 

I 
-5 -5 (D'-Du) - I - - -6x10 2.1x10 -K K 

l I ~ - I 0.0726 -0.289 -0.012 -0.26 

r;Mi11~3 I - I 0.044 -0.263 +0.588 
' 

Ref- I 21 I This 18 21 This This 10 
erence I l '!r,TOI'k work work 

J ! 
1 l I 
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L. Smith25 and Hansen and Dennison7 have observed the appearance of 

additional lines in the infrared spectrum of ethane and have sh0wn 

that they can arise from Coriolis or Fermi perturbations. If the 

excited states of a vibrational level are perturbed by thol3e of 

another vibrational level of similar energy, then additional lines 

may appear in the observed spectrum as a result of transitions from 

the ground state to the levels of the perturbing state. The Coriolis 

coupling of energy levels in the upper state may result in transfer 

of intensity from the R(P) to the P(R) branches within a band. It 

seems possible, therefore, that such a perturbation may be present 

in the v6 band of monodeuteromethane and may als0 have accounted 

for the relatively high intensities of the additional lines. 

It has not been possible to explain the structure of the band 

-1 at 1158cm completely and the constants found have, therefore, been 

tentativ:ely accepted on the basis of the good agreement obtained for 

the bK= +1 transitions and on the satisfactory values obtained for 

the ground state constants. 

Despite the fact that the analysis of the rotation~l struc~ure 

-1 . 
of the band at 1473cm was hindered by its weak absorption, the 

presence of water vapour, and the instrumental problems (discussed 

in CHAP. 2.6.), it is felt that the main conclusions of this work 

are upon the right lines. This view is supported by the fact that the 

constants found are concord2.nt with the general pattern for 

monodeuteromethane. Furthermore, reference to Table 6 s~ows that 

-1 the calculated wavenurubers generally agree to within~ O.lOcm 

of the observed values. Most of the unassigned lines are accounted 

for by the overlapping water vapour spectrum so that they c~nnot be 

said to be absent. Although the intensity pattern of this bana has 

••• I been di srup ted, . ~ . 
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been disrupted, the calculated relative intensities were generally 

concordant with the observed values; particularly for the P and R 

branches. The Coriolis constant obtained (-0.289) agreed well with 

the value (-0.26) found by Allen and Plyler10 for the combination 

band and also agreed with the theoretical value (-0.263) found by 

Mills23• 

-1 
.An interesting feature of the band at 1473cm is its compara-

tively low intensity. This would seem to be due to the factib.at 

its overtone, 2 v 
5
, a parallel band, is involved in Fermi re sonanoe 

with v 1 • As a result, the probability of transi~ions taking place 

to the v = 2 vibrational level has increased. Thus fewer molecules 

are available for excitation to the v = 1 state. 

The resultsobtained for the band at 1473cm-l are most pleasing, 

but it is evident that it wot;.ld be advantageous to re-measure the 

spectrum under conditions of higher resolution and in the absence of 

water vapour. 

26 27 28 It has been shown ' ' that for c
3
v molecules the Coriolis 

constants sum rule ~Z';i , is given by~ (number of atoms on the 
l. 

symmetry axis) - 2 + E/2A; assuming harmonic oscillation. In 

monodeuteromethane there are two atoms (C,D) or.ly on the figure axis 

so that the sum of the three Coriolis constants, ~;;4, ~;;• 5 , ~;;• 6 , should 

be equal to E/2A. ~om the constants determined this sum is Oo365. 

The observed zeta constants for the excited vibrational ::;tates of 

21 monodeuteromethane, namely 0$0726 , -0~289 1 -0.012 for Z";'
4

, ~· 5 
and I;;' 6 respectively, gave a sum value of -0. 23. Mills23 has de

termined the harmonic force constants for monodeuteromethane. Using 

• • • I these force ••• 
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these force constants he calculated the following Coriolis constants 

for mon6deuteromethane: r; 4 = 0. 044, ~ 
5 

= -0.263 and r;;6 = +0. 588 .. 

Mills 123 calculated r;' and r;' values agree well wi-th the observed 
4 5 

values. The small differences may be attribut3d to the fact that, 

because of the effects of anharmonicity and the finite amplitude of 

the nuclear vibrations; the observed Coriolis constants show a small 

vib~ation dependence. The difference, however, betweAn the calculated 

and observed values for z;; '6 is too large to be attributed to an

harmonicity and supports the view that the band at ll56cm-l is 

either perturbed or misassigned. 

Coriolis constants are sensitive barometers of the chosen force 

field and the good agreement between Mills'23calcu1ated values and 

two of th€l observed values confirms the validity of -~:J:J.e assumptions 

made in Mills' 23 normal coordinate analysis of mon0deuteromethane. 

A monograph97, received since the completion of this work, 

presents a study of the monodeuteromethane bands under medium reso-

lution. ~he errors of measurement, however, arc1 so large and the work 

is so insensitive that little profit would result from comparing tne 

findings with those ob-tained in this work,. 



C H A P T . E .R .. 3 

THE INFRARED BANDS OF TRIDEUTEROMETEYL CHLORIDE 

3.1. Introductiong 

Trideuteromethyl chloride is a prolate symmetric top belonging 

to the point group c
3
v. It has six infrared active fundamentals, 

three totally symmetric A1 type bands and three degenerate bands 

(E species). The vibrations and vibrational assignments are the 

same as those given for monodeuteromethane in CHAPTER 2.1. As the 

molecule is massive it will have relatively larger moments of inertia, 

about the two axes, than monodeuteromethane. In consequence the 

rotational lines will be very closely spaced. ReliablA values of 

the rotational constants can be obtained in the infrared, only from 

analysis of rotational fine structure. Previous to this work no 

detailed analysis of the vibrational spectra of trideutercme·ti-1.yL 

chloride had been published. 

In 1942 H. D. Noether29, using a spectrometer of limited re-

solving power, observed the following band origins for tricieuterometb.yl 

chloride; C D symmetrical stretching, 2136cm-1 ( v1); sym. -CH
3 

deformaticn, 1029cm-1 ( v
2 

); sym. C - Cl stretching, 695cm-l ( '3); 

asymm. C - D stretch, 2287cm-1 ( v
4

); asymm. -CH
3 

deformation, 

1058cm-1 ( v
5
); degenerate methyl rocking, 775cm-1 ( v 6). 

In 1944 A. H. Nielsen and H. H. Nielsen30 investigated the bands 

under higher resolution and were able to separate the Q-branch sub-

bands only of the perpendicular bands v 
4 

and v
5

• They failed to 

observe the very weak v6 band. Furthermore their observed band 

origins differed quite considerably from those obtained by H. Noether. 

. . . I I. Mills31 
••• 
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I. Mills31 reported the Coriolis constants, determined oy 

R. Popplewell 32 as z:; ,
4 

= 0.17 5, r.' 
5 

= -0. 320 and t;'6 = 0. 18 5 for 

the v
4

, v
5 

and v 6 pands respectively. 

Y. Morino and J. Nakamura33 analysed the same three degenerate 

bands under medium resolution (0.6cm-1 ) and obtained the following 

zeta values; r.' 4 
-0,.)37 and z:; ' 6 0.,220. These values 

were not calculated from an analysis of the rotational fine structure, 

but rather by approximate methods applied to the Q branch separa-

tions and application of the 7.eta sum rule. 

The object of this work was, in tl~e first place, to analyse the 

rotational fine structure of the parallel bands and obtain accurate 

values for the spectroscopic constants. It was also hoped, by 

using a spectrometer of higher resolving power (0.2cm-J..), to ana-

lyse the rotational lines of the perpendicular bands and to observe 

the Coriolis effect in contrast to speculative calculation. The 

results obtained were then to be used to determine the force constants 

of methyl chloride. 

3.2. ~perimentalg 

Trideuteromethyl chloride was obtained from Merck, Sharp and 

Dobme·, Canada; stated purity 99%. No impurities w0re observed :tn 

tb.e infrared spectrum (650 - 3600cm-1). Spectra were obtained 

using a Perkin-Elmer Model 125 double beam grating spectrometer. It 

was calibrated by observing replicates of the sample spectrum al-

ternated with the spectra of the calibrantsg carbon dioxide, 

acetylene, ammonia, carbon monoxide and carbon dioxide for c50 

... I -1 686 - 790cm ; 

-1 700cm , 
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~ ~- . 1 
ll50cm , 2100 - 2240cm , and 2280 - 2350cm-

respectively. The data of Plyler24 et al were use~ in order to 

plot appropriate calibration graphs. 

A Unicam absorption cell of 9.5 em path length, fitted with 

potassium bromide windows wa$ used. A sa.II".ple pressure of 0. 07 atm. 

was generally used throughout; except in the case cf t':le very weak 

perpendicular band at 768cm~1 ( v6), whevea pressure of 0.2 atm. was 

used. In order to achieve accurate line measurement each band was 

. . -1 
observed twice, giving a precision of measurement of~ 0.05cm • 

The optimum resolution obtained wi-th the instrumer..t for rr.ost of the 

-1 bands was of the order of 0.2cm • 

l The _Parallel Band at 70lcm- ( v)g 

This band is assigned to the symmetrical C - Cl st~etching 

mode. The observed spectru:.n, shown in Fig. 8, clearly indicates 

th8 typical P, Q, R branch pattern expected for a parallel band. 

No K-- K s;>litting was observed. The rotational lines are clearly 

resolved up to approximately J = 50 for both the P and R branches. 

Ba~d convergence is clearly evider..t at hign wavenumbers. In the 

--1 P branch the rotational lines between 667 - 672cm abruptly fall 

off in intensity and are poorly resolved. It may be noted that 

at 668cm-l atmospheric carbon dioxide interfered sJ.ightly~ The band 

-1 -1 shows an intense Q branch at 700cm and a weaker 0ne at 694cm • 

The latter is that generated by the 37 Cl isotopE'":. However none of 
1~· 

the rotational lines corresponding to tLe - 1 Cl isotope we:re observed. 

The observed wavenumbcrs and assignments of the rotational 

lines of cn
3 

Cl 35, are given in Table 9e 

.... I Geometrical 





TABLE 9. 

Observed wavenumbers and assi~ments to the spectral lines of the parallel 
band of cn3c135 at 700.80 em- (v3). The differences (calculated-observed) 
are shovm in parenthesis. 

I Assignment 
-1 ' 

em Assignment cm-1 Assignment cm-1 

0Po(48) 659.22 (+0.13) 0Po(15) 689.15 (+0.06) ORo(la) 713.45 (+0.06) 

Qp0(47) 660.21 (+0.12) 0Po(l4) 690 • .Q2 (-0.01) QRO(l9) 714.09 (+0.03) 

Qp0(46) 661.12 (+0.17) 0Pocia> 590.74 (+0.08) 0Ro(20) 714.67 ( +0.05) 

Op0C45) 662.18 (+0.08) 0Po(l2) 691.63 (-0.01) QR0(21) 715.31 (+0.01) 

0Po(l.f.4) 663.02 (+0.20) QPO(ll) 692.45 (.;.0.03) QR0(22) 715.88 {+0.03) 

0Po{43) 664.08 (+0.11) OPo(lO) 693.26 (-0.05) 0Ro(23) 716.45 (+0.04) 
I 

Qp0(42) 665.04 (+0.11) Qp0(9) 694.05 {-0.05) QR0(24) 717.05 (+0.02) 
I 
I Qp0(41) 66S.97 (+0.14) Qp0{8) 694.76 (+0.01) 0Ro(25) 717.66 (-0.02) 

Qp0(40) 666.91 {+0.12) 0Po(7) 695.-55 (0.00) OR0(26) 718.22 (-0.02) 

I Qp0(39) 668.16 (-0.17) Qp0(6) 696.36 (-0.04) 0Ro(27) 718.76 (0.00) 
I 0Po(3B) 668.76 (+0.05) QPO{S) 697.09 (-0.01) 0Ro(28) 719.28 (tO. 03) 

I 0Po(37) 669.69 (+0.04) QP0(4) - 697.89 (-0.05) 0Ro{29) 719.86 {0.00) 

0Po(36) 670.81 {0.00) 0Po(,3) 698.57 {0.01) QR0(30) 720.40 {0.00) 
l 
I Qp0(35) 671.76 (-0.03) QP0(2) 699.47 (-0.14) QR0(31) 720.95 (-0.01) 

I OPo(34) 672.69 (-0.03) QPo(l) 700.26 (-0.19) 0Ro(32) 721.49 (-0.03) 

0Po{33) 673.60 (-0.03) ORo(O) 701.80 (-0.27) 0Ro(33) 722.01 (-0.01) 
0Po(32) 674.55 (-0.07) QR0(1) 702.56 (-0.12) QRo(34) 722 .'51 (0.00) 

QRJ(31) 675.42 {-0.03) QR0(2) 703.14 (-0.18) 0R0(35) 723.08 (0.00) 

Qp0(30) 676.28 (+0.01) 0Ro(3) 703.72 (-0.06) 0Ro(36) 723.58 (-0.05) 

Qp0(29) 677.22 (-0.03) QR()(4) 704.41 (-0.05) 0Ro(37) 724.06 {-0.03) 

Qp0(28) 678.04 (+0.04) QRO(S} 705.00 {-0.05) 0Ro(38) 724.56 (-0.03) 
0Po(27) 678.97 (0.00) 0Ro(6) 705.68 (+0.06) QRo(39) 725.05 {-0.03) 

Qp0(26) 679.84 (+0.01) 0Ro(7) 706.32 (+0.10) 0Ro(40) 725.52 {-0.01) 

I Qp0(25) 680.60 (+0.13) 0Ro(8) 706.98 {+0.11) 0Ro(41) 725.98 (0.00) 

Qp0(24) 681.48 (+0.12) 0Ro(9) 707.69 (+0.08) 1 0Ro(42) 725.42 (+0.03) 

I Qp0(23) 682.22 (+0."24) 0Ro(lo) 708.45 (-0.01) QR0(43) 726.89 (+0.04) 

Qp0(22) 683.26 (10.01) QR0(11) 709.14 (-0.05) 0Ro(44) 727.37 (+0.02) 

Qp0(21) 684.09 {-0.02) 0Ro(l2) 709.74 (0.00) 0Ro(45) 727.82 (+0.03) 

GPo(20) 685.02 (+0.01) QR0(13) 710.37 (+0.02) QR0(46) 726.21 (+0.14) 

Qp0(19) 685.86 (-0.02) QR0(14) 710.97 (+0.05) 0Ro(47) 728.61 {-0.01) 

Qpocie> 686.74 (-0.05) I 
0Ro(l5) 711.59 (+0.06) QRC(l!-8) 729.11 (+0.09) 

0Po(17) 687.54 (i-0.01) I 0Ro(i6) 712.27 (+0.01) 0Ro(49) 729.55 (+0.09) 

Qp0(16) 688.41 (-0.03) I 0Ro(l7) 712.82 (+0.08) 
.. 
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Geometrical regression analysis (equations (1-31), (1-32) and 

Fig. 9; equations (1-34), (1-33); Tables 11 and 12, Appondix l) 

in which it was assumed that all the lines belonged to K = o, gave 

the following spectrosc~pic constants (cm-l units): 

B" = 0.3656(2) 

B' o. 3624( 5) 

D" 5.85 X l0-7 
J 

5.15 X 10-7 D' = J 

\)0 = 700.80 

The constants found were inserted in equations (1-16) and 

(1-17) and the wavenumbers of the ~o(J) and ~o(J) lines deter

mined. These calculated wavenumbers are compared with the observed 

values in Table 9. 

As no K- K splitting was observed, no information on the 

DJK' DK and A' values could be obtained. A" was calculated from a 

knowledge of the geometry of the molecule and B" as found, as 

fo::.lows. By definition, the rotational cons·Gant = h/8 -rr
2cr. It 

follows that 

-1 em ( 3-44). 

The moments of inertia, IA and IB' were calculated from the 

geometry of trideuteromethyl chloride, derived from the microwave 

data of s. L. Miller et a1 34; C - D = lolo4i, C - Cl l. 781R and 
..... 

DOD 110° 43'. From this data DCl was calculated to "be 108° 12 1 • 

Calculation showed IB and IA to have the values 7.7405 x lo-39 and 

L 10356 x 10-39 cm2 respectively. Inserting these, and B"=O. 3656cm -l ~ 
g 

( ) ' -1 in equation 3-44 , A" was found to be 2. 5644cm • 

•• 0 I 3.4. The Parallel • 0 0 
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This band is assigned to the symmetrical deuterium deformation 

vibration. The observed spect~um, shown in Fig. 10, has a sharp 

. -1 
Q branch at 1030cm and prominent P and R branches. The R branch 

overlaps quite considerably with the neighbouring perpendicular bm1d 

-1 at 1064cm and as a result the lines tend to be o"'bscure. The 

P branch lines are clearl~r resolveda -1 The sharp Q branch at 1028.4cm 

· · d t th 37cl · t 1s ass1gne o e 1so ope,. At low frequencies the two isotopic. 

species are resolved. 

The ~ lines were readily assigne1 up to .J = 40. The assign

ment of the ~ lines beyond .J = 15 were doub-tful and as -the lines 

of low J for both branches were 'shifted 1 by the Q branches, in t~e 

first instance approximate rota-tional constants were found from re-

gression analysis of the well resolved P lines only. These constants 

were inserted into equation (1-16) and the approximate wavenumbers 

of the R branch line calculated. In this maLner the observed ~ 

lines were confidently assigned up to J = 40. All the assignments 

are given in Table 10. 

Geometrical regression (equations 1-31, l-32 and Fig. 11; 

equations 1-33, 1-34 and Tables 13 and 14, A~pendix 1), in which 

it was assumed that all the lines belonged to K = 0, gave (cm-l units): 

B" = o. 3657(5) 

B' = o. 3599 

D" = 4.88 X l0-6 
J 

l0-6 D' = 4. 73 X 
.J 

\)0 = 1029. 60. 

. . . I The calculated ~ .. 





TABLE 10. 

Observed ~1avenumbers and assi@.ments to the spectral lines of the para:tl~! 
band of CD3Cl35 at 1029.60 cm-l(v2). The differences {calculated-observed) 
are shown in parenthesis • 

. ......__... 

Assign-ment cm""'1 Assignment cm-1 Assignment cm-1 

QpO(SS) 976.60 (+0.07) Qp0(25) 1008.13 (+0.04) QR0(4) 103$.35 (~0.35) 

Q:p0(54) 977.84 (-0.08) Qp0(24) 1009.08 < +0 • 06 > , QRo < s ) 1034.00 (-0.26) 

Qp0(53) 978.87 ( ~0.02) ' Qp0(23} 1010.08 (+0.02) QRo(6) 1034.54 (-0.15) 
Qp0(52) 979.98 {-0.05) QP0(22) 1011.10 (-0.05) I QR0(7) 1035.15 (-0.13) 
0Po(51) 980.97 (+0 .. 05) 0Po(21) 1012.02 <-o .. o2) 1 ORo(a) 1035.73 (-0.09) 
Qp0(50) 982.06 (+0.05) 0Po(20) 1012.92 (+O.Ol) 1 0Rc(9) 1036.43 (-0.18) 
Qp ( 98~ 2'l (-0.02) . 0I?o(19) 1013.97 ( -o .11) I ORo uo) 1036.82 (+0.03} 

~ 0 49) ; . '"'. "" 
Qp0(48) 984.26 (+0.02) QPO(l8) 1014.88 (--0.1i) l QRo(i1) 1037.51 (-0.07) 

QP0(47) 985.52 (-0.16) QPO(l7) 1015.72 (-0.03) I 0Ro(12) 1037.90 (+0.11) 
Qp0(46) 986.57 (-0.13) 1 Qp0(16) 1016.52 (+o.os); 0Ro(13) 1038.55 (+0.02) 
0Po(45) 987.57 <-o. o5) I Qp0(15) 1017.47 (+<).Ol)! Qp0(14) 1039.10 (+0.02) 
Qp0(44) 988.64 < -0.04) 1 0Po(l4) 1018.42 ( -0. 06) I ORo ( 15 ) 1039.64 (+0.01) 

Qp0(43) 989.83 (-0.16) I 0:Po(l3) 1019.18 (-0.04) 0Ro(16) 1040.18 (-0.01) 

Qp0(42) 990.68 (+0.06) 0Po(l2) 1020.09 {0.00) QRo(l7) 1040.54 (+0.14) 

Qp0(41) 
I 

Qp0(11) 1020.95 (-0.01) 0Ro(l8) 1041.15 (+0.02) 991.87 < -o. oe) 1 
Qp0(40) 992.90 (-0.03) QpO{lO) 1021.75 (+0.03) '<Ro(l:3) 1041.47 (+0.17) 

Qp0(39) 993.98 {-0.06) 0Po(9) 1022.58 (+0.03) 0Ro(20) 1042.07 (+0.05) 
0Po(38) 995.03 (-0.05) 0Po(8) 1023.45 (-0.02) 0Ro(21) 1042.75 (-0.18) 

Qp0(37) 996.08 (-0.05) I Qp0(7) 1024.29 (-0.05) QR0(22) 101.!-3 .14 (-0.13) 

Qp0(36) 997.08 (-0.01). Qp0(6) 1025.02 (+0.02) 0Ro(23) 1043.61 (-0.17) 
0:E'o(35) 998.29 { -0 .18) I QpO(S) 1025.72 (+0.1.1) QR0(25) 1044.47 (--0.21) 
Qp0(34) 999.29 (-0.14) 0Po(4) 1026.52 (+0.08) QR0(27) 1044.92 (+O.lO) 
Qp0(33) 1000.37 <-:0.19) 1 0Po(3) 1027.27 (0.00) QR0(28) 1045.39 (-0.01) 
Qp0(32) 1001.21 ( -0.01) i Qp0(2) 1028.17 (-0.04) QRJ(29) 1045.54 (+0.08) 
Qp0(31) 1002.34 (-0.06) . OpO(l) 1028.62 (+0.26) 0Ro(31) 1046.46 (-0.08) 
Qp0(30) 1003.27 (-0.05) 0Ro(O) 1030.1:1-0 (-0.08) 0Ro(34) 1047.25 (-~0.01) 

Qp0(29) 1004.20 (+0.03) QR0(1) 1031.29 (-0.26) 0Ro{3J) 1047.51 (-!·C.02) 
Qp0(28) 1005.20 (+0.02) QR0(2) 1032.01 (-9.29} 0Rc(37) 1048.12 (-0.10) 
Qp0(27) 1006.20 (+0.01) QRo(3) 1032.7€ (-0 .35) QR0\29) 1048.48 (-0.02) 
GPo(26) 1007.24 (-0.04) 
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The calculated wavenumbers (equations (1-16) and (1-17» are 

compared in Table 10 with the observed values. 

The sharp 'line' at l028.4cm-l was assigned to the Q branch 

of cn
3 

Cl 37. The additional lines observed in the main P branch 

were assigned to this species. The lines were fcund to fit the 

following expression: 

~o(J) = 1028.40 0.7224J - o.o063J2 + 2(9.61 x lo-
6

)J3 

+ 2.174 x l0-7J 4 cm-l ( 3-45) • 

By equating the coefficients of equations (1-17), (3-45), the fol

lowing constants (in cm-l units) were determined for the band: 

8 -6 -6 
v

0 
= 102 .40, B" = 0.3643, B' = Oe3580, D:J = 4.9lxl0 , DJ-"" 4o69xl0 • 

Observed and calculated wavenumbt>rs for this band are compared in 

Table 12. 

3. 5. 
. 1 

The Parallel Band at 2~59.60cm- ( v 1 ): 

This parallel band is assigned to the s~nmetrical C - D 

stretching mode. The observed spectrum, Fig. 12, shows P, Q and R 

branches typical of parallel bands. The P and. R branches show well 

resolved rotational lines up to J = 50. In addition to the sharp Q 

branch at 2159.6cm-l, two sr.arp, intense 'lines' are observed a·t 

2157.6 and 2158.6cm-l which do not beiong to the P branch. 

Beyond J50, the rotational lines of the P branch overlap with 

the overtone band centred at 2104cm-1• Close inspection of the ro

tational lines of the band at 2159. 60cm··l shews that the line separa-

tion remains approximately constant in both branches. This implies 

that B' . .- B". The observed wavenumbers and assignments of the 

lines are given in Table 11. In this band no K - K splitting was 

• • • I observed ~ ... 
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Observed wavenu~Ders and assignments to the spectral lines of the para).lel 
band of CD3Cl35 at 2159.60 cm~l (vi). The differences (calculated-observed) 
are shown in parenthesJ.s. 

Assignment cm-i 
I 
!Assignment cm-1 

Qp0(51) 2122.35 (+0.01)1 QpO(l5) 2148.68 (-0.01) 
QpO(SO) 2123.00 (+0.09) QP0(14) 2149.40 (0.00) 
QP0(48) 2124.56 (-0.01) 0Po(l3) 2150.15 (-0.03) 
Qp0(47) 2125.14 (+0.15) Qp0(12) 2150.89 (~0.04) 
QP0(46) 2125.99 (+0.03) QPO(l1) 2151.54 (+0,04) 
Qp0(4s') 2126.70 (+0.05)j 0Po( 1o) 2152.33 (-0.02) 
Qp0(44) 2127.45 (+0.03) Qp0(9) 2153.10 (-0.06) 
Qp0c4a) 2128.13 (+o.c8) OPo(B) 2153.76 (o.oo) 
OP0c42 ) 2128.98 (-o.o4) 0Po(7) 2154.36 (+0.13) 
?Po( 41 ) 2129.64 (+0.04) QP0(6) 2155.22 (-0,01) 
0Po(40) 2130.42 <~o.o1) Qpo<s> 2156.05 c~o.11) 
Qp0c39 ) 2131.09 {+0.05) 0Po(4) 2156.s1 (+0.61) 
Qp0(38) 2131.85 (+0.02) Qp0(3) 2157.25 (+0.14) 
Qp0(37) 2132.49 (+0.11) Qp0(2) 2158.06 (+0.05) 
QP0(36) 2135.21 (+0.12)1 0Po(1) 2158.95 (-0.01) 
Qp0(35) 2134.06 (+0.01) QR6(1) 216i.04 (-0.03) 
QPo(34) 2134.71 (+0.09) QRo( 2 ) 2161.74 (-0.01) 
Qp0(33) 2135.45 (+0.08) QR0(3) 2162.39 (+0.06) 
Qp0(32) 2136.20 (+0.06) QR0(4) 2163.13 (+0.04) 
Op0( 31 ) 2136.95 (+O.O~) . ORo(s) 2163~S3 (+0.06) 
Qp0(30) 2137.94 (.;.0.22) QR0(6) 2164.58 (+0.03) 
QP0c29 ) 2138.52 (-0.07) QRo( 7) 2165.40 (-0.07) 
QP0(28) 2139.19 (-0.01) 0Ro(8) 2166~05 (0.00) 
Qp0(27) 2139.94 (-0.03) QR0(9) 2166.81 (-0.04) 
0Po( 26 ) 211~0.66 (-0.02) QR0(10) 2167.56 (.;;.0.07) 
QP0(25) 2141.44 (-0.06) 0Ro(11) 2168.21 (0.00) ! 

Qpo( 24 ) 2142.13 (-0.02) QR0(12) 216B.95 (.;.0.02) 
Qp0(23) 2142.88 (-0.04) QR0(13) 2169.64 (0.00) 
Qp0(22) 2143.55 (+0.02) QR0(14) 2170.35 (+0.01)! 
QP0(21) 2144.27 (+0.03) QR0(15) 2171.09 (-0.01)1' 
Qpoc 2o) 2145.02 (+0.01) QRo(16) 2171.79 (o.oo) 
QP0(19) 2145.70 (+0.05) QR0(17) 2172.48 (+0.03) 
QPo(l8) 2146.51 (-o.o3) 0Ro(18) 2173.18 (+0.04) 
QP0(17) 2147.25 (-0.04) QR0(19) 2173.88 (+0.05) 
Qp0(16) 2147.91 (+0.03) ' 

Assignment cm-1 

QR0(20) 2114.58 (+0.07) 
QR0(21)- 2175.46 (-0.10) 
QR0(22) 2176.14 (-0.07) 
QRo(23) 2176.76 (+0.02) 
QR0(24) 2177.51 (-0.01) 
QR0(25) 2178.23 (-0.02) 
QR0(26) 2178.95 (~0.04) 
QR0(27) 2179.57 (+0.05) 
QRo(28> 2180.34 c~o.o1> 

0Ro(29) 2181.01 (+0.03) 
QR0(30) 2181.91 (-0•07) 
OR0c31 > 2182.48 c-o.o3) 
?Roc 32 ) 2183.22 (-0.06) 
QR0(33) 2183.89 (-0.03) 
QR0(34) 2184.57 (0.00) 
QR0(35) 2185.26 (+O.Ol) 
0Roc 36 ) 2185.98 (.;.0.01) 
QR0(37) 2.186.71 (-'0.0~) 
QRo(3B) 2187.42 (-0.05) 
QR0(39) 2188.02 (+0.05) 

QR0(40) 2188.75 (+0.02) 
QR0(41) 2189.50 (-0.03) 
0Ro(42) 219o.12 {+0.05) 
QRo(4a> 2190.80 (+0.07} 
QR0(44) 2191.48 (70.08) 
QR6(45) 2192.18 (+0.08) 

QR0(46) 2192.89 (+0.06) 
QR0(47) 2193.47 (+0.18) 
QR0(48) 2194.21 (+0.13) 
0Ro(49) 2194.96 (t0.07) 
ORocso) 2195.6G (;-o.o6) 
0Ro(51) 2196.56 (-0.15) 
0Kocs2) 2197.08 (+0.02) 
QRo(53) 2197.90 (-0.11) 
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observed and the second isotope band was not evident. 

The standard methods of regression (equations 1-31, 1-32 and Fig. 

13; equations, 1-34, 1-33 and Tables 15, 16, Appendix 1), in which 

it was assumed that all the lines belonged to K = o, yielded the 

following constants (cm-l units)g 

\) = 2159. 56 
0 

B" = 0.3618 

B' = 0.3616 

D" J = D' J = 4 X 10-7• 

Calculation (equation ( 3-44) ), using the B" value, yielded 

A"= 2.5390cm -1 
• 

The constants found were inserted in equations (1-16) and (1-17) 

and the wavenumbers of the rotational lines generated. These calcu-

lated wavenumbers are compared in Table ll with the observed values. 

This band is assigned to the overtone, 2 v 
5

, vibrational mode 

and is shovvn in Fig. 12. The band is of low intensity and the ro-

tational lines were but poorly resolved. A sharp Q-branch is observ8d 

at 2104.3cm-1• 

Most of the rotational lines of the P and R branci1es were as-

signed on the basis of the earlier experience of bands v1 , v 2 

and v
3
• The R lines fitted the equationg 

Q 6J2 3 -s -1 R(J) -= 2104.27+0.7260J-O.OO -2.2J x1o em ( 3-46)' 

from which v = 2104.27, B11 = 0.366, B1 = 0.3600 
0 

and D" = D ·'-J tJ = 
~ ~ ( ) 5.5 x 10 em • The same constants fitted equation 1-17 the lines of 

... I the P brancl1e e • • 
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the P branch. The observed and calculated wavenumbers are given in 

Table 13. 

Most of the few remaining lir-es in the observed spectrum were as-

-1 signed to a second, less intense, Q branch at 2103.22cm , the 

rotational constants being identical to those obtained for the main 

band. It is suggested that this series corresponds to a sub-band 

3.7. Discussion of the Parallel Bands of Trideuteromethyl Chlorideg 

The constants found for the parallel bands are compa::-ed in 

Table 22. The values of the gro,md state constants of the bands are 

in good agreement with one another. The DJ constants, however, of 

-1 . -lc ) the parallel bands at 1030cm and 2104cm 2 v 
5 

are approximately 

ten times greater than those obtained for the other bands. This 

anamoly will be discussed later. 

-1 The cvnstants found for the band at (Olcm are very satisfactory 

in view of the excellent agreement (within.±. 0.05cm-1 ) between tne 

calculated and observed wavenumbers (Table 9). For both the P and R 

branches the rotational lines close to the Q-branch are shifted, as 

it were, by the Q-branch. In the P branch, in the region of the 

carbon dioxide Q:-branch, the rotational lines are poorly resolved, and 

as a result their wavenumbers are in poor agreement with the calcu-

lated values. It is probable that this band may undergo a Coriolis 

perturbation with the closely neighbouring perpendicular band at 

1 768cm- • An analysis of the other K sub-bands, which were not resolved 

by this instrument, may reveal this interaction. As it was K = 0 

. . . I had to be ••• 
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TABLE 12. 

Observed Havenumbers and assignments to the spectral lines of the parallel 
band of CD3Cl37 at 1028.40 cm-1 (v 2). The differences (calculated--observed) 
are shown in parenthesis. 

cm-1 
! 

cm-1 i Assignment cm-1 Assignment 

I 
Assignment 

Qp0(58) 971.41 (+0.11) Qp0(35) 996.56 (0.00) 0Po(24) 1007.64 (+0.13) 

0Po(57) 972.57 (+0.04) l QP0(34) 997.42 (+0.17) Qp0(23) 1008.79 (-0.05) 

Qp0(56) 973.75 (-0.05) QP0(33) 998.82 (-0.17) Qp0(22) 1009.65 (+0.07) 
QP()(32) Qp0(21) 0PQ(53) 977.02 (-0.02) 999.66 (+0.03) 1010.72 (-0.05) 

0Po(48) 982.57 (-0.08) 0Po(31) 1000.74 (-0.03) Qp0(20) 1011.62 (0.00) 

Qp0(43) 988.06 (-0.10) QP0(29) 1002.79 (-0.01) Qp0(15) 1016.22 (-0.01) 
0Po(42) 988.96 (+0.09) Qp0(28) 1003.93 (-0.01) Qp0(14) 1016.91 (+0.17) 

Qp0(40) 991.17 {+0.03) 0
Po(27) 1004.65 (+0.14) Qp0(9) 1021.45 (-0.07) 

Qp0(37) 994.40 (+0.01) Qp0(25) 1006.86 (-0.08) Qp0(7) 1023.23 (-0.20) 

TABLE 13. 

Observed wavenumbers and assignments to the spectral lines of the parallel 
band of CD3Cl35 at 2104.27 cm-1 (2-vs). The differences (calculated-observed) 
are shown in parenthesis. 

i 

Assignment cm-1 Assignment cm-..1; .I Assignment cm-1 

I 

Qp0(3l) 2076.51 (+0.14) QPof2) 2102.81 {-0.02) I QR0(18) 2115.87 (-0.12jc 
Qp0(29) 2078.73 (-0.02) Qp0(1) 2103.39 (+0.15) I QR0(19) 2116.34 (-Ch13) 
Qp0{2S) 2079.67 (+0.05) 0Ro(O) 2105.14 < --o .15 ) j QRo ( 20) 2116.61 (+0.06) 
0Po(27) 2080.87 (-0.14) QR0(1) 2105.63 (+0.07) QRo( 21 ) 2117.11 (-0.01) . 
Qp0(26) 2081.80 (-0.08) Qp_0(2) 2106.33 (+0.06) QR0(23) 2117.96 (-0.03) 
Qp0(25) 2082.67 (+0.04) QR0(3) 2107.03 (+0.05) OR0c 2r~) 2118.23 (+0.10) 
Qp0(16) 2091.06 (+0.15) 0Ro(4) 2107.81 (-0.16) 0Ro(25) 2118.71 (0.00) 
0Po(11) 2095.51 (+0.07) 0Ro(6) 2109.05 co.oo) 0Roc 26 > 2119.01 (+0.06) 
0Po(10) 2096.32 (+0.11) QR0(7) 2109.52 (+0.16) QRo( 2g) 2120.00 (+0.06) 
0Po(9) 2097.25 (+0.01) 0Ro(g) 2111.03 (-0.12) IQR0(30) 2120.45 (-0.09) 
0Po(S) 2098.25 (-0.16) QRO(lO) 2111.48 (+d.o3) 0Rocs1 ) 2l20.78 (-0.14) 
Qp0(7) 2098.85 (+0.05) QROfl1) 2112.02 (to.o7) 0Ro(32) 2120.78 (+0.12) 
Qp0(6) 2099.80 (-0.10) QRO(i2) 2112.72 (-0.06) QR0(33) 2121.25 (-0.10) 
Qp0(5) 2100.52 (-0.03) QR0c15 ) 2114.23 (+0.01) 
Qp0(4) 2101.26 (+0.01) QR0(16) 2114.77 (0.00) 
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had to be assumed; the validity of this assumptio:r:.. is not considered 

entirely satisfactory even though the K = 0 sub-band will be the 

most intense. 

The 
· 

6 8 -1 was assigned to the 3tc1 isotopic 
weak Q branch at 94. em · 

species. E. Plyler and j. Barker35 analysed the methyl cnloride 

C - Cl stretching vibration and observ·ed that the Q brCl,nch of the 

31cl isotope band was separated by 6cm~1 from the 35cl isotopic 

species. This separation ~s exactly that observed for t:ri:deuteromethy-1 

chloride and supports the assignment made. 

The ~xcellent agreement between the calculated ana observed 

wavenumbers (Table 10) confirms the ac¢uracy of the s~ectral constants 

found for the parallel band a.t l030cm """1 
o The ( celculated ,;,..;. obser-Ved) 

differepces show the lin~s of iow J, up to j = 10 in the R branch, 

to be. linearly displaced. In the f branch the l:j..ne13 belonging to 

the same J valu$$ show no such displacem~nt. Although the R branch 

overlaps with the perpendicular band at 1064cm-l~ no such linear 

error is o~served for the higher J values. The displaced ltnes in 

the R branch fit a sum of terms in which (B 1+Btt) = 0.77cm.,..i, as 

against o. r(257cm --l obtained for the remainder of the band. 

It $eems possible tl:l.at rotatiqnal pertu,rbati())is may be present 

.,-1 
in the band at lO}Ocm as a :Pesult of Coriolis int0raction with the 

~-1 
perpendicular band at 1064cm ·• These perturbations may haye re.,.. 

sulted in the high DJ constant and the high B v'Cl.1Uef3 found fo~ the 

low J values in the R branch. 

The good agreement tetween the calculated and observ-ed wa·ve--

( ) 37 -1 numbers Table 12 for tl:..e lines of the CD
3 

Cl band at 1028, 40Jm , 

confirm the precision of the constants foun(i. The diffe:;:-e:nce~ 

. ,., . / between • ' 4 



between the constants obtained for the two isotopi<;l species are of 

the same order as those found by J. Pickworth and H. Thompson36 for 

the isotopes of methyl chloride. The constants obtained for CD
3 

01 37 

are given in Table 23. 

The (calculatet- observed) differences of the rotational lines 

-1 -1 of the band at 2159.·56cm are, in general, within+ 0.05cm • In 

the P branch the J = 3, 5, and 7 lines fall slightly outside this 

limit and this may have been ca~sed by the underlying on
3 

01 37 band 

which was not observed. The band is in·..rolved in Fermi resonance -vrlth 

2 v
5 

and consequently not too much reliance should be placed upon the 

-1 constants found; those of the parallel band at 700.80cm are more 

reliable. 

-1 The two 'lines' observed at 2157.60 and 2158.57cm may be ten-

tatively assigned to the Q--b::oanches of the sub-bands of the band at 

2159.56cm-1• The Q branches of the sub-bands have be&n observed in 

methyl chloride for v1 by Pickworth and Thollipson36• Q branches 

have also been observed in methyl bromide 37 and iodide 38• Pickworth 

and Thompson obtained identipal v
0 

values for the v1 ·,ibrations of 

OF
3 

0!35 and OH
3 

01 37. If we assume that this is the case for 

trideuteromethyl chloride, then the line at 2157.60cm-1 , almost 

-1 2cm away from the v value, cannot be regarded as the Q branch of 
0 

the 37 01 isotope. 

To a good approximation, since B" = B1 , the sub-banU. origins are 

given by~ = v + (Ai - A")K2. 
0 

This equation is satisfied if the 

lines 2157.60 and -1 2158.57cm are taken as the sub-band origins for 

( ) -1 K = 6 and 4 respectively,. This gives A 1 - A" =-0. 0544cm , which 

corresponds to the value (-0.0547) obtained by Pick*orth and 

I Thompson. " • e 
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Thompson. The above is obviously rather speculative since the 

K o, 3, 6, 9 etc., Q-branches are somewhat (11~8) more intense 

than the remainder. 

The 2 v
5 

band at 2104.27cm-l is involved in Fermi resonance 

with the band at 2159.56cm-l and this may account for the high DJ 

values obtained for the overtone band. 

In conclusion, therefore, it may be said that the rotational 

structure of the parallel bands of trideuteromethyl chloride have 

been satisfactorily analysed and interpreted; yielding accurate 

spectral constants. 

3.8. Computer Regressions of the Parallel Band Fundamentals~ 

Following the completion of this thesis Professor D. G. Parkyn, 

Head of Department of Applied Mathematics, U. C.T., had. available 

programmes for the U. C. T. computer, an I. C. T. 1301, which would 

enab~e Len-linear regressions, of the type discussed here, to be 

carri~d out. The computer was used to carry out regressions on the 

three parallel bands of CD
3 

Cl. The results are listed in Table 14. 

I 
~AND l vl I v2 v 3 

700.709~ vo 2159.557 1029.637 
pn o. 3619 3 0.36624 o. 365831 

!B' 0.36176 0.36043 0.36292 

D" X 107 4.181 5lo600 5.086 J 
107 D' X 4.400 50~ 275 5· 236 J 

. ...• I By inspection ... 
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By inspection of the (calculated- observed) differences the 

standard deviation is of the order of 0.02cm-1• The v values 
0 

must therefore be precise to about± 0.002cm-l at about 85% confi-

dence as these resulted from the orde~ of 100 individual observations. 

It also follows that the 5th decimal place in the B values is sig-

nificant as is also the last significant figure quoted for the D's. 

It is gratifying to note that the above values are in excel-

lent agreement with those obtained by graphical regressions from 

combination data (see Table 22). 

3.9. The Perpendicular Band at 2283cm-1 ( v4): 

This band is assigned to the asymmetrical C - D stretching 

mode of vibration. The observed ~and, shown in Fig. 14, has a 

stDucture typical of perpendicular bands. The alternating intensity 

patte:t>n, resulting from the spin of the deuterium atoms, of the 

Q branches of the sub-bands is clearly evide4t and enabled these to 

be r8adily assigned. For the 6-K= +1 transitions, the alternating 

intensity pattern is obeyed up to K = 8, beyond which t:~e pa tte:.~n 

is interrupted as a re~ult of the presence of an atmospheric 002 band 

in a region of low intensity. For the .L).K= -1 transitions, the ex-

pected intensity pattern is faithfully followed up to K = 15, 

beyond which the band was too weak to be observed. The Q branches 

converge with increasing wavenumber from approximately 3.90 to 3.25cm~1 o 

The band origin lies between RQo(J)(2284.60cm-
1

) and PQl(J)( 2281 • 05cm-l) 

In between the sharp Q branches, rotational lines of low inten

sity are ob~erved. These lines, separated by 0.(2cm-1 , are well 

resolved on the low frequency side of the o~igin. An interesting 

... I feature 
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feature is that between each of the Q branches there are four ro-

tational lines. Furthermore, the Q branch separation is approximately 

five times that of the rotational line separation. These observa-

tions indicate that the rotational lines of the sub-bands are 

almost exactly superimposed on one another. The constant line 

separation of 0.72cm-l indicates that, to a good approximation, 

B" = B'. This hypothesis is further supported by the sharp line-like 

Q branches which have a m~ximum width of one wavenumber, only, at 

their bases. Consequently, to a good approximation, the peak wave-

numbers of the Q branches must correspond to the sub-band origins 

since the Q lines will coincide (see equations 1-28, l-2~). 

Approximate wavenumbers were calculated for the rotational lines 

by inserting the observed Q branch wavenumbers, (B' +B" )' ~ 0. 72cm-l, 

(B1 -B") = 0 and DJ = 0 into equations (1~22) to (1-25). These cal-

culated wavenumbers were assigned to the observed values on the ~asis 

that the most intense lines would be most likely to be observed. In 

--th~s manner the observed rotational lines were assigned to the 

K = o, l, 3, 6 sub-bands for the 1\K= -1 transitions. The wav-enumhers 

of the observed rotational lines and their assignments are given in 

Table 15. 

The observed wavenumbers fitted: 

v obs = 
sub 

Vo 
2 

~ 0.724J + (zero)J 
_, 

em - ( 3-47) ~ 

in which the positive sign refers to the LJ= +1 transitions a:nG. the 

negative sign to the AJ= -1 transitions. Equating the regression 

(3-47) with equations (l-22) to (l-25) gave (B~+B") = 0.724cm-l and 

(B'-B") = 0. Insufficient lines were observed to enable suffic~_ent 

regression s8nsitivity for the estimation of DJ. 

• • • I The origins o:f ~ .. 
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The origins o~ the sub-bands were determined by inserting the 

wavenurnbers o~ the observed lines, B" = B' = 
-1 

0.362cm and DJ = 0 

into c•quations (1-22) and (1-25). The mean values o~ these sub-band 

origins are given in Table 16. These values ~itteJ: 

R sub 
vo = 2281.05 + 3·559(K + 1)- O.Oll87(K + 1)

2 -1 ( ) em 3-48 ~ 

p vsub = 2284.60- 3·549K- O.Oll87K2 
0 

-1 em (3-49). 

The value B" = o. 362cm -l yielded (equation 3-44) A" = 2. 539cm -l. 

On substituting A"= 2.539, B" = 0.362 and B1 = 0.362cm-l in the 

coe~~icients o~ the pairs o~ equations (1-26), (3-48), and (1-27), 

(3-49), the ~allowing constants were ~ound: 

. -1 
A' = 2.527cm and~' = +0.155. 

-1 v = 2283. 22om , 0 . 

The constants found were substituted into equations (1-26), 

(1-27) and the sub-band origins calculated for the ~K= +1 and 

6.K= -1 transitions. These values are compared with the o"Eserved 

italues in T~ble 16. 

Th3 constants determined were substituted in equationE> (1-22), 

(1-23), (l-24), (l-25) and the wavenumbers of the rotational lines 

generated. These calculated wavenumbers are compared with the ub-

served values in Table 15. 

3.10. The Perpendicular Band at l06lcm -l( v 
5

) g 

This band is assigned to the asymmetrical methyl de~ormation 

vibrational mode. The spectrum, Fig. 15, is that of a typical ~er

pendicular band, with the intense RQo(J) branch at 1063cm-1 • Tho 

Q branches o~ the sub-bands, in which the separation is approximately 

. . ·• I -1 5. 90cm , c,:J~e well " .. 
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5.90cm-1 , are well resolved and were readily assigned on the basis 

of their intensities; the alternating intensity pattern was evi-

dent as before. 
R . . 

The Q branches are clearly resolved up to 

K = 12, whereas the PQ branches are observed forK= 1, 2 and 3 

only. The remaining p Q branches are not resolved as the band over

-1 laps with the R branch of the parallel band at 1030cm • 

In "between the Q brar:ches weak rotational lines were observed. 

R These lines are clearly resolved between the K = o, 1, 2, 3 Q branches 

-1 and have a line separation of approximately 0.90cm • Beyond these 

branches the lines are poorly resolved, probably because they over-

lap with one another. 

Close inspection shows that the R lines oonverge with increauing 

wavenumber. In order to assign the rotational lines, their wave-

numbers were generated on the basis of the assumptions: 

(i) 
(ii) 

B1 + B'; 

B' B" 

-1 0.90cm , 
-1 

=- o.004cm ' 

(iii) that the wavenumber of a Q branch maxi>trum would 

correspond with the RQ and p Q lines of maximum calcula·ced. inter..si ty. 

sub P R . On this basis the v were located as well as the P and R l~nes 
0 

belonging to them. Calculation of the intenuities of these lines 

also contributed to their location in the spectrum. The observed 

wavenumbers of the lines, and their assignmentG, are given in Table 17. 

The constants for the band were found by applying ccmbination re-

lationships to the rotational lines of the K = o, 1, 2 and 3 sub-

bands. Geometrical regression (equations (l-j6), (1-38) and (1-39); 

·Tables 17, 18, 19, Appendix 1, respectively.) yielded B" = 0.4526 

and Bf' = 0.4474cm-1• The population of the rotatior..al lines was too 

••• I small to allow o • e 
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small to allow the determination of the DJ and DJK constants. 

The origins of the sub-bands were determined by substituting 

the B values found and the wavenumbers of the observed rotational 

lines into equations (1-22), (1-23), (1-24) and (1-25). The mean 

sub-band origins, so determined, are given in Table 18. 

fit: 

The sub-band origins of the ~K= +1 transitions were found to 

2 
1058.59 + 6.3807K- o.oo55K 

-1 em ( 3-50). 

It was not possible to obtain a similar equation for the 6K= -1 

transitions as only the sub-band origins forK= 1, 2 and 3 were 

determined,. 

-1 From equation (3-44) and B" = 0.4526cm , A" was calculated to 

-1 be 3.1746cm • Substituting the constants into the equations of the 

coefficients of the pair of equations (l-26), (3-50), the following 

-1 6 -1 constants were determined: v = 1061. 3lcm , A 1 = 3.1 39om and 
0 

r,;' = -0.148. 

The constants found were substituted into equations (1-26) and 

(1-27) and the sub-band origins determined fo= the ~K= +l and 

DK= -1 transitions. These calculated origins are compared with the 

observed values in Table 18. 

The constants determined were substituted into equations (l-22) 

to (l-25) and the wavenumbers of the rotational lines were thus 

generated. These are compared with the observed values in Table 17. 

. . . I 3oll. The ••• 
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3.11. The Perpendicular Band at 768cm-1 ( y
6
): 

The third perpendicular band is assigned to asymmetrical 

methyl rocking motions. The very low intensity of this band (ap

proximately 6% maximum absorption for a 9c5cm p~th length and a 

i atm. pressure) has resulted in considerable uncertainty in the 

literature as to the position of the band centre. The spectrum, 

Fig. 16, has a structure typical of perpendicular bands, with well 

resolved Q branches reflecting the alternating intensity pattern. 

p 
The Q branches were observed up to K9, beyond which the band over-

-1 R lapped with the parallel band at 700cm • The Q branches were 

observed up to Kl2; the K = 0 sub-bane (768e7cm-1
) being the most 

intense feature of the spectrum. 
-1 

The Q branch separation was 3.4cm • 

Generally, because of the low intensity of the band, _the ro-

tational lines were not very evident, but were observed as shoulders 

on the Q branches. Close inspection of these indicated a line 

. -1 
separation of 0.72cm ; in agreement with th~t obtained for the up-

perturbed bands of trideuteromethyl chloride. 

The constants obtained from the other bands were used in order 

to form a basis for the assignment of the pp Bnd RR lines. The ob-

served wavenumbers and assignments are given in Table 20. 

A~ insufficient number of P and R lines were observed to allow 

the determination of the spectral constants from combination rela-

tionships. However the lines of the various snb-bands were found to 

fit: 

v observed 
sub 2 

v
0 

+ 0.73m- 0.0033m 

••• I 

-1 em 

It follows 

( 3-51). 
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It follows that (B1 +B") = 0.73 and (B'-B") = -0.0033cm-1 ; giving 

-1 B" = 0.366 and B' = 0.363cm • The population of d:1.ta was too small 

for the determination of the D values. 

The sub-band origins were determined by substituting the ob-

eerved wavenumbers and the above B values into equations (1-22), 

(1-23), (1-24) and (1-25). The mean sub-band origins, so determined, 

are given in Table 21. 

The origins of the ~K= +1 transitions were found to fit: 

R sub 2 v = 766.35 + 3.47(K+l) - O.Ol5(K+l) 
0 

-1 em 

' 

( 3-52 ). 

A similar expression could not be obtained for the .4 K= -1 transJ. tions 

as insufficient rotational lines were observed to enable a reliable 

determination of the sub-band origins for K greater than threeo 

Inserting the B11 value in equation (3-44), A" was calculated to 

. -1 ( ) be 2. 57lcm • Substitution of A11 , B" into equation 1-26 and 

equating wi"C;h the regression given by (3-52), yielded: 

-1 -1 
v

0 
= 768.55cm , A' = 2.553cm and z:' 6 = 0.184. 

These values were substituted into equations (1-26) and (1-27), and 

the sub-band origins calculated for the L\K= +1 and t.).K= -1 tran-

sitions. The calculated sub-band origins are compared with the 

observed values in Table 21. 

The sub--band origins and calculated constants were used in. 

equations (1-22), (l-23), (1-24) and (1-25) to generate the wave-

numbers of the rotational lines. The caluclated wavenunibers are 

compared with the observed data in Table 20. 

. . . I 3.12. Discussion ... 
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TABLE 15. 

The observed wa-venumbers and assignments to the spectral lines of the 
perpendicular band of CD3Cl35 at 2283.22 cm-1 (v4). The differences 

(calculated-observed) are shown in parenthesis~ · 

I ! 
I ' Assignment cm-1 l Assignment cm-1 Assignment cm-1 

Pp9(34J 2227.10 (-0.06) Pp3(16) 2263.64 (+0.03) RR0(21) 2300.57 (-0.04) 

Pols 2228.70 Pp3(15) 2264.43 (-0.03) RR0(22) 2301.25 (0.00) 

PPg( 30) 2230.09 (-0.06) Pp3(14) 2265.15 (-0.03) Ro5 2302.00 

PP9(29) 2230.70 (+0.05) Po 2266.52 RR3(10) 2302.97 (+0.11) -5 
Pp9(28) 223.1..40 (+0.07) Pp3(11) 2267.32 (-0.03) RR3(11) 2303.88 (-0.07) 

P014 2232.60 Pp3(10) 2268.10 (-0.08) R06 2305.38 

PP9(25) 2233.60 (+0.05) Pp3(9) 2268.80 (-0.06) RR0(29) 2306.35 (-0.03) 

Pp9(23) 2235.14 (-0.04) Pp3(8) 2269.54 (-0.07) RR1(25) 2306.87 (+0.10) 

Pp6(37) 2236.02 (-0.01) Po4 2270.22 RR0(30) 2307.12 (-0.08) 

Po1s 2236.45 Pp3(6) 2270.85 (+0.06)1 RRl (26) 2307.60 (+0.10) 

Pp6(35) 2237.40 (+0.07) Pp3(5) 2271.60 ( +0 .01+) R07 2308.50 

Pp6(34) 2238.10 (+0.09) Rp0(17) 2272.30 (+0.03)1 RRo( 31+) 2309.90 (+0.04) 
PP9(18) 2238.75 (-0.03) RPO(l6) 2273.18 (-0.13)1 RRo(35) 2310.60 (+0.06) 

PP9(17) 2239.50 (-0.06) PQ3 2273.85 RRo(36) 2311.30 (+0.08) 

PQ12 2240.35 Rp0(14) 2274.55 (-0.05) Roe 2312.05 

Pp6(30) 2241.00 (+0.09) RPO(l3) 2275.30 (-0.07) RR3(24) 2313.30 (-0.08) 
Pp- 2241.60 (+0.01) Rp0(12) 2275.94 (+0.01) RR0(40) 2314.40 (-0.12) 9(14) 
PP6(28) 2242.50 (+0.04) RpO(ll) 2276.60 (+0.03) RR3( 26) . 2314.70 (-0.03) 

Pp9(12) 2243.10 ( ··0. 04) p02 2277.50 R09 2315.30 
PQll 2244.05 RPo(9) 2278.12 (-0.04) RR3(28) 2316.20 (-0.08) 

Pp6(25) 2244.60 (+0.11) RP0(8) 2278.80 (+0.01) RRO(!.J.!+) 2317.20 (-0.02) 
PP9(9) 2245.22 (+0.01) Rpl(l2) 2279.35 RR6(16) 2317.60 (+0.04) 

PP6(23) 2246.08 (+0.08) RP0(6) 2280.23 (+0.06) I Rq10 2318.60 
PP6(22) 2246.87 (+0.01) Pol 2281.05 l RRo(47) 2319~35 (0.00) 

Polo 2?47.85 RPl(g) 2281.60 (+0.03) RRS(l9) 2319.92 (-0.11) 

Pp6(20) 2248.28 (+0.05) Rpl(8) 2282.25 (+0.11) RRo(49) 23L.0.88 (-0.08) 

PP6(19) 2249.07 (-0.02) Rpl(7) 2283.10 (-0.02) RR:;:(35) :~3?1.13 (+0.05) 

Pp6(18) 2249.80 (-0.02) Rqo 2284.60 R011 2321.'10 

Pp6(17) 2250.57 (-0.07) RRo(o) 2285.35 (-0.03) Rr<6(23) 2322.70 (+0.01) 
PQg 2251.65 RRo(l) 2286.16 (-O.ll) RR3(38) 2323.22 ( -1·0' lJ.t.) 
P?3(32) 2252.10 (-0.01) RR0(2) 2286.83 (-0.06) f..:.R3(39) 2324.02 (+0.05) 

PP3(31) 2252.80 (+0.01) RQl 2288.10 RRG(2G) 2325.02 (-O.Fl-) 
PP6(13) 2253,42 (-0.02) RRo(5) 2288.95 (-0.01) T{RG(27) 2325.60 (0.00) 
PP6(12) 2254.13 {-0.01) RR0(6) 2289.60 (+0.07) RRg(l4) 2326.18 (-0.02) 
PP3(28) 2254.97 (+0.02) RR0(7) 2290.30 {+0.09) RR6(29) 2326.98 (+0~07) 

Pos 225f;.45 R02 2291.60 RRg~l7) 2328.20 ( -:-0.13) 
PP6(9) 2256.12 (+0.17) RRO(lO) 2292.60 (-0.04) RRg(l8) 232q.o1 (-0.01) 

Pp3(26) 2256.45 (-0.02) RRO(ll) 2293.35 (-0.06) l<.R6(34) 2330.70 (-0.03) 

Pp3(25) 2257.13 (+0.02) RRO(l2) 2294.00 (+0.01) RRg(22) 2331.92 (+0.03) 
PP3(24) 2257.87 (+0.01) RR1(8) 2294.55 (+0.11) · RR6(37) 2332.75 (+0.09) 
PP3(23) 2258.64 (-0.04) RQ3 2295.12 · R!~9(2~) 2333.32 (•0.08) 
P07 2259.25 RRO(l5) 2296.13 (+0.05) RR6(39) 2334.28 (+0.01) 

Pp3(21) 2260.08 (-0.03) . RRo(l6) 2297.10 (-0.19) RR6(40/ 2335.10 (-0.01) 

Pp3{20) 2260.80 (-0,02) RRO(l7) 2297.65 (-0.02) RRq(30) 2338.85 (-0.11) 
PP3(19) 2261.4-8 (+0.02) RQ4 2298.55 RRg(32) 2339~~8 (-0.09) 
p 
• 06 2262.84 RRo(20) 2299.70 (+0 .10). 

I 

I 

I 

! 

I 
I 

I 
I 
1 



TABLE 16. 

Calculated and observed wavenumbers of v~ub of the perpendicular band 
of CD3Cl35 at 2283.22 cm-1 ( v4 ). 

I I 
I 

I 

I I K t.K = +1 t.K = -1 

.I I Observed l Calculated Observed I Calculated .L_ __ 

i I l I 

f 

I 
0 I 2284.60 I 2284.60 - I -' 1 l 2288.10 2288.12 22fH.o5 I 2281.06 
2 2291.60 I 2291.62 2277 .so 2277.54 

I 
3 I 2295.12 2295.10 2273.85 2273.77 
4 l 2298.55 I 2298.55 2270 .• 22 2270.23 

I 
5 2302.00 2301.98 2266.56 2266.56 
6 

I 
2305.38 

I 
2.305.38 2262.84 2262.74 

7 2308.60 2308.66 2259.25 2259.32 
t 8 2312.05 2312.12 2255.45 2255.45 

9 I 2315 30 2315.45 2251.65 2251.80 
10 

I 
2318.60 2318.76 2247.85 2247.78 

11 2321. 7J 2322.05 2244.05 2243.98 
12 I 2240.35 22LJ0.40 
13 2236.45 2236.44 
14 223~.60 2232.6.i. 
15 I 2228.70 2228.71 

I 
-I ! 

TABLE 18" 

sub The calculated and observed wavenumbers for v0 of the perpendicular 
35 1 band of cn3Cl at 1061.31 em-_......__ ________ ... 

r I 

K t.K = +1 t.K = i 
I -1 I 

i 

l Observed 
--j 

Calculated Obser"ed Calculated I 
I 

I I 
I 

I 0 1064.92 1064.97' 
I 

-
l 1071.33 1071.33 1058.44 10?8.59 

I 2 1077.68 1077.68 1052.14 1052.20 i 

I 3 1084.05 1084.03 1045.80 1045.BO 
I 4 1090.37 1090.36 1039 .1+0 I 

I 5 1096.71 1096.67 
6 J.l02.98 1102.99 
7 1109.28 
8 1115.57 
9 1121.85 
10 1128.11 i 
11 1134.36 I 12 1140.61 I 

.. J 



TABLE 17. 

The observed wavenumbers and assignments to the spectral lines of the perpen
dicular band of CD3C135 at 1061.31 cm-:1 ( vs). ti.fferences (calculated-

-" . : 

observed) are shown in parenthesis. 

Assignment cm-1 ! Assignment cm-1 
i 

PP2(6) 1046.46 (+0.15) 
PP2(5) 1047.51 (+0.06) 
Pp1(11) 1048.12 (-0.06) 
p 

p 2 ( 4) 1048 , 48 ( +0 • OL~) 
i Pp2(3) 1049.40 (+0.05) 1 

PP1(~) 1050,15 (+0.02) 
PP2(2) 1050.43 (-'-0.05) 
PR3(6) 1051.82 (+0.03) 
Ppl(7) 1052,07 (-0.03) 
fo2·: ·. 1052~43 .. - 1 
?P1(5) 1053,93 C+o.o3) 
?F4<i8> 1.054.74 (~0.12) 
PR4(i~) l05,§:2~ '+q.q7~ I 

I PP!(~)~ ;d~~,~~ CtQ.l~l 

l 
tOi~~:' 1ose,rs 
PR3(l5) l.0$8,8S (+0.02) 

1 PR2 (7) ~o~9~o7 (o.oo) 
I PR3(16) 1059.58 (-0.05) 

PR2(8) 1059.93 (-0.05) 
RP1(11) 1060.86 (-0.06) 
RPo(4) 1061.25 (+0.04) I PR2(10) 1061.51 (-0.04) 

i RP1(10) 1061.87 (-0.06) I 
PR2(11) 1062.21 (+0.04) 
Rp1(9) 1062.75 (+0.06) ! 
PR2(12) 1053.00 (+0.02) j 
RQo 1064.01 
PR1(7) 1065.52 

PR1(20) 1075.20 (0.00) 
Rp3(9) 1075.43 (+0.12) 
Ro2 1076.49 
RR1(6) l077.!H (-0.04) 
RR0(15 ) ~.077 .96 (+0.08) 
RR1(7) 1073.27 (~0.07) 
RR0(16) 1078.60.{'-0!03) 
RR1(8) 1078.91 (-0~02) 
RRO(l7) 1079.52 (-0.03) 
RR1(~j 1079.70 (+0.06) 
RRO(l8) 1080.25 (~0.06) 
~R2<2> 1090.41 <~o.oe> 
~R1(10) 1080.60 (0.00) 
rRb(igj iOBO.e5 (+0.0~) 
RR2(3) .· l-081.12 (+0.08) 
R' ·. . . : . R1(il) 1081.34 (+O.Q4) 
RR0(20) 1081.57 (·!-0.01) 
~Q3 . ' l0?2 .44 
RRo(23) 1083~50 (+0.Q8) 
RR1c15 ) io84~so •:70.19> 
~R1(16) 1085.21 (-0.08) 

Roc 2s) 1085.61 (-0.07) 
RRl(l7) 1085.85 (0.00) 
RR2(9) 1086.18 (-0.02) 
RR2(10) 1086.94 (+0.01) 
RRo(?.g) 1087.28 (+0.01) 
RR0( 3o) 1:J88.00 (-0.01) 
~R0(31) 1088.26 (+0.03) I PR1(8) 1066.14 

RRo(l) 1066.69 
PRl( g) 1067.02 

(-0.06) 
(+0.13) 
(+0.06) 
(+0.05) 

RQ4 1088.66 
1! RRo(32) 1089.oo (+0.01) 

RRo( 33 ) 1089.53 (+0.03) 
RR1(~3) 1089.93 (+0.01) 
RR3(6) 1090.13 (-0.05) 
RR1(24} 1090.56 (+().02) 
Rk3(7) 1091.08 (-0.15) · 
RR1(25) 1091.35 (-0.14) 
RR3(8) 1091.60 (0.00) 
RR1( 2G) 10GJ.90 (-0.06) 
RR2{17) 1092.20 (0.00) 
RR3(9) 1092.50 (+0.01) 
RR2(18) 1092.99 (-0.09) 
RR3(10) 1093.30 (0.00) 

RRo( 2) 1067.59 (+0.03) 
PR1(10) 1067.£4 (-0.08) 
RRo(3) 1068.46 (+0.03) 
Rp2(9) 1C69.06 (+0.10) 
RRo( 4 ) 1069.31 (+0.03) 
PR2(4) 1069.52 (-0.08) 
RQ1 1070,33 
RRo(5) 1070.93 (~0.02) 
Rp2(7) 1071.20 (-0.07) 

I. RPR0(7) 1071.73 ( +0 .11) 
R2(25) 1072.22 (-0.11) 

RR0(8) 1072.53 (+0.12) 
RR1(1) 1073.1~ (-0.01) 
RRo(9) 1073.39 (+0.06) 
PR1(18) 1073.71 (+0.10) 
RR1(2) 1073.96 (+0 .• 02) 
RR0(10) 1074.18 (+0.06) 
Rp3(10) 1074.38 (+0.13) 
Rp,~( 1G) 1074.68 (-0.05) 
RR0(11) 1075.00 (+0.01) 

p 
·'R3(11) 1094.00 (+0.08) 
RR1(20) 1094.23 (0.00) 
RR4(4) 1094.65 (+0.08) 
RQ 5 1094.83 
RR2{21) 1094.99 (-0.03) 
RR1(32) 1095.43 (-0.06) 
RR3(13) 1095.67 (-0.06) 
RR1(33) 1096.00 (-0.08) 
RR3(14) 1096.18 (+0.09) 

Assignment cm-1 

RR4(6) 1096.50 (-0.10) 
RR2(24) 1096.88 (+0.05) 
RR3(15) 1097.20 (~0.10) 
RR1(36) 1097.47 (fO.Q4) 
RR3(16) 1097.86 {~O.Q3) 
RR { ) 1098.13 (-p~de) 
RR~(i7) 1098.48 (+0.67) 
RR3(i0) 1099.20 (-0.05) 
RR3(19) 1100.00 (-0.05) 
RR4(11) 1100.27 (+0.05) 
RQ6 i1C0.66 
RR4fl2) 1101.10 (+0.08) 
RR3(21) 1101.36 (-0.05) 
RR2(32) 110:.60 (+0.12) 
RR3(22) 1101.92 (+0.06) 
RR2(33) 1J62.20 (+9.07} 
RR3(24) 110$.20 {+0~08} 
RR:5(2s) 1104.08 (~().16) 
RR5{8) }J,01f.·22 (+0.05) 
~R3(2~) il01+ ~5.8 ~~Q~O'd 
RR3{27) :J-105;2~ .~~0,08). · 
Rri4d.a) 11o5.sa Ho:o:s) ., 
RR3( 29) llOS ~40 (::..o~o5} 
RQ7 1106.67 . .. . ' 
RR3(31) 1107.5~ (-0.01) 
RR;~(21) 1107.66 (-0.02) 
RR4(22) 1108.36 (-0.05) 
?. ~R3(33) 1103.77 {-0.08) 
RR3(34) 1109.21 (-0.02) 
RR6(7) 1109.84 (+0.02) 
RR3(36) 1110.07 (+0.14) 
RR6(8) 1110.64 (+0.03) 
RR4(26) 1110,97 (-Oo08) 
~R6(9) 11Jl.44 (+0.03) 
1\R5(18) 1111.95 (·-0.03) 
RR4(28) 1:12.01 (+0.08) 

.RRs( 1o) 1112.27 (-0.01) 
! Ro 3 1!.12 .64 
IRR5(11) 1113.05 (-0.02) 
j RR4( 30 :' 1113.34 ( -0.08) 

IPRG(13) 1114.60 (-0.03) 
~R4(33) 1115.06 (~0~11) 
RR6 ( lL~) 1115. 30 ( +0 • 02) 
RR6:15) 1116.16 (-0.10) 

1
RRs(2s) 11lG.58 (-0.02) 

jl\R5(26) 1117o?6 (-0.09) 

l
}<Qg 1118.44 
RR6\19) 1118.97 (-0.05) 

lpk7(1i) 1119.42 (-0.05) 
!RR6(20) 1119.61 (-0.01) 
IRR7(12) 1120.03 (+0.07) 

~--------------------~----------------------~---



TABLE 17 CONTINUED. 

Spectral lines of CD3C135 at 1061.31 cm-1 (v5). 

I 
I ,. 

Assignment cm-1 Assignment cm-1 .Assignment cm-1 

RR6(21) 1120.33 (-0.06) RQ1o 1124.00 (+0.08) RR6(32) 1126.92 (+0.11) 
RR5(32) 1120.63 (+0.08) RR7(18) 1124.42 (+0.08) RR6(33) 1127.58 (0.00) 
RR6(22) 1121.00 (-0.06) RR 1124.76 (-0.04) RR6(35) 1128.77 (-0.12) 6(28) 
RR6( 23) 1121.73 (-0.13) Rn 1125.26 (+0.05) RR6(36) 1129.11 (+0.06) h6(29) 
RR6(24) 1122.,36 (-0.12) RRD(11) 1125.68 (-0.06) RRg(g) 1130.26 (+0.07) 

RR6(25) 1122.79 (+0.09) RR 1125.95 (-0.06) ·6(30) 

I RR8(8) (-0.12) 
p 

(-0.11) I 1123.37 l,T"'t 1126.67 •'-7(21) 
I 



TABLE 20. 

The observed wavenumbers and assignments to the spectral lines of the perpen
dicular hand of CD3C135 at 768.55 cm-1 (v6). The differences (calculated-
observed) are shown in parenthesis. 

Assignment cm-1 

Po10 735.77 
PQg '/39.02 
P08 742.23 
PQ7 745.35 
Pp3(15)747.63 (+0.03) 
Pq6 748.81 
PP3(13)749.26 (+0.04) 
PP3(12)749.99 (+0.13) 
PP1(20)750.49 (-0.06) 
Ppl(l9)751.18 (+0.11) 
Pp3(10)751.82 (-0.10) 
PQ5 751.98 
PP3(9) 752.51 (0.00) 
PP1(17)753.06 (-0.07) 
RP0(20)753.92 (-0.03) 
PP1(15)754.69 (-0.03) 
PQ4 755.27 
Pp2(g) 756.05 (-O.o3) 
PP2(8) 756.73 (+0.08) 
RPo( 16 )757.27 (+0.02) 
PP2(7) 757.65 {-0.06) 
PQ3 75~.60 

Rp0(14)758.87 (+0.07) 
RPo(l3)759.70 (+0.06) 
Ppl(7) 761.02 (+0.06) 
PQ2 761.81 
RP1(14)762.30 (+0.04) 
Ppl(5) 762.56 (-0.03) 
Rp0(9) 762.94 (+0.03) 
Ppl{3) 764.ll {+0.03) 
Rp0(7) 761~.53 (+0.01) 

Assignment cm-1 

765.24 
765.98 (+0.10) 
766.50 (+0.0:8) 

767.33 (+0.07) 
768.67 
769.70 (+0.09) 
770.20 (+0.04) 
771.10 (+0.16) 
771.85 (+0.12) 
772.10 
772.61 Cr0.07) 
773.33 (+0.05} 
774.68 (+0.08) 
775.49 
775.10 co.oo> I 
776.34 (-0.07) l 
778.62 (+0.:2) 

779.46 
779.93 
780.68 
780.94 
781.25 
781.90 
782.46 

(+0.05) 
(+0.09) 

(-0.03) 
c -0.10) 1 

( +0.02) ! 

(-0.02) 

782.65 (-0.05) 
783.50 (+0.07) 
784.25 (+0.01) 
785.46 (-0.03) 
785.74 
786.62 (-0.06) 

A . 1 
ss~gnment em-

RRo(26) 
"") 

l'I.R3(11) 
RR4(7) 
Ro6 
RR3(13) 

RR1(25) 
RR3(15) 
RR2(22) 
RR3(17) 
RQ7 
RR4(13) 
RR4(14) 
RR4(15) 
RR3(22) 
RR4(17) 
Rl\4(18) 
RQ8 
RR4(19) 
RR6(9) 
RR6(10) 
RR1~(22) 
RR4(23) 
RR6(13) 
RQg 
RR5(21) 

RR6(19) 
RQlO 
RR6(20) 
RR6(24) 
ROll 
R012 

787.15 (-0.03) 
788.43 (-0.14) 
788.92 (+0.04) 

789.29 
789.59 (-0.02) 
790.03 (-0.07) 

790.88 (-0.04) 
791.80 (-0.12) 
792.10 (-0.03) 
792.73 
793.01 (-0.11) 
793.54 (0.00) 
794.07 (+0.10) 
795.17 (-0.12) 
795.47 (-0.07) 
796.02 (-O.Cl) 
796.38 
796.54 (+0.07) 
796.95 (-0.07) 
797.53 (+0.01) 
798.42 (-0.04) 
798.92 (+0.03) 
799.47 (-:-0.01) 
799.74 
801.04 (+0.05) 

803.06 (+0.13) 
803.45 
803.79 (0.00) 
806.05 (+0.05) 
8C7.28 
810.55 

------'--'"----- --------' 
T:\BLE 21. 

Calculated and observed wavenumbers for v~ub of the perpendicular band 
of CD3Cl35 at 768.55 cm-1. 

j K 
! 

I 
i 
I 

I 
0 
1 
2 I 

I 3 
4 

I 5 
i 6 
I 7 
I 8 
I 

I 9 
I 

IlK = +1 

!Observed I Calculated 

I 1 769.75 769.81 I 

I 773.23 I 773.21 
1 776.60 I 776.63 

I I 780.04 780.00 
i 783.34 i 783.33 l 
1 786.57 I 786.63 
I 789.90 789.91 

I 793.15 
796.37 

I 799.55 
i 

IlK = -1 I 
j Observed Calculated 

- -
766.34 766.35 
762.89 762.86 
.759. 33 759.35 l 

755.80 I 
752.28 I 
748.62 
744.99 
741.32 
737.63 

j 



3.12. Discussion of the Perpendicular Bands of Trideuteromethyl 

Chlorideg 

The spectroscopic constants found for the perpendicular bands 

are compared in Table 22 with those obtained for the parallel bands. 

The B and A constants found for v
4 

and v 6 are in good agreement 

with those determined from the parallel bands and in conseQuence, 

therefore, the values found for the Coriolis constants ( ~~ 
4 

and ~' 6) 

and v must be accurate within the error of measurement of the ro-o 

tational line wavenumbers. 

The most striking feature of the perpendicular band at 106lcm-l 

is the high value, in comparison to the other bands, obtained for the 

B constants. These high values suggest that the band is perturbed, 

possibly from a Coriolis interaction with the parallel band at 

-1 1030cm • It was noted earlier that this parallel band appeared to 

be slightly perturbed. 

In the analysis of the perpendicular bands of symmetric tops it 

is not possible to determine the values of A1 and of ~' indepen-

da:c'ltly of one another. It is also necessary to determine A" in terms 

of a B" value. -1 In the case of the band at 106lcm , therefore, two 

sets of values were calculated; one corresponding to the 'perturbed 

state 1 , as fvund from the obserred rotational structure, and the 

other to the 'normal state'. These are compared with the Morino and 

Nakamura 33 values in Table 19. 

T A B 1 E 19 

~ 
l B"cm -1 A"cm -1 A'cm -1 ! Constant 

--
.1481 

1._ _o_r_l_n_o_a_n_d_N_a_k_a_m_r_a_....._ __ o_ .• _3_1_....__2_._1 __ ..._ ___ _L~ 
'Perturbed state' o. 4526 3.1746 3.1639 -0 

I 

~No~mal state' 
i 

0.3656 2.5644 2.553 -0 I u 6 6 6 2 61 -0 

... I The Coriolis . .. 



TABLE 22. 

Spectroscopic constants (cm-1) found for the bands of CD 3c135. 

Constant 
~· 

\)l \)2 \)3 \)4 v5 

vo 2159.56 1029.60 700.80 2283.22 1061.31 
B" I 0.3620 0.3657 0.3656 0.3620 0.4526 
B' 0.3618 0.3599 0.3625 0.3620 0.4474 
An 2.539 2.5645 2.5644 2.5391 3.1746 
A' I 2.484 - -6 - -7 2.5272 3.1639 
D" ,4.0xlu7 4.88xl~6 5.85xl~7 - -
~ -7 

DJ 4.0xl0 4.73xl0 5.15xl0 - -
I r,;' I - - - +0.155 -0.148 
l 

TABLE 23. 

Spectral Constants (cm-1) found for the bands of CD3Cl37. 

\)0 

B" 
B' 
D" J 
Dj 

Constant 

1028.40 
0.3643 
0.3500_6 
4.9lxl~6 
4.69xl0 

TABLE 24. 

69!~. 8 

The Coriolis Constants of cn3cl35. 

I. 

Reference z;;' 4 z;;' 5 

This uork (observed) 0.155 -0.148 
This "rork (Force Field) 0.203 -0.339 
Morino and NaKamura33 0.182 -0.337 
Popplewell 32 - -0.320 
Nielsen and Nielsenl2 0.175 -

I z;i 
6 

0.184 
0.207 
0.220 
0.185 

-

l 
I 

\)6 

768.55 
0.366 
0.363 
2.5714 
2.5531 

+0.184 

! 

I 

2v5 

2104.27 
0.3660 
0.3600 
2.5714 

5.5~156 
-6 

S.SxlO 

-



are 

66 

The Coriolis constants observed for trideuteromethyl chloride 

compared in Talale 24 with values obtained by Morino an•l Nakamur~33 , 

Popplewe11 32 , Nielsen and Niel~en12 9.nd with those calculated, in this 

work (CHAP. 5.6.), from a force constant analyzis of the molecule. 

Before comparing these data, however, it must be emphasized that the 

data of Mori~o and Nakamura have been calculated on the assumption 

that the bands are unperturbed, using the values B' = :13" = 0.3616 

-1 and A" = 2.61cm for all three bands and by applying the zeta sum 

rule. These authors thus assume simple harmonic oscillation. In 

this work the Coriolis constants were calculated on the basis of 

B values derived from the actual observed rotational structures of 

the bands. 

This work has shown v
5 

to be perturbed and as a result I • S 5 lS 

in poor agreement with the values of Morino and Popplewell. T~e 

v
4 

and v6 bands were shown to be unperturbed and conse~uently the 

values found would le expected to ~e in good agr~emen~ with those 

quoted f:::-om the literature. The r;; 6 value fuu:1.d here is in exact 

agreement with that of Popplewell. All three valnes of r;;4 9 howeve:r, 

are in disagreement (Table 24). 

The calculated Coriolis ccnstants, o"':::>taj.ned from ·a force cons-

tant analysis of methyl chloride, were found to agree with the data 

of Morino and Nakamura. The correctness of the chosen force field 

will be demonstrated in Section 2. 

The differences between the Coriolis constants found here and 

those calculated from the chosen force field, were greater than ex-

pected from neglect of anharmonicity. It wvuld appear, the~efore, 

that the v
4 

and v 6 bands are also slightly 'perturbed' .• 

. . . I In conclusion, 0 •• 



In conclurion, it is evident'that a reinvestigation of the ro

tational structure of the perpendicular bands under higher resolution 

is essential in crder to elucidate tte problems more completely. 
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C H A P T E R 4 

THE DETERMINATION OF FORCE CONSTANTS 

OF POLYATOMIC MOLECULES 

4.1. Introduction: 

The vibration frequencies and form of the normal vibrations of 

molecules are characteristic of two features of the molecular struc-

ture, namely; (1) the atomic masses and the geometrical structure 

of the vierating molecule ant, (2) the force fielt which tends to 

restore the molecule to its hypothetical, vibrationless, equilibr!um 

configuration. From a knowledge of the vibrationa.l frequencies, the 

atomic masses and the geometry of molecules, it is possible to deter-

mine their force constante. The consideration of force constants is 

required for a variety of reasons; discussed in the 1eneral 

Introduction. 

The calculation of the force constants of polyatomic molecules 

is comprehensively treated ty E. B. Wilson, J. 0. Decius and Pe Cross 3 

and many other authors40, 41 ' 42 , 43 ' 44• More re~ently, with the 

ready availability of larg~, fast computers and infrared spectrometers 

of high resolving power, considerable contributions to the analysis 

of the force constants of molecules have been made by such workers as 

J. Overend and J. Scherer45, 46, 47 ,. D. E. Mann48 e t al, D. A. Long 

et a149 and I. M. Mills23, 3l, 5°. 

4.2. The Force Constants of Diatsmic Mcleculesg 

In the case of diatomic molecules, simple classical expressions 

for the kinetic and potential energies are obtained i~ terms of the 

Cartezian displacement coorJ.inates (q) of the reduced maso::~. The use 

••• I of Lag:;.·ange ' s .. 0 • 

- 68 -
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of Lagrange's equation of motion, 

L("T)+ av = o dt. 3q -a q 

is particularly convenient at this stage. On substituting the 

classical kinetic (T) and potential (V) energies into it, the clas

sical harmonic vibrational wavenumber is found to be,w=~/2~c, 

in which '1.1 is the reduced mass of the diatomic system and k its force 

constant; k is given by a2v;aq2. 

4.3. The Force Constants of Polyatomic Molecules: 

In polyatomic molecules th9 potential function is considerably 

more complicated as force constants are required for stretching and 

bending vibrations and interactions between stretching-stretching, 

stretching-bending and bending-bending modes. Now the potential 

and kinetic energies are more conveniently expressed in terms of the 

(3n- 6) (for non-linear molecules) internal displacement coordina·t;es 

rather than Cartezian coordinates. These are chosen to describe 

d~splacements in bond lengths and interbond angles and are just suf'·-

ficient in number to specify, completely, the internal valence con-

figQration of the molecule. Furthermore, the internal coordinates 

have a clearer physical meaning than those expressed in Cartezian co-

ordinates. 

No general theory of force constant calculations incorporating 

anharmonic terms has yet been developed. Consequently the linea:r 

harmonic oscillator approximation m~st be assumed. With this 

simplifying assumption, therefore, the force const3nts (in terms of 

the internal displacement coordinates) are given by~ 

(4-54), 

... I in which the 



10 

in which the R are internal coordinates and F the force constants. 
1 ij 

Force conste.nts and normal coordinates (Q) are conveniently 

calculated by the use of ma+.~ix algebra and group theory. In par

ticular, a method developed by E. B. Wilson43 , the s~-called F - G 

method, has been found most useful. Very briefly, in matrix no-

tation, the potential energy (in terms of the internal coordinates) 

is given ty: 

2 v = F R (4-55), 

in which R is a column matrix, the elements (R .. ) of which are the 
/ 1J 

internal displacement coordinates, R is its transpose and F is a 

matrix, the elements of which are the force constants of the 

molecule. The diagonal elements of the F matrix are the stretching 

and bending force constants, the other elements beir~g the inte:r·action 

force constants. The kinetic energy sum, in terms of the internal 

valence coordinates, is given byg 

2 T = 
-1 

G R (4·-56)' 

-1 in whic:t: G is the reciprocal of the G matrix. The el<:~ments of 

the G matrix are the atomic masses and geometrical parar:,eters of t~1e 

molecule and the numerical values of the elements depend on the co-

ordinates chosen. By combining the potential and k7i:oetic energy ex-

pressions with Lagrange's equation, a secular equation of the formg 

IGF E). I = 0 ( 4-·51) 

is obtained, in which >. = 4 ic2 2 al;ld E is a unit rna trix. Tb.e ~ 

order of the secular equation will be de ·~ermined -oy the number of 

normal vibrations. Thus from a knowledge of the f~rce constants and 

geometrical properties of a molecule, solution of equation (4-51) will 

yield the wavenumbers of the normal vibrations. 

. . . I The internal ••• 
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The internal coordinates are related to the normal coordinates 

by: 

R = L Q (4-58)) 

in which 1 is a matrix whose columns consist of eigenvectors (IN) 

for each of the eigenvalues (~ ). Thus it is necessary to determine 

the L matrix in order to calculate the normal coordinates of the 

vibrations of a molecule. The eigenvectors may be calculated from 

the relationshipg 

G F ~ = (4-59)) 

in which IN is a cohunn matrix. Assembly by columns of the elements 

obtained for each ~ gives the L matrix. Furthermore the L matrix 

must be normalized to satisfy the relation: 

1 1 F L = A (4-60), 

in which A is a diagonal matrix whose elements are the eigenvalues. 

Utilisation of the symmetry properties of moleculeo greatly 

simplifies the force constant calculations. The internal valence 

coordinates may be transformed to symmetry coordinates, s, which are 

simple linear combinations of internal coordinates. The advantage 

of symmetry coordinates lies in the fact that they may be divided 

into groups corresponding to the different vibration symmetry species 

of a molecule, just as are the normal vibrations. Thus for ~he 

methyl halides, in which there are six normal vibrations (all of 

which are infrared and Reman active) and two vibratio~1al symme-Gry · 

species, utilisation of internal valence coordinates would require 

~he solution of a (6 x 6) secular equation. The uae of symmetry co

ordinates reduces this problem to the solution of two (3 x 3) secular 

equations. In order to set up the secular equation (4-57) in terms 

• • • I of symmetry .... 
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of symmetry co0rdinates it is necessary to define the kinetic and 

potential energies in terms of the latter. Consequently the 

numerical values of the elements in the F and G matrices, in terms 

of symmetry coordinates, will differ from those in terms of internal 

valence coordinates. However the eigenvalues determined from the 

secular equation will be the same for both sets of coordinates. 

For many of the simple polyatomic molecules the elements of 

the G matrix in terms of the symmetry coordinates are readily ob

tained frcm the literature. Utilisatio~ of symmetry ~oordinates 

results in the number of independent force constants being reduced 

since symmetrically equivalent force C.)nstants are required t0 be 

equal to each other. ForGe conf'tants in terms of symmetry co

ordinates will be linear combinations of those writt~n in terms 

of the internal valence coordinates. · 

4. 4. The Calculation of Force Constants: 

S0lution of the sP-cular equation for the vibrationa.l frequencies 

from known force constantE: is a straight-forward procedure. Ho1.1ever, 

in practice, it is the wavenumbers which are known and the fo~ce 

constants and normal coordinates which ha\.-e to be determined. Cal

culation is tl:len considerably more difficult for there ar·e in general 

more unknovm force constants than observed wavenumbers so that a 

unique solution can only le obtai~ed by introducing additional data. 

This objective may be met by introducing the frequencies of 

isotopically substituted molecules as t~e force field is, to a very 

good approximation, a function of the electronic structure of the 

molecule only and is :10t iYJ.fluenced by the nuclear masses. However 

the different masses of the isotopes will change the kin8tic 

. . . I coefficients in ... 
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coefficien-ts in the G matri.:JC (and conseq_uently the frequencies) and 

the form of the normal vibrations will differ. Unless the change 

in mass of an isotopic nucleus is very large, the form of the normal 

coordinates will remain essentially unaltered and the additional 

eq_uations obtained for the solution of the unknown force constants will 

simulate those of the original molecule and no unique solution will 

be obtained. The isotopic substitution of deuteriwn for hydrogen 

has been successfully applied for many simple hydrides. 

Further data may be obtained from the centrifugal distortion 

and Coriolis interaction constants obtained from analysis of 

vibration-rotation spectra. These constants are related in a compli

cated manner to the force consta.':lts5l, 52• Using these principles 

J. Aldous and I. M. Mills 31 ' 50 have successfully calculated the 

force constants of the methyl halides. In a few case~~vibration 

amplitudes obtained from elevtron-diffraction studies have been 

used to provide additional data for the calculation of force consta~ts. 

In some cases force 0onstpnts obtained from similar vibrations of 

other molecules may be used in order to simplify the problem. 

Generally, for most of the larger molecules, additional data is 

not available and, in order to make the problem soluble, a specialized 

force field, based on a physical model, is chosen such that the number 

of force constants to be determined is reduced. 

Before describing a number of force fields, consideration of 

the problems arising from the anharmonicity of vibrations and the 

computational diffiq~lties is necessary. As explained present theory 

is based on the lin~ar harmonic oscillator model. Conseq_uently it is 

essential that the observed wavenumbers be corrected for anharmo<1icity 

... I before the . .. 
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before the force constants and normal coordinates are calculated. 

Anharmonicity corrections may le fairly large for the vibration of 

light atoms such as hydrogen and calculated values of force constants 

may le sensitive to errors made in assumptions concerning 

anharmonicity. 

Further differences between observed vibration wavenumbers and 

harmonic values may arise from the resonance of vibrational levels 

of similar energy as discussed earlier (see 1.5. and 1.11.). An-

harmonicity corrections may be determined from the st1::.dy of overtone 

and combination lands. Unfortunately, however, su.ch data. is rarely 

available as yet. D. Dennison54 has fcrmulated a method for d.eteJ:-

mining the approximate harmonic frequencies of polyatomic molecules. 

He defines, in general, the anharmonicity constants, xi' for modes i, 

according tog 

= V• (l+:x:.) 
J. J. 

-1 em (4-61)) 

in which wi are the harmonic frequencies. He further assumes the 

following relationships to hold: 

~ 3E 3E 

x. = Wj_ vi J. !:: 

(4-62), 
X. wi Vi J. 

in which the asterisk denotes another isotopic species. This re-

lationship holds most accurately for those vibrations in wl:ich the 

form of the normal coordinates do not change on isotopic substitution. 

However, where there are more than one vibration present in a vibra-

tional species, mixing of the normal coordinates may be c~nsiderable 

and significant deviations may be expected from ~he relationships 

given. The Teller-Redlich 9, 55 product rule may be written: 
I 

3E 

rrwi ( 4-63). 
nwi 

When equations (4-61), (4-62) are combined with this relationship, 

••• I together with . .. 
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together with data on overtone and combination bands~ and with the 

assumption that ~imilar vibrations in different molecules have 

similar anharmonicities, there is us~ally sufficient information 

available to fix the ha:rm:mic freq_uencies to within a few wa.venumbers. 

Coriolis and centrifugal distortion constants are also known 

to have asmall vi1tratic..nal dependence. However, as the theory of 

this vibrational dependence has nnt yet been worked out, the observed 

data, not corrected for anha~monicity, are used in force constant 

cal cula tio::ts. 

For the majority of polyatomic molecules there has not been 

enough data available to determi: ... e reliable values for anha~monici ty 

corrections, even using. Dennison's rules, and the observed uncor-

rected wavenumbers have to be used. 

The explicit eq_uations, which relate the roots (tne wavenUILbers) 

of the secular equation to the force constants "to be determined, are 

complicated non-linear r9lationships of varying ord.er, v1hich are 

difficult to solve in any 3ystematic way. The insertion of Coriolis 

and ce:1trifugal stretching constants further c.omplicates the cal·-

culations. A powerf~l method, referre~ to as the iforce constan~ 

refinement procedure', has been developed with ~he aid of electronic 

computers45, 48 ' 50. In this method a guessed set of force constants 

is used to derive a calculated set of spectroscopic terms (frequencies, 

etc. ) • Using the perturbation method the differences be tween ·i:;he 

observed and calculated data are exploited in order to derive an im·-

proved set of force constants. The cycle is repeated until the per-

turbation converges to a unique set cf force constants. In practice 

... j· the calculation • 0 ,,. 
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the calculation is often unstable, leading in some cases to the per

turbed constants diverging to impossible values. This may occur 

because the diff3rences are too large for the perturbation treat

ment to be valid. In other cases it has been found that different 

initial guesses of the force constants lead to a different set of 

converged solutions. The mathematical problems encountered in the 

perturbation treatment are discussed by J. Aldous 9.nd I. Mills31 ~ 50 

and a method is given for determining the validity of the t~quations 

used in calculating the force constants and conse~uently the validity 

of the chosen force fields. 

4.5. Model Force Fields~ 

As discussed earlier, in most cases there is insufficient 

data to determine all the force constants describing the potential 

field of the molecule. 

The General Force Fieli (GFF) includes all intrrunolecular 

forces, v~_z. corresponding to all stretching and. bending modes and 

all interactions. It hfJ.S been successfully applied (in a few c:tses) 

to small molecules of high symmetry. The determination of the force 

constants of a moleaule having three vibrati0nal modes in a given 

symmetry species, would re~tl.ire the solution of nine force cons-Gan-es 

in the (3 x 3) F matrix if the GFF were used. If, however, the cons-

tants were written in terms of symmetry coordinates, a total of only 

six of them would be re~uired in all. In the mnthod inv'Jlving modi

fied force fields, (applied to the vast major~_ty of cases) simplifying 

9.ssumptions have been made, usually based on some relatively simple 

molecular model involving, say, valence forces only. 

. . . I The simplest ... 
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The simplest of these potential field models is called the 

1 Valence Foro.e Field' (VFF), in which it is assumed that there C~.re 

no interactions between stretching and bending modes. The assump-

tion of this field (which includes only the diagonal terms in the 

F matrix) implies that force conste.nts corresponding to a specific 

chemical group are transferable from one molecule to another. 

The recognition of tte existence of small but significant inter-

actions, have led to refinements of the VFF model. These refinements 

are expressed as empirical modifications of the cross--terms (::.e. 

the non-diagonal terms) in the F matrix, some of which m~y remain 

zero. This model is referred to as the 'Modified Valence For0e 

Field' (MVFF). The adjustments of the cross-terms has, usually, 

little theoretical meaning; consequently the in·i:;erpretation of 

force constants determined using the MVFF model, even though they 

may fit the observed data well, has to be regarded with s0me 

caution. 

Theoretical considerations, based on resonaace and rehycridize.-

tion of valency orbitals, have been used in a qualitati..,_-e manner i::1 

order to determine the sign and m~gni tude of empirical interac·:;ion 

force constants of the type just discussed.. ~or example, the case 

of the bond between an outer atom and a centrally situated atom may 

be considered. During the bending vibration it is s~ggested that 

bond distortion is 'followed' by partial rotation of the valence 

orbital about the central atom. Alternatively the distortion may 

be 'followed' by rehybridlzing the orbitals about the central atom. 

These following effects are considered to cause changes in the over-

lap of the bonding orbitals and are the basis of the Orbital Valency 

Force Field (OVFF) developed by D. F. Heath and J. W. Lir~ett56 • 

••• / More recently 
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More recently I. M. Mills57 has developed a model for stretch

bend interactions, called the Hybrid Orbital Force .~ield (HOFF), 

based on changes of hybridization due to 'orbital following', and 

consequent changes of bond length due to change of hybridization. 

In this model Mills gives a quantitative method for reducing the 

number of independent force constants in the potential function by 

relating the stretch-bend interaction constants to the correspond-

ing diagonal stretching constants. 

A widely used model is that of the Urey-Bradley Force Field44 

(UBFF), in which the interaction force constants ~re essentially 

attributed to repulsive forces between non-bonded atoms. This model 

has been further developed by T. Shimanouchi58 and J. Overend and 

J. Scherer45, 46 , 47, who have independantly demonstrated the trans-

ferability of Urey-Bradley force constants from one molecule to 

another. Although not disagTeeing with the transferabili~y concept, 

Mills31 demonstrated, on a rigorous mathematical basi£:;, the in-

applicability of the UBFF t•) the methyl halide molecules. 

In conclusion it is evident that the state of know~eige in this 

field is not entirely Eatisfactory. It is necessary to make simpli-

fying approximations and to introduce empiricism. In fortunate cases 

the calculation of force constants will yield useful data in agree

ment with chemical bond concepts. In others>force constants are 

found to be more or less transferable among molecules possessing 

certain similarities. 



9 H A P T E R 5 

THE FORCE CONSTANTS OF METHYL C£ILORIDE 

5.1. Introduction: 

The methyl chloride molecule has six normal vibrations and 

consequently twelve force constants (in terms of symmetry coordinates) 

would be required to satisfy the General Force Field. Early cal-

culations of the force constants by G. B. Sutherland and D. M. 

Dennison59 , Z. Slawsky and D. M. Dennison60 , and J. W. Linnett61 

were based on a simple force field involving only five force 

constants. These calculations were unsatisfactory as the observed 

vibration frequencies, not corrected for anharmonicity, were in-

accurate. 

In 1957 w. T. King, I. Mills and B. Crawford62 published a 

paper on the normal coordinates of the methyl and trideuteromethyl 

halides using the GFF which they fitted to the harmo~ic frequencies 

(as then known), Coriolis and centrifugal distortion constants of 

the two isotopic molecules. 

In 1960 J. Overend and J. Scherer46 determined the Urey-Bradley 

force constants of the methyl halides. This work was limited to 

vibration frequency date. only. These workers calculated force 

constants for the true and tetrahedral geometry of the molecules, 

using both observed and harmonic vibration frequencies in an atteiLpt 

to establish the underlying principles governi:!1g the tra:1sferabili ty 

of the constants. It was sho\vn that the values of the force cons-

tants fitted to the observed frequencies were, in general, different 

from the harmonic ones, particularly for the C - H stretching vi-

brations. 

••• I In 1962 • •• 

- 79 -
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In 1962 Y. Morino and J. Nakamura63 fitted the harmonic 

frequencies and Coriolis constants of the methyl halides to a 

Urey-Eradley force field and showed that while the bond stretching 

and bending forces are mainly determined by th9 vibrational fre

quencies, the Coriolis coupling constants are influenced mainly by 

the interaction force constants. They also showed that the Urey

Bradley force constants, corresponding to the methyl groups, are 

transferable among the methyl halides. 

Recently I. M. Mills and J. Aldous 31 , in a rigor0us investi

gation, fitted the harmonic frequencies, Coriolis and n
3 

and DJK 

centrifugal constants of the methyl halides and their trideu·terated 

isotopes to four different force fields; GFF, UBFF, MVFF and the 

HOFF, the last of which they introduced for the firs+, time. The 

force constants were calculated with a computer using the f'orc9 

constant refinement procedure, and a mathematical check was intro

duced to determine the val:i.di ty of the force fields used. The 

investigations showed that, while the GFF ga,~e an excellent fit to 

the observed data, the field was unsatisfactory as it was po:::-.sible 

to satisfy the data by using differenJc sets of force coYlstants. The 

UBFF was found to give a poor fit to the data, the c1.ifference o be

tween the calculated and observed data be~.ng twenty times greater 

than those for the GFF. In addition, the equations required to 

solve the seven force constants were slightly ill-co:ndi tioned, in

dicating that the UBFF can be vari.ed without greatly effecting the 

fit to the data. In the MVFF the equations were well-behaved and 

a unique set of force constants was obtained which eave an excellent 

fit to the observed harmonic frequencies and distortion constants. 

However a poor fit was obtained for the Coriolis constants, indi

cating that in the E-species~ some non·-·zero interaction ::'orce constants 

••• I must he included~ 



81 

must be included. The HOFF treatment yielded a unique set of force 

constants which gave an almost perfect fit to all the observed 

spectral data for the methyl and trideuteratedmethyl halides. 

In this thesis the work of Aldous and Mills was repeated using 

the MVFF and the HOFF treatments and more accurate spectroscopic data 

for trideuteromethyl chloride. The harmonic frequencies calculated 

for both the methyl and trideuteromethyl chloride molecules differed 

quite considerably, particularly for the C - H stretching vibration, 

from those used by Aldous and Mills31• It was hoped ~hat the more 

accurate data would yield a better set of force constants. 

5.2. Molecular Geometry and Coordinatesg 

The exact molecular geometry (non-tetrahedral angles) and 

atomic masses used to calculate the G and G - C (see later) matrices 

are given in Table ~Appendix 2. The values are the same as used by 

Aldous and Mills 31 • The fo~mulae of the G and G ~ C matrices for 

CH
3
x molecules (for the exact geometry) have been given, in terms 

of symmetry coordinates, by Aldous and Mills5° and have been UEed, 

together with the molecular geometry and atomic masses, to calculate 

the G and G - C matrix elements of the A and E vibration species of 

methyl and trideuteromethyl chloride. The calculated matrix elements 

are given in Table 25. The normal valency symmetry coordinates for 

the A and E species of CH
3
x molecules Jin terms of the internal co ... 

ordinates~have been given by J. Aldous and I. M. Mills5°. 

5~3· The Observed Data: 

Table 26 lists the observed a!lharmonic wavenumbers and Coriolis 

constants for the methyl and trideuteromethyl chloride isotopes. The 

. . , I observed data ••• 



TABLE 25. 

G and G-C matrix elements (exact geometry). 

(Units: (amu)-1) 

. q 

.. ___ 1 

A class I ,... class I A class t E class L 

I 
I 

f I G G G-C G 
l 

G G-C 

1-1 1.01629 4-4 1.10485 0.991921 0.52072 i 0.60928 0.49635 

14-5 
I 

1-2 -0.10239 0.16380 I -0.10239 0.16380 -0.71993 -1.43874 i 
I I 

1-3 I -0.01~506 -0.11023 0 I -0.04506 -0.11070 0 l 4-6 I 
I 

2.975761 l 2-2 15-5 
I 

2.32165 2.76354 
I 

1.37663 I 1.50155 1.48905 
' 1-? " Is-s 

i ! 0.18929 0.31243 ' 0.18929 0.(;7578 0.47269 0.9446-+ i! I _ •. ., 
I I I ! ,.. 3-3 0.11189 ! 6-6 l ] .. 11596 1 0.99192 1l 0.11189 0.62151 0.49o35 
l I 1 ·; 

I i! 

TABLE 26. 

Observed Wavenurnbers (not corrected for anharmonicity) and Corio1is 
Constants of cn3c1~Sand CH3C135. 

I l 
CD3C1 

and l1:lls 31 I 

CH3C1 

i 
c::nd MiUs 31 Th.is Thesis IA1d0US Aldous 

\)1 2159.56 2:._61 2966.2 I 21La 2141 2937 

2v5 2104.27 2103 2878.8 

\)2 1029.60 1029 1351t. 9 

\)3 700.80 695 732.1 

\)4 2283.£2 22a6 3041.8 

vs 1051.31 1058 l4'1l~. 6 

\)6 768.55 7'75 1015.0 

z;4 0.155 0.175 0.096 

1.;;5 1 (-0.1'+8) -0.29 -0.320 -0.283 

ss I 0.184 +0.185 +0.235 I 
I 
I 

I 
I 

~ 
I 
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observed data obtained for trideuteromethyl chloride in this work 

are compared with the data ~sed by Aldous and Mills 31 ; in the case 

of the ~ and v6 the vibration wavenumbers differ by six and 

seven units respectively. The Coriolis constants obtained for tri-

deuteromethyl chloride in this work, were used in the calculations, 

with z;;5 taken as -0.29 for the reasons discussed earlier (CHAP. 3.12.). 

The band origins and Coriolis constants used for methyl chloride 

were taken from Aldous and Mills 1 3l work. 

The v 1 and 2 v 
5 

vibrations undergo Fermi resonance and conse

quently it was necessary to determine their unpertur'bed equivalents. 

By relating7 the observed wavenumbers and relative intensities of 

the two resonating bands, the unperturbed v1 fundamental for 

trideuteromethyl chloride was found to be 214lcm-1• The unpe:rturhed 

origin of the v1 band of methyl chloride has been calculated by 

W. T. King et a1 62 to be at 2937cm-1• 

The observed origins ohtained for trideuteromethyl chloride in 

"1 this work, and the observed wavonumbers given by Aldous and Mills..:> 

for methyl chloride, were used to determine the harmonir wavenurr:be:t·s 

of these molecules. 

5.4~ Calculation of the Harmonic Wavenum~g 

The harmonic wavenumbers of the methyl chloride isotopes were 

calculated by the method of D. Dennison54, using equations (4-61), 

(4-62) and (4-63). Additional information on the magnitudes of the 

anharmonicity correction constants was obtained from data on methane 

and its deuterated isotopes. I. Mills23 has determined reliable 

values. for the anharmonicity constants of the methane isctopes an<.l 

• • • I these are given ••• 
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these are given in Table 27. 

In the A1 species, to a first approximation, the anharmonicity 

correction constants for the C - H stretching (X1 ) and methyl 

bending (X2 ) vibrations of monodeuteromethane were t~ken as the an

harmonicity constants for the v1 and v 2 vibratjons of methyl 

chloride. These anharmonicity constants were then combined with 

the observed wavenumbers cf methyl and trideuteromethyl chloride 

according to the expression, 

x.* 
1 = X vi 

v. 
1 

3f 

in which the asterisk indicated the deuterated isotope. The ap-

* proximate anharznonicity constants, x. , were calculated for the 
1 

v 1 and v2 vibrations of trideuteromettyl ch1o~ide. 
' 

The ap-

proximate harmonic wavenumbe~s were calculated for the v 1 and v
2 

vibrations of both the methyl chloride isotopes by substi·i;uting the 

observed vibration wavenumbers and calculated q.nharmonicity cons-

tants into equation· (4-61). The harmonic wavenumbers for th8 C CL 

stretching vibration ( v
3

) we~e assumed to be the same as those of 

the observed origins. This approximation was justified on the basis 

that the ar.1pli tudes of vibration, involving relativeJ.y heavy a"iioms 

(e.g. chlorine), are small and consequently the harmonic freq_uencie:::1 

will approximate the observed values. The justification of ihis 

approximation was further vindicated by the results of Aldous and 

Mills 31 , who obtained satisfactory results by making the same as-

sumption for the C - Cl st::t·etching vibration. 

The calculatea harmonic wavenumbers of the A species were ch8cked 

by applying the Teller-Redlich product rule as given by equatio~ 

(4-63). Very close agreement was obtaineo. between the G matrices and 

the ratio of the products of the harmonic wavenumbers. It was 

••• I necessary -~o . .. 
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necessary to alter the anharmonicity constants (x
2

, x
2
*), of the 

methyl deformation vibration, very slightly in order to attain 

exact agreement. 

The harmonic wavenumbers of the E species vibrations were de

termined similarly. In this case the anharmonicity constants 

x4, x
5

, x6 of monodeuteromethane were used in the fir~t approxi

mation. Very good agreement was again obtained on testing the 

Teller-Redlich product rule; it was necessary to slightly alter 

the anharmonicity constants (x
5

, x
5
*) of the asymmetrical methyl 

deformation vibrations in order to achieve exact agreement. 

It may be noted that the product rule in the cases of both the 

A1 and E species, could possibly have been satisfied by slightly al

tering the anharmonicity constants of the other two vibrations. 

The methyl deformation vibrations were chosen a~ previous workers50 

have shown the presence of a strong interac-tion between the methyl 

deformation and C - halogen stretching vibrations in methyl halide 

molecules. It was expected, therefore, that the methyl deformation 

anharmonicity constants i:r methyl chloride would differ from these 

found for monodeuteromethane. Small differences were in fact e·ticlent. 

The anharmonicity constants of methyl and triieuteromethyl chloride 

are compared in Table 27 with those of the methane isotope molecules 

and, apart from the C - Cl stretching vibration, are nearly equal. 

The significance of these results will be discussed later. 

The product rule tests on the calculated harmor..ic wavenumbers 

are given in Table 28 for the A1 and E species. The calculated har

monic wavenumbers, which were used in the force constant ane.lysis 

for the methyl chloride isotopes, are compared in Table 29 with those 

••• I used "ty . .. 



TABLE 27. 

Anharmonicity Constants for Normal Vibrations o~ cH3c135 and cn3c135. 

I I I CH 
' 

~ode I CH3Cl '+ CH3D CD3Cl CD4 

-t:. 
work Mills 23 !1ills23 This vwrk r1il1s2 3 vi , Th~s 

''1 0.063 
' 

0.071 o.o63 0.0459 0.050 

I 0.0375 0.038 0.038 0.0285 0.029 \)2 

\)3 0 0.046 0 

I 0.046 0.0'+'+ 0.0'+3 0.0345 0.033 I v,+ 

\)5 0.0223 0.021 0.024 0.0163 0.015 

I I 

I I \)6 0.035 I 0.035 0.0265 
I ' I 

1 I I .! 

TABLE 28. 

Teller-Red1ich Product Rule Check on the Harmonic Frequencies of 
CH3Cl35 and cn3cl35 (denoted by asterisk) • 

. 
Product Rule A species E species 

1 

~~~·; 12 0.51718 0.40436 

j·· Wj-lrr *I 
Ill wi 0.51720 0.40'+37 

CD3H 

f1i11s 23 

0.048 

0.031 

0.051 

0.031 

0.023 

0.022 

I 

I 

1 



used by Aldous and Mills. -1 Differences as much as 70cm arise for 

the C - H stretching vibrations. 

5.5. 2omputer Programm~a~d Calculation of Foroe Const~~1: 

The Wilson3 G - F matrix method was used to caiculate the 

force constants. In this method the eigenvalues, Ai' given by: 

Ai = 4 
2 2 2 

7T c w (5-65), 

were obtained from the solution of the secular equation (4-57). 

J. H. Meal and S. R. Polo52 have shoW11 that the Coriolis constants 

are 'given, in matrix notation, by: 

( 5-66), 

in which E is a unit ma"':irix, L is the transformation ma.trix describeCI. 

earlier (CHAP. 4.3.) and the C matrix is as defined ~y Meal ani Polo52• 

The force constant refinement procedure followed was exactly the 

same as that described by Aldous and Mills31 ' 50 in "their work. 

The ~.nput to the c0mputer consisted of the i:ni tiaJ F ma-trix 

(trial set of force constnnts in mdj.R), the symmetrized G and G - C 

matrioes of the methyl chloride isotopes given in Table 25, the cal-

culated harmonic wa~enumbers given in Table 29 and converted to the 

A form by equation (5-65), and the observed Coriolis constants of 

methyl and trideuteromethyl chloride given in Table 26. The observed 

dataJread in,consisted of twelve harmonic frequencies and six Coriolir~ 

constants; thus providing eighteen eq'lations for the solution of 

the force constants. Also read in to the computer ~as the diagonal 

matrix of weights W.; 
-1. 

the calculat:}on of which is given by Aldous 

and Mills5°. In determining the weighting of the observed 1ata, the 

••• I estimates • •• 
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estimates of relative probable errox, o., were taken as O.OJ.w 
. l. 

for the harmonic wavenumbers, and 0.02 for the Coriolis constan-ts. 

Thus for the higher wavenumbers, in which the anharmonioity errors 

are likely to be greatest, the probable errors are correspondingly 

large. The errors chosen for the Coriolis constants made allowances 

for the unknown effects of anharrnonicity and also for errors in ex-

perimentally determined data. 

The twelve force c~nstants, in md~, determined by Aldous and 

Mills31 fer methyl chloride from the GFF, were used i~ the initial 

F matrix. Using these force constants and applying equations (4-57), 

(4-59 ) and (5-66) respectively, a com~lete vector of A1 s and ~'s 

were determined using the U.C.T. computer,. an I.C.T. 1301. The 

complete Jacobian matrix (with respect to the twelve force constants) 

was then computed according to the method described by I. Mills64. 

The Jacobian matrix thus obtained may be denoted by~ 

J = [~~ 
The error vectors (calculated- observed) of all the A's and ~'s 

were then computed: 

( 5-68). 

The Jacobian matrix was then ueed to set up linear equations relating 

small changes in the force constants, A,F, to the consequent small 

changes in all the calculated data, thus; 

or 

JA • 6,F = AEA 

J~ uF L}.E~ 
J ~ flF = LiE 

( 5-69) 

( 5-70). 

At this stage of the calculation J was an (18 x 12) matrix and 

equation (5-70) took the form of eighteen equations in the twelve 

~F's, to be determined, as was required for the GFF. I. Mills5° 

... I has shown • •• 
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has shown that ~F may be calculated by the method of least squares 

by forming the normal equationsg 

:;: (5-71) 

and obtaining the solutions: 

(5-72). 

At this stage of the calculation the GFF was constrained according 

to the HOFF and MVFF models to be used and the ~F's for the force 

constants of these simplified models were calculated in the manner 

described by Aldous and Mills. Briefly, in matrix notation: 

F(GFF) = F + Z ¢ 
0 

in which ¢ represents the force constants to be determined in the 

simplified force field, F represents the constrained force constants 
0 

and Z is a rectangular identity matrix with the appropriate constraint 

force constants omitted. It can be shown that the unknown ~.F 1 s, 

required for the force constants of the simplified. force field, are 

given by: 

. 6F = (5-74) • 

The 1.\.F' s for the simplified force field models were computed 

from equation (5-74); the Z matrix for the appropriate model having 

been read into the computer with the other data. These ~F;s were 

then used to compute a new set of force constants according to the 

equation: 

F new F old - ""M md/~ 

in which F old refers to the appropriate force constants in the initial 

GFF used. These new force constants were then used to determine new 

A.'s, z;; 1 s, and the whole cycle was repeated until the ,~F' s were 

. . . I smaller than ••• 
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smaller than 0.001 md/i. The final force constants, F, were the 

converged constants of the force field. 

At the end of every cycle the calculated quantities F, A' ~' 

-1 and the transformation matrices L> L , together with the errors 

were printed out. At the end of the last cycle the Jacobians ~A 

and J~ were printed out. On applying the MVFF and HOFF models 

convergance was obtained after four cycles. 

All the calculations were performed with the I.C.T. 1301 com-

puter. Most of the computing amounted to the multiplication and 

inve~sion of matrices. In the determi~ation of eigenvalues, eigen-

vectors and the inversion of matrices, standard sub-routine 

programmes available for this particular computer we~e used. Ad-

ditional sub-routines were programmed for the multiplication of the 

matrices. The roots and vectors of the GF matrix were determined 

by the method described by Aldous and Mills5°. Brief~y, since the 

matrices are symmetrical, tl:l.e roots and vectors of A1 FA were lookec~ 

for, in which A is a real lowe~ triangular matrix such that G = L~ 1 • 

A1 FA has the same roots as GF and the vecto~s of GF wer~ obtain3d 

from those of A1 FA by premultiplying by A. In the programm.e ec.ch G 

matrix was converted into the corresponding A matrix which was 

stored and used in all later stages of the computation. The flew·-

sheet of the programme used is given in Table 2, .fl_pp8ndix 2. 

5.6. Results and Disc~~g 

The force constants were calcula·ted for the MVFF and HOFF models 

as defined by Aldous and Mills 31 • The Mv"FF was defined by cons-

training the following constants in the GFFg F12 = F
13 

= 0 in the 

. ~. I A species and • • 0 
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A species and F
45 

= F
46 

=·F
56 

= 0 in theE species. In the A species 

F23 was not taken to ae zero as previous work on all methyl group 

force constant calculations has shovm this force constant to have a 

large negative value. 

In the HOFF the constrained force constants in the A species 

were the same as those used for the MVFF. In the case of the E 

species the only constraint imposed on the GFF was that F
45 

= -F
46

• 

This constraint arises from considerations of the rehybridization of 

the valence orbitals as discussed by I. Mills57• 

The calculated force constants, i'1 mdft., obtained for both 

the fields are compared in Table 30 and with the results obtained 

by Aldous and Mills 31 • The calculated harmonic waver.umbers and 

Coriolis constants of the methyl chloride isotopes obtaine~ from 

both force fields are given in Table 31. The (calculated- observed) 

differences, for the harmonic wavenumbers and Coriolis constants, 

are compared in Table 32 with those obtained lty Aldous and Mills for 

the two force fields. 

In the MVFF model the fit to the observed harmonic wavenu::o::tl:>ers, 

for both cn
3 

Cl and en
3 

CL, are consid.erably better than those ob

tained by Aldous and Mills, particularly for the C - H stretching 

vibrations ( v1 and v
4
). The calculated Coriolis constants are of 

the same order of magnitude as those obtained by Aldous and Mills. 

This confirms their conclusions that this model does not provide an 

adequate explanation of the potential field. 

In the case of the HOFF model the calculated harmonic wavenumbers 

agree exactly with those calculated from the observed spectrum; the 

. . . I error being ... 
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TABLE 29. 

Harmonic Waver.u~bers of Fundamentals of 

(Input data to Computer). 

CD 3Cl -I CH3Cl 

I ; i 
V• This lvork ~Hlls 31 This \'VOrk ~1ills31 

l. 

vl I 2239.3 2207 3122.03 3062 

v2 1058.9 1054 1405.71 1398.2 

v3 700.80 698 732.10 733 

v4 2361.99 2380 3181.72 3209 

vs 1078.58 1093 1487.04 1510 

v6 788.91 790 1050.52 1049 
i I 
I 

TABLE 30. 

Calculated. Force Constants (in terms of synnnetry coordinates) for 
~H3Cl35 and CD3C135. Units are (md/g) throughout. 

MVFF. HOFF 
I 

Mi11s 31 

I Mills 31 This work This work 

F11 5.637 5.45 5.637 
I 

5.45 

-
F12 0 0 0 0 
-
F22 0.553 0.54 0.553 0.547 
-
T13 0 0 0 0 

']:' -0.473 -0.46 -0.473 -0.'+5 .. 23 
-
F33 3.437 3.42 3. i~38 3.42 
--
F44 5.367 5.50 5.430 5.53 
-
F45 0 0 -0.106 -0.115 
-
Fss 0.458 0.471 0.467 0.485 
-
F46 0 0 0.106 0.115 
-
Fs5 0 0 -0.021 -0.038 

-
F55 0.635 0.63 0.622 0.618 

.. 
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I 

I 

! 

l 
I 

I 
! 
i 

l 
I 
! 
i 

TABLE 31. 

Calculated Harmonic Tl'lavenumbers (Band Origins) and Coriolis Cons·tants 
from the HOFF and rWFFinodels for CH3C1 35 and CD3C1 35. 

CD3C135 CH3C135 

\)1 HVFF w HOFF w w - MVfF w HOFF 

-
\)1 2240.21 2240.21 3121.79 3121.79 

\)2 1058.30 1058.30 1405,87 1405.87 

\)3 699.31 699.31 733.11 733.11 

\)4 2370.58 2361.95 3179.11 3181.75 

\)5 1070.69 1079.08 1488.76 1486.92 

,,6 791.12 788.51 1049.19 1050.53 

l;4 0.27 0.203 0.149 0.078 

z;5 -0.42 -0.339 -0.351 -0.274 

z:6 0.220 I 
0.207 l 0.245 0.239 

\ 
! 

i r 

TABLE 32. 

Differences (calculated-observed) for tha Flli,damentals (cm-1 units) 
and Coriolis Constants of CD3C135 and CH3C135. 

l 
-1 

r--------------------,..,..-'-·----
!1 .I 

I I 
l HOFF MVFF I HOFF 

r-l-v1~-T-h_i_s-wo_r_Y._, -:-~-M-i-1-:!.s_3_1-f~~T-h_i_s_\_No_r_k_l.,...., -t1_i_l_-1s 31 I This "orkJ1i11s31 I Thi:~::;; 
V]_ +0.91 -- -5.0 I 0.91 1-4.8 lj-0.24 l -0.24 L-6.8 

v2 -o.6o +0.3 -o.so o.so 11+0.16 I -0.4 1+0.16 1-c.a 
vs -1.49 o .o -1.49 l-o. 2 ji +Loo 1,~·. +O. 3 I 1.00 \ +O. s 
\)4 +8.59 +19.9 -0.05 i +1.9 i -2.61 9.7 1+0.03 1+0.4 

I 
\)5 -7.89 -7.0 +0.50 ! 1.2 i +1.72 j-1.3 -0.12 -4.1 

\)6 +2.21 -2.1 -0.40 1-1.9 ,.1-1.32 1-1.8 +0.01 +3JJ. 

I
I l;4 0.115 i 0.10 0.048 l 0.03 ., 0.053 I 0.05 -0.018 -0.02 

z;; 5 '-0.13 -0.10 l -o.o5 ! -0.01 ! -o.oss -o.o6 o.oos o.c2 

z;6 +0.036 0.04 0.023 t 0.02 !I 0.01 0.01 O.OOii· I 0,00 

~-~-----~-------~-

MVFF 
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error being within± 0.20cm-l for CH
3 

CL and within~ lcm-l for 

CD
3 

Cl for all the vibrations except that of the C - Cl stretching 

-1 in which the erro~ range was~ 1.5cm • In the case of CH
3 

CL the 

HOFF model yielded almost exact agreement with the 'observed' 

Coriolis constants; the errors obtained could in fact be attributed 

to the neglect of anharmonicity corrections. In contrast, the cal-

culated Coriolis constants for cn
3 

Cl were in poor ag:r.eement; even 

on allowing for anharmoni::ity. They are; however, in excellent 

agreement with the observed data of Morino and Nakamura33 and the 

data used by Aldous and Mills. The Coriolis constants observ9d for 

CD
3 

Cl in this work are discussed. in SECTION I, CHAP. 3.12. 

In Aldous and Mills' work the largest errors were obtained in the 

cases of the two C- H stretching vibrations ( v1 and v4). In this 

work the differences were negligibly small; this ma;y be attributed. 

to the new harmonic frequencies determined from the observed vibra-

tional wavenumbers. Reference to Table 30 shows that the largest 

differen"es between the force constants ( obtai~'led here and by Aldous 

and Mills) occur for the C - H stretching vibra·~ions; namely the 

F11 and F
44 

force constan~s. 

It was sho•vn earlier (CHAP. 5.4.) that +,he anharmonicity 0or-

reotion constants determined in this work for CH
3 

Cl and. CD
3 

Cl are 

almost exactly the same as those of the methane is,)topes for the 

methyl vibrations. This implies, at least in the case of methyl 

chloride, that the anharmonicity constants of t!-le vibrations of the 

methyl group are virtually independent of its attac~ent to the 

chlorine atom. This finding is important as the anharmonicity cons-

tants obtained could be U8ed to determine the harmoric freq·lencies of 

similar methyl group vibrations in other molecules 1 incl~d1ng lRrge 

• • • I molecules. • •• 
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molecules. It is interesting to note that Morino and Nakamura63 

demonstrated the transferability of the Urey-Bradley force constants 

(corresponding to the methyl group); the present conclusions may 

thus confirm their work. 

In conclusion, it would seem that the force constants ob

tained for the HOFF model are more reliable than those cbtained by 

Aldous and Mil1s 31 as the calculated vibration frequencies and 

Coriolis constants are in exact agre~ment with those derived by 

observation of infrared spectra. Furthermore, the better agreement 

confirms the new harmonic frequencies calculated for methyl and 

trideuteromethyl chloride. 
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C H A P T E R 6 

THE ABSOLUTE INTENSITIES OF INFRARED 

ABSORPTION BANDS 

6.1. Introduction~ 

The intensities of infrared absorption bands are closely re

lated to the electronic charge di~tribution within the molecule; in 

particular to that of the valence-electrons. The potential of work 

in the field of infrared intensity studies has interested spectro

scopists and theoretical chemists for the past forty years. ~ue to 

the experimental difficulties encountered, and difficulty of 

theoretical interpretation of results, progress has been slow. 

During recent years~ however, the experimental problems encountered 

in the measurement of the intensities of infrared ba~ds of gases 

have been largely overcome due to improved techniques and the ~se of 

high resolving spectrometers incorporating stable detecto~s and ' 

amplifiers. Theoretical interpretation of results ha~been hindered 

by the u.:;e of unsatisfactory force fields, ar.d it is only in the last 

ten yea:-st with the aid of electronic computers and more acct:.rate data., 

that reliable information has been obtained for diatomi:.J and s01;1e 

simple polyatomic molecules. 

The. absolute intensities of condensed phase species are very 

often markedly different from tli:D.ose of the same species in the gas 

phase. . Studies involving condensed phases present far greater 

theoretical problems. Consequently research has qeen co~centrated 

on gas phase intensity measurements in which the in~r~molecular 

properties of molecules may be. studied with the confident neglect of 

intermolecular interactions. All further discussions which follow 

will therefore apply to the gas phase only. 

• • • I Many ••• 
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Many publications on the theory, measurement and interpretation 

of absolute intensities of infrared absorption bands have appeared 

in recent years. An extensive list of references to experimental 

results has been given in review by I, M. Mills65, and more recently 

66 D. Steele has critically analysed the advances made. Steele also 

discussed the present line of thought on theoretical interpretation. 

A treatment of instrumental errors has been given in a. recent re

view by K. Seshadri and R. N. Jones67. 

In order that the experimental results obtained in this work 

may be appreciated, a brief discussion of the pri~ciples and ex-

perimental techniques ie given. 

The probability of a randomly orientated molecule e~changing 

vibrational energy with a field of infrared radiat:i.on and appea~ing 

in a vibrational quantum state other than its vriginal one has been 

discussed in CHAP. 1.2. In considering the net loss of energy by 

the field, during exchange of energy with molecules, it can be shown 

that the absolute intensity (r) of a transition from the ground vi

brational state (v = o) to the first excited atate (v = 1) (this 

covers most cases studied experimentally) is given byg 

r cis band ln ( Io/I)d lnv 3hc llo, 1 '., . 

2 ( 6-76), 

in which, at equilibrium, the population of the stC:.~.tes obey Boltzmann 

statistics. The absorbent molar concentration is given JY c, 1 is 

vhe path length of the cell and I and I are the initial and final 
0 

intensities, respectively, of the radiation of wavenumber v ; N 

is Avogadro's number and cis the velocity of light. Integration is 

••• I over the • •• 
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over the complete range of wavenumbers pertinent to the band. 

E~uation (6-76) has ignored the possibility of the presenne of 

'hot bands' and neglects rotational ~uantisation. It has been shown 

that the correction factor arising from the sunmation of intensity 

over the rotational components is e, factor close to 1mi ty and 

therefore may usually be neglected on the grounds that the resulting 

bias will be of the same order as that of experimental error. 

The dipole moment, p, can be expanded in a Taylor series in 

the normal coordinates Q.: 
1 

ll = \.1· + 0 
~ dj.l l. ~? 
b .-Q Q. + 2 h <r-\1 Q Q 

l a . 1 .. -a-Q a-Q • . + 
l . . J. .1 

l. J 

....... ( 6-77) ' 

in which p
0 

is the e~uilibrium moment. In the double-harmonic ap

proximation, the constant and linear terms only are considered. This 

approximation neglects electrical and mechanical anharmonicity and 

implies that the intensity of combination bends will therefo~e be zeroo 

It can be shown that by combining the concept of transition moment 

(e~uation (1-1) ) with e~uation (6-77), and applying the duuble-

harmonic approximation, the following result is obtained: 

l llo,ll 
' 

= ( 6-78) ' 

in which w
1 

is the harmonic fre~uency of the i th mode of vibration. 

It follows from e~uation (6-76) that the absolute intensity is given 

by: 

i.n which ( 

(1 
I . ,l 

= N1T 
2 

3c Wj_ 

a \.II a Q. )
2 

= ( 
l. 

a \.1 I aQ. )2 + ( y 1 

( 6-79)} 

and x, y and z are the Cartezian coordinates of the system. The 

~uanti ty ( all I aQ.) (the derivative of the molecular dipole moment 
1 

with respect to the appropriate normal coordinate) is determined in 

. . . I absolute ~ .. 
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absolute intensity measurements. In molecules of high symmetry it 

is often the case, for a particular vibration species, that the 

transition moment is oriented along ~ fixed direction for all vibra~. 

tions of the species. However this is not alw~ys so and t~e dipole 

moment gradient, I oll/aQ I , may not be similarly oriented for all 

Vibrations of the same symmetry. 

In most cases, in addition to the fundamental band, there are 

a number of overlapping 'hot bands'. It can be shown68 , however, 

that by integrating over the fundamental and the hot bands, t~at 

equation ( 6-79) hold.s exactly in the case of diatomic molecules; the 

same is generally true for all the fun1amentals of polyatomic 

molecules. Thus on assuming the validity of the double-harmonic 

' approximation, the intensities of fundamental bands i'rill be inde-

pendent of temperature. In explanation it may be considered that the 

intensities of hot bands will be cancelled, as it were, by the 

'negative intensity' of transitions from more to less excited stateo. 

In any event these effects are small even at m)derately elevated 

temperatu::r-es. 

In the double-harmonic approximation 1 the intensities of aom-

bination bands are zero by definition. However this is not true 

Pecause vibrational anharmonicity cannot be neglected. A number 

of workers69 ' 70 have measured the intensities of' the overtone 

bands of diatomic molecules and by doing so (using the higher order 

terms of equation ( 6-77) ) , have extended the theory. The in·i;ensi ties~ 

however, of thaee combination and overtone bands arf1 -..rery low and 

the errors arising from their neglec·t are much less than the errors 

(experimental, from unsatisfactory force fields, etc.) enco,~ntered. 

It often happens that combination bands gain intensity from f"U.nda-

mentals of sim:Uar symmetry by resonance pertu:c·ba·cions. High order 

.... I terms in • •• 
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terms in the Hamiltonian lead to perturbations which invalidate the 

simple intensity expressions. B. L. Crawford7l has shown that the 

absolute intensities obtained, by integrating over both of the 

resonating bands, is exactly equal to the sum ~f the absolute in-

tensities corresponding to the hypothetical transitions to the un-

perturbed states. Usually Fermi resonance is be.tween a fundamental 

and a combination band. In such cases the absolute intensity, ob-

tained by integrating over both bands, is taken to be that of the 

unperturbed fundamental as in the double-harmonic approximation in 

which the intensity of the combination band is zero. Perturb9.ticns 

in intensity also arise due to Coriolis interactions between two 

upper states. Usually two non-degenerate levels are coupled, re-

suiting in transfer of intensity from the P (orR) to the R (or P) 

branches within a band. The direction of intensity transfer depends 

on the relative signs of ( ail/ aQ) of the coupled vibrations. A 

knowledge72 of the Coriolis force constants has aided in the deter-

mination of these signs. In such cases the per·~rbation does not 

change the absolute intensity of the band as a whole. Coriolis per-

turbation~ resulting from the coupling of two degenerate levels are 

more complicated, and res•1lt in transfer of intensity f~om one ~and 

to another. 

6.3. The Interpretation of Absolute Intensitiesg 

From measured absolute intensities and equation (6-79), the 

magnitude of j aJJ/ aQi j 2 may be obtained. The exact form of the 

normal coordinates, Q., must be known before furthe~ interpretation 
J. 

of the dipole moment is possible. Furthermore, the sign of 

( cJJ/ aQ.), determined by taking the square root of the absolute 
J. 

intensities, is ambiguous. D. F. Hornig and D. McKean73 have ~hown 

• • • I that .... 
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that interpretations (see below) of the dipole moments are very 

sensitive to the form of the normal coordinates. It is therefo~e 

important to use a force field which accurately describes the. 

potential energy of the molecule. In polyatom~c molecules the an-

harmonicities of the vibrations are Usually unknovm (e.g. because of 

~ack of data on overtones) and their neglect may seriously affect the 

form of the normal coordinates. For further interpretation of the 

dipole moments, it is necessary +.o obtain a relationship between the 

normal coordinates, Q., and a set of coordinates, such as the in
J. 

ternal symmetry coordinates S., which are defined with respect t~ 
J 

the molecular axes. The transformation relating these two co~ 

ordinates is given ~y: 

I t .. Q. 
Jl. J. 

(6-80) 
i 

in which L, the transformation matrix, was discussed in CRAP~ 4.3. 

values are transformed intol 
I 

by iihe 

following relationship: 

a~ = I (L-1) .. ..... ?L :ojR (6-81) 
--as:- . . l.J 

J 1. aQ. 
l 

where au d~ X + - a~y + ~z as:- ---as. as. as. 
J J J J 

In calculating any ail/ as. in a symmetry species from ad aQ.' all 
J 1. 

dll/ 3Q. of the species are required in the sununation of equation 
1. 

(6-81). It often happens that a vibration band of a symmetry species 

falls in the instrumentally inaccessi"ole, long wavelength region such 

that its intensity cannot ·oe measured; as a resu1 t the measured 

intensities of the other bands in the synunetr~ species cannot be 

interpre~ed in terms of ( a~/ as.) values. 
. J 

The vector nature of 

( a~; <1Q.)places restrictions on the transformation in equation 
J. • 

(6-81). The intensity measurements indicate the magnitude, but not 

. . . I the directio~1 ... 
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the direction of ( a~jaQ.), and as a result ( 
l 

all/ as.) cannot 
J 

always be determined. In those cases in which all the conponents but 

one, of ( all/ aQ.), vanish, equation (6-81) can be reduced to a 
l 

simple algebraic equation of the form~ 

= 
. -1 

\ (1 ) .. 
[,. lJ 
i 

( aJ.it;/ dQ.) 
l 

(6-82) 

in which e stands for the Cartezian coordinates x, y or z. 

As stated earlier the sign of ( all / aQ.) is ambiguous. As a 
l 

result the solution of equation (6-82) does not lead to a unique 

value for ( all/ as.), but will give 2(n-l) different solutions, 
J 

in which n is the number of normal vibrations in the symmetry specieso 

One of the solutions only, however, will be physically acceptable. 

The derivatives of the dipole moments wi~h respejt to the symmetry 

coordinates depend on the cha~ge distributions (and not on the 

nuclear masses) and hence the ( av/ <lS.) values are the same for a 
J 

pair of isotopically related molecules; provided 1 of course, that 

the symmetry coordinates are defined in the same way. Thus if 

isotopic intensity data are available for -~he symmetry species being 

studied, a second set of 2(n-l) solutions are obtained and the accep-

table solution will be that in which ·the set of ( all; as.) values 
J 

satisfy both isotopes. A unique set of ( all/ as.) values cannot 
J 

always be chosen because uncertainties in the measured intensities 

may lead to ambiguity, because the double-harmonic oscillator ap-

proximation may be invalid and because the normal coordinates chosen 

may not fit. In such case~ it is sometimes useful to calculate 

all possible sets of ( all/ as.) values from the first isotope and 
J 

then use these values and the 1 matrix of the second isotope to cal-

culate allt;/ a Qi from the equation: 

a JJ t; 1 .. ( allt; 1 a s . ) esu/cm * ( 6-8 3) .. = I g'' 
~ Jl J 

l j 

. . . I By relating .... . ' 
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By relating the equation: 

( = ( 6-84)' 

with ·-'lquation (6-79), the absolute intensities may be calculated for 

the second isotopic species and compared with the experimental valued 

found. In this manner a set of ( olll as.) values may be chosen 
J 

which give good agreement between the calculated and observed 

intensities. 

It must be emphasized that the signs of the chosen ( 

values are not the absolute signs~ but are only relative within the 

symmetry species. It is possibJe to calculate the absolute sighs 

of ( alll as.) ih a symmetry species if tb.a.t species includes a 
J 

molecular rotation and provided that the direction of the permanent 

di~ole moment of the molecule is known. Dickson, Mills and Orawford7l 

have used this method to determine the absolute signs of ( 

for the E species of the methyl haiides. 

Although the symmetry coordinates conserve linear and ar.~~la~ 

momenta, they do not describe translational and rotational motions. 

A bending vibration will usually require some compensating rotation, 
' 

and if the molecule has a permanent dipole moment, rotation will con-

tribute to the band intensity. This contribution must be subtracted 

from the c all 1 as.) values calculated from equation (6-82). 
J 

B. Crawford74 has given a method for determining ihis contribution 

in the cases of hydrogen cyanide and the methyl halic.e s 71• 

The dipole moment function is invariant under isotopic subs-

titution and this leads to relationships between the intensit~es of 

the bands of isotopic molecules. Two rules have been enunciated by 

Crawford. The so-called 1 F sum rule' is written: 

( 6·-8 5), 

... I The equation •• 0 
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The equation implies that the value of sho~l d be the 

same for the isotopic derivatives of a particular symmetry species. 

The rule is invariant for the isotopes only if ( a'J.I 1 as.) has been 
J 

corrected for molecular rotation. Agreement between the values of 

~ n L I.· I 
. 1 
1 

w., for different isotopic derivative~, provides a con-
1 

venient check on measured intensity data. Secondly, the 1 G sum 

rule' is given by; 

i ( a'J.I I aQi)
2 

= \ )~· !~tJ (:~e) Gjk 
L L-\ J. . k ]k . 

( I 
..l.. 2 

D A amu 2
) ( 6-86). 

F; . 
The equation provides a check on the validity of the normal coordinate 

transformations used in calculating the ( a'J.I 1 as.) functions. . J 

The ( all I aS.) values determined are difficult to :Visualize 
J 

and it is desirable to interprate furthe~ the data in terms of 

chemical bond parameters. In the bond-moment hypothesis1 3, the 

dipole moments and effecti-te charges are assumed to be rigidly held 

to the various chemical bonds. The assumptions made are: 

(1) The stretching of a bond by an amount dr produces a change of 

dipole moment along the bond of ( all I ar )dr. 

(2) The deformation of a bond through an angle d G produces a_ 

dipole change ( all 1 ae)ds, perpendicular to the bond~ and in tte plane 

of movement. 

(3) Interactions be$ween bonds are neglected. 

The parameters usually sought are ll' the effective bond 

moment, correlated with bending vibrations, and clJ I a r, the dipole 

moment derivative, correlated with stretching vibrations. Although 

the bond moment h~~othesis has been shown by many workers, notably 

R. C. Golike, I. Mills and B. Crawford75 (ethy~.ene), to be toe 

simple, it does give a vivid portrayal of the experimental results. 

• • • I Many of the ••• 
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Many of the inconsistencies resulting from this hypothesis have 

led to its improvement by taking into account the effect of lone-

pair electrons, rehybridization and incomplete orbital following7 6, 77. 

6.4. Experimental Techn~gue: 

The accurate measurement of absolute intensities has proved 

to be extremely difficult owing mainly to the fac~ that it is not 

possible, in practice, to use monochromatic radiation. E. B. Wilson 

and A. J. Wells78 showed that the band of frequencies, trans-

mitted by the monochromator, could be described by a slit function 

which they related to the apparent integrated absorption intensity. 

In this method the apparent meapured absorption intensity (B) ia 

given by: 

B = 1 
Cl (6-87) 

in which T and T are some average of the 'true' monochromatic in
o 

tensities I and I, respectively, over the slit-width of the 
. 0 

spectrometer. The 'true' intensity~ 

A l ( I Cl J ln (I
0 

I) dv (6-38) 

was shown by Wilson and Wells78 to be equal to the apparent in-

tensity_, B, according to: Lim B = A. The "true absolute intensity 
Cl---1 o 

is obtained from the slope of the tangent, at the origin, of plots 

of the integrated absorption area (BCl) against Cl.. Difficulty 

may, however, be obtained in extrapolating through the origin because 

of curvature of the plot at the higher values of Cl. This is due 

mainly to fluctuations in the intensity of the radiation beam over 

the slit function range, and to the limited resolving power of the 

instrument. Fluctuations in I are controlled by the minimization 
0 

... I of the effects . .. 
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of the effects of foreign spectra (e.g. atmospheric H2o and C02) 

and the effects of radiation source, detector, etc. instab:lities. It 

has been shovm 79 that the spectral slit-width should be.· less than 

the half-intensity line-width if B is not to differ from A, In 

the case of gases, the half-intensity line-wid~h of rotational 

lines is of the order of O.lcm-l at atmospheric pressure, and con-

sequently this would require an instrument of very high resolving 

power indeed in order to ~eet the conditions. 

By 'pressure broadening' the lines by adding an inert gas, s~ch 

that a smooth band contour is obtained (i.e. suppressing the ro-

tational fine structure), it is possible to maintain constancy of 

I over the range and use spectrometers of lower resolving power. It 

is important to remember, however, that ~he theory of absolute ab-

sorption intensities is based on supposition of r.on-5_nterference with 

the intramolecular properties of the molecule, and conseq11en tly 

caution rr.ust be exercised in not working to to·o high pressures. 

Generally a chemically inert, infrared inactive gas, such as nitrogen 

or helium, is usee_. In some cases, such as when +,he band shews 

very weak absorption, self-broadening at high pressures is used~ Ex

cessive pressures can lead to collision induced absorption80 and 

may, as in the case of methane81 , result in an ina~tive vibrational 

mode becoming excited. The pressure required for complete broadening 

depends on the separation of the rotational lines, the spectrometer 

and Ol". the nature of the gas used. 82 S, S. Penner and ]). Weber have 

suggested that, in order to test that sufficient pressures have been 

used, Beer's law should be obeyed. 

The Wilson-Wells method has been shovm by Grawford7l, 75 and 

his co~workers to give relia~le absolute intensity measu~ements if 

... I suffi cien tl y 0 •• 
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sufficiently high pressures, up to 50 atm., and high-resolution 

spectrometers are used. Although the Wilson-Wells method is most 

generally used, there are certain molecules for which it proves un-

suitable and other methods have been used to give more reliable 

results. Two such are the 'dispersion method' and the 'curve-of-

growth me tlb.od' • 

The dispersion method is based on the concept that the vibrating 

electronic moment of a molecule contributes to the refractive index 

of the substance. It can readily be shown that the absorption in-

tensity and refractive index are intimately related. The method is 

most applicable in the case of moleculP.s which have very narrow ab-

sorption lines since the change of refraotive index with frequency 

is quite gradual. It is necessary in this case that the absorption 

lines be intense and well separated. The method was developed by 

B. Schurin and R. Rollefson83 and, particularly, J. H. Jaffe et a184 

in their intensity studies on the hydrogen chloride fundamental. 

The curve-of-growth method85 requires the variation of path 

length and a kn.owledge of the band shape. It is applicable only in 

·cases in which the individual rotational lin0s are resolved, and 

assumes the shape of the lines to be describe~ by the Lorentzian 

·function. However, in general, it is seriously restricted in appli-

cation as an intimate knowledge of the rotational fine structure of 

a molecule is necessary. 

6.5. Units and Dimensions; 

Crawford7l~ 75 and his co-workers introduced a new measure of 

absolute intensity, ( j1), derived from the logarithmic ir..tegration, 

over band area, according to equation (6-76). ~ is more useful 

than A as it has theoretical advantages in relating the absorption 

... I intensity • •• 
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intensity to the transition moment. The relationship between f' 

and A is, to a good approximation, given by: 

r = A I (6-89) 

in which v is the fundamental wavenumber. The units of A are 
0 

-1 86 2 -1 em mole • B. Crawford suggests that units of em mole are 

appropriate for r as they give the convenient values from 100 

2 -1 to 10 1 000 for fundamentals and 1 to 100 em mole for overtone 

bands. The most convenient unit for concentration is mole cm-3 

and the path length is usually expressed in em. 

and ( 

The normal coordinates 

oll I oQ.) is normally 
l. 

ll, bond derivative, 

in Debyes/Angstrom (DIA). 

],._ 

(Q.) have dimensions of length x(mass) 2 
l. 

.1 
given in (esulcmg2 ). The bond moments 

all I aS . ) are normally given 
J 



CHAPTER 1 

THE ABSOLUTE . INTENSITIES OF THE 

INFRARED BANDS OF THE _QIS:-:1, 2.-..DIHALOETHYLENF.lS 

7.1~ Introductiong 

The cis-- and trans-1,2-dihaloethylenes form a relatively simple 

series of compounds ih which it should be possible~. from absolute 

intensity studies, to observe trends in their physical an~ chemical 

properties. The absolute intensities of their infrared bands have 

not been previously reported. In this work a prelimi:!1.ary investi-

gation of the bands of .cis-1,2-dibromoethylene, cis_-1,2-c'\.2.-._ 

dibromoethylene and cis~l,2-dichloroethylene was carried out in 

order to determine, in the first place, absolute intensities and, 

secondly, to interpret the findings in terms of bond properties. 

The molecules are planar, belonging to the point-group C~, and 

have twelve normal vibrations which correspond to the following sym-

metry speciesg 5 A1 , 4 B1 , 2 A2, 1 B2• All fundamentals are al-

lowed in the Raman spectrum while all except the A2 are allowed in 

the infrared. The vibrational modes are given by Hersberg2 (p.331). 

The infrared active fundamentals m~y best be described by referring 

to an illustration of the molec~le: 

\ 
\ I 

X 

/ 
- ~ - - C=====-C --

/l"" H I H 

••• ' ' 

-105 -

p 
X 

/ X represents 

' .. 

./ 

{; 

0 0 • 
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X represents the halogen atom. P and P are the axes of inertia in 
X y 

the plane of the molecule and P the vertical axis. The f~ve A
1

, z 
totally symmetric in-plane vibrations, arise from a change of dipole 

moment parallel to P giving a doublet in the spectrum. The four 
y 

E1 in-plane asymmetric vibrations arise from changes of dipole 

moment parallel to Px; these bands should show typical P, Q and 

R-branches with the intensities of the P and R-branches slightly 

greater than that of the Q-branch. A change of dipole moment paral-

lel to_the greatest axis of in~rtia, P, gives rise to the out-of-
'Z 

plane B2 bending vibration. This band should have P ~nd R-branches 

and an intense Q branch. The infrared and Raman spectra of the 

cis-1,2-dibromoethylenes have been observed by J. M. Dowling et a187 

and the ~and assignments are well established. The infrared and 

Raman bands of the cis-1,2-dichl0roethylenes have been observed by 

H. J. Bernstein and D. A. Ramsay88 who assigned the vibration modes. 

The observed infrared band fundamentals, and vibrational as-

sig:runents of ~1,2.-..dibromJethylene, cis-l,~-c.2-dibromoethylene 

and ~-1,2-dichloroethylene (in the gas phase) are given in Tables 

33, 34 and 35 respectively. In this work the absolute intensit~es 

of the B1 and B2 vibration bands only were measllred. The A1 bands 

were not investigated as, of the five bands in this symmetry class, 

-1 the band at ll6cm was not accessible to the spectromete~ ana, 

further, two of the bands were not observed in the vapour phase, 

using the short path cell (9.5cm), as their intensities were too low. 

·7. 2. Pr~paration of Compounds: 

Except where otherwise stated; technical grade calcium carbide 

(B.D.H·)·, heavy water (99.8%)(Norsk Hydro-Elektrisk) and bromhie (Merck) 

were used. Reagent grade dioxan (B.D.H~ was distilled and dried ,· 

over sodium. 

••• / ~~tetrabromoethane . . -
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Sym:-te trabromoe thane, supplied by B. :b. H., was distilled and dried 

over reagent grade calcium chloride. 

The Wilkens, Aerograph Autoprep Model A-700 9 gas chroMatograph 

was used for g.l. c:- so para tion. infrared spe ct:ra wer8 re corded, on 

liquid film samples; using a Perkin Elmer ~odel 237 spectrometer. 

Boiling points were measured at one atmosphere. 

The method of J • .B. C1emmer
89 for the synthesis of 1,1,2i2 --

tetrabromoethane, with minor differences, was adopted~ 

A solution of heavy water (lOrril.) in d.ioxan (10 rrl) was added 

d.ropwise to a slurry of calcium carbide (22 g) ih dioxan (30 ml) 

in an atmosphere of dry nitrogen. 'rhe deuterated acetylene evolved 

was bubbled through bromine and formed 1, 1, 2, 2 - d2 - tetra-· 

bromoethe.ne; this was washed successively witlc dilute sodium 

hydroxio_e (to remove unchanged bromine) and water, then dried over 

calcium chloride. 

Without further purification, the dr;y 1, 1, 2, 2- d0 ..... 
'-

tetre.bromoethane (13 ml) was debrominated with zinc dust and abso-

1 t ·1 h 1 d' · th th d f • n · ~ 90 u -e a co o accor lng ~;o e me o o -~· .r:-ongra vz • The 

azeotropic mixture had b.p. 74-85°C. After washing repeatedly wi-(;h 

water, the orga~ic lay,~r WBS dried over calcium chloride. The 
. ' 

product, a mixture of the cis and ~~ isomers of 1, 2 - d2 -

( ) 80 0 ( . 91 Cl.ibromoethylene 7 ml was collected at ~0 · - 113 c .. ll +.., fo:.; 

~-YE1~-1,2-dibromoethylen'3,, 1~8 - ll2°C). Infrared bands; 452, 512, 
· .. ...., 

560, ~56, 675, 698, 815,.858, 878, 995; 1023, 1280, 1550 and 2~80 

(lit~~7 453; 517, 567, 658, 671, 698, 819, 858, 880, 993, 10271 

1288, 1548 and 2282) cm-l were observed~ 

• 0 • I 
1•, , ~· 

The sepa:.<:1.tin::1 ... 
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The separation of the cis from the trans isomer was effected 

by applying the techniques of preparatiTe gas-liquid. chromatography: 

The mixture (7 ml) was injected into a column (1.53 m long) packed 

with tritolyl phosphate (10 g) on pink fire-brick (100 g, 60-80 mesh), 

maintained at 75°C. The hydrogen carrier gas was passed through 

at 150 ml per minute. The ___ t,x_q,n..s__isomer (2 ml) was eluted first, 

followed by pure cis-1,2-d2-dibromoethylene (3 ml), collected in a 

trap cooled by a free.zing mixture. The cis isomer had b.p. 111 °C 

and infrared bands at 453, 512, 560, 675, 698, 745 (weak), 815, 880, 

1002, 1023, 1253 (weak), 1?50, 1585 (weak) and 2280 (J.i t. ~7 453, 517, 

567, 671, 698, 819, 880, 993, 1027, 1548 and 2282) cm-1• The weak 

bands at 745, 1253 and 1585cm-l show that the product contained a 

trace of ~-1,2-dibromoethylene" Later measuremenis (CHAP. 7.3.) 

indicated that the concentration of the contaminant was less than 

5% (W/W). 

7. 2. 2. Preparation of .9ia-l, 2-dibromoethy:lene_; 

_S.~_:-tetrabromoethylene (15 ml) was debrominated with zinc dust 

and ethanol9°. The mixture of tho cis and trans isomer~ of 

1,2-dibromoethy1ene was separated by distill~tion, b.p. 108-112°C 

(1i t. 91 108-112°C). The separation of the c~g- isomer was effected 

by g.1.c.as previously described (7.2.1.). It had b.p., 111°C 

(1it.91 112°C), and infrared bands at; 463, 578, 668f"745, 1145, 

1253, 1486, 1536, 1585, 3061 (lit~~7 465, 580, 970, 748, 1150, 1254, 

1489, 1540, 1585 and 3064)cm-1• 

7. 2. 3. OJ,s_-1, 2-dich1oroethy1ene g 

Reagent material obtained from B.D.H was distilled, b.p. 

60°C (lit?; 60°C) and used without further purification. 

. . . I 7. 3. !) •• 



.7 .. 3. Experimental Techniques: 

The U.C.T. Unicam S.P. 100 spectrometer was used. This ins-

trument was particularly suitable as it could be evacuated ant, 

thus, errors due to atmospheric absorption lines were minimised. 

Under normal double beam operating conditions, no scattered light 

could be detected. A satisfactory resolution (Rayleigh criterion) 

-1 -1 of 0.40cm was obtained throughout the range 650 - 3600cm - The 

-1 range 375 - (OOcm was served by a potassium bromide prism only; 

-1 however, an adequate resolution of lorn was obtained for the bands 

observed in this region. The spectrometer wavenumber readings, 
·.'"'" 1 

over the range 650 - 3600cm -, were calibrated in terms of the 

standard spectra of Plyler et _al 24. -1 The range 375 - 700cm was 

calibrated by observing the spectrum of methyl iodide 71• 

A he a ted infrared, absorption gas cell, model GH~-7, (supplied 

by the Research and Industrial Instruments Co., London) fitted 

with potassium bromide windows, was used for this work~ The cell 

was fitted with a high temperature vacuum valve and a silicone rubcer 

septum for the admission of the sample while the cell was under 

vacuum. A thermocouple (supplied with the cell)~ connectea to a 

meter, was calibrated, using ice, steam and a hot oil bath and stan

dard thermometer, up to a temperature of 150°C... The sample-- t·empera-~-

ture was controlled by means of a heat.ing element, powered via a 

variable transformer. 

The path-length of the cell is 7.0cm and its calculated 

volume 76.70 ml. A 10 ~ syringe, graduated in 0~ 1 J.ll, was used 

in order to inject measured quantities of the sample into the cell. 

The calibration of the syringe was checked by weighing measured amounts 

. . . I of pure • 0 • 
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of pure water ranging from 0.1 to lOvl .. 

The intensities of the bands of ~-1,2-dibromoethylene and 

.Qi£-1,2-dichloroethylene were determined on their vapours at 120°C 

and 70°C, respectively. Consequently it was necessary to determine 

the stabilities of the compounds and to ascertain whether or not 

they suffered significant absorption on the stainless steel walls 

of the cell at these temperatures. The infrared bands of knovm 

amounts of the compounds were observed at frequent intervals between 

6 -1 50 - 3600cm over a period of four hours. It was found, in both 

cases 1 that the relative intensities decreased with time; the de-

crease being most rapid in the first h~ur. Furthermore, over the 

period of four hours no new infrared bands, other than those of the 

cis-1,2-dihaloethylenes) were o'bserved. These results indicated 

that the compounds were absorbed and that there vras no significant 

decomposition. The experiments wer.e repeated on a semi-quantitative 

basis from which it was concluded that the band intensities had to 

be observed within six minutes. 

The Wilson-Wells method was used to determine the band inten-

sities. The following experimental technique was adopted: 

The absorption cell was evacuated, heated to the appropriate tern-

perature and filled to one atmosphere with dry nitrogen. (The 

observations of other workers on compounds such as benzene92 and 

the fact that the rotational lines are very closely spaced sugges-

ted that one atmosphere of nitrogen would suffice fer complete 

pressure broadening.). The absorption spectrum, with nitrogen only 

in the cell, was first determined over the wavenumber region being 

s~~died. The recorder trace was triplicated and the mean a~sorption 

readings, recorded on graphical chart paper, taken to represent T 
0 

• • • I values .. • •• 
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values. A measured quantity of the dihaloethylene was then injected 

into the cell and the infrared spectrum recorded. In order that 

optimmn resolution ~B maintained (requiring fairly slow scanning), 

it was possible to record two traces only of the band within the 

limits imposed by the six minute period. The mean absorption read-

ings of these traces gave values of T at various wavenumbers. The 

cell was then evacuated and the whole procedure repeated for at 

least six different QUantities, between 1- 20 ~1, of th9 sample 

and for each of the infrared bands ~elonging to the B1 and B2 species 

of the two .2.i~:-1 1 2-dibaloethylenes and the deuterated bromine species, 

In each case the concentrations (moles per ml) were calculated. 

,-, 
For each concentration the band area, I 'Cl, was determined from 

plots of log (T /T) against log v. The areas were measured with a 
0 

planimeter. The absolute intensities of the banes WAre determined 

from the slopes of ,the Beer 1 s law plots of Pel against Cl. In 

each case the slopes were determined by least-sq'lares calculations 

and the standard errors fou::J.d. The graphical :;_ntegration of the 

band area was extended, wavenumberwise, as far as absorption was 

measurable and this was interpreted as the total band i~1tensi ty. 

Overlapping ba;nQ.s were separated, graphically 9 on the assumptioi1 

that the band shapes were symmetrical. 

The observed B1 and B2 bands of ~~~ .. ~-1 9 2-dichloroethylene are 
---=-----~-_.,,....., .. _, .--

shown in Fig. 17. 

B b d t 695cm-l 
2 an a 

All the B
1 

bands o"bserved we-re well defined. The 

-l 
was slightly overla?ped by an A

1 
band at 7llcm • 

The Beer 1 s law plots are given in Fig. '20~ Linear J;:lots, passing 

through the origin, were obtained for all the B1 and B2 bands. The 

( 2 . -1) absolute intensities em mole and standard errors are g~_ven in 

Table 36. 

••• I The observed_ • a c 
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TABL!-: 33. 

O:Ose~:-ved Fundamentals ( cm-1 units) an<l assignments of the Vibrational 
Hodel;l 9:f Cis~1,;2-C2H2Br2. 
·r .~~: r· : ~~: :~:; ·. ::; .. : .. 

Mode 

\)1 

\)2 

\)3 

"4 
\)5 

"s 
vg 

\)10 

"11 
\)12 

. ·, <' 
.. , . '.--. -~ ·; 

Synnnetry 

Al 

Al 

Al 
Al 
Al 
Bl 
Bl 
Bl 

Bl 
B2 

speci.es cm-1 

Not observed 

1587 

Not ·observed 
583 

Not observed 
3078 

2161 
755 

4SS 

I 667 

TABLE 34. 

.. 

I 
.j 

j 

.-.-...--.--

Assif;nment 

C-H sym stre 

c:::c stretch. 

CHBr deform. 

C-Br - Sym S 
CHBr Rock. 

·c-H stret~!l. 
CHBr deform. 

I 
--t 
tch. I 

f 

I 
tretchj" 

C--Br stretch. I 
CHBr Rock. 
CHBr ~1agging 

I 
I 
I 

Observed Fundamentals {cm-1 units)and assignments of che Vibrational 
Hodes of Cis- 1,2-C2D2Br2. 

Hode Symmetry Sped"es cm-1 

~---

\)1 Al -
"2 A1 1550. 

"3 Al -
\!4 Al -
'Js A1 -
\)8 Bl 2278 
"g B1 1002 

\)10 B1 675 

"11 B1 I.J.53 

"12 B2 512 
I 

A- I ;signment ~ 
.. 

c -i'-;,ym .-:t "etch . I 
~c stretct. 1 

DBr def. 

c~ 

c 
c -Br• Sym.s":retch. 

JBr. ~oc\:. c; 
c 
c 
c 
c 

-) stretch. 
DBP def 
-Br str•etch. 

DBr Rock. 
r•, .... DBr' T:la-gg_.l._.· r_ig_. ___ , J ___L ___ 



TABLE 35. 

Obse~ved Fundamentals (cm-1 units) and assignments of the Vibrational 
Modes of ~--1,2-C2H2Cl2. 

Mode Symmetry Species cm-1 Assigrrment 

I 
! 
i 
I 
l 
I 
' ! B1 
I 
f 
I 
l 

l 
i 
! 

"1 Al - C-H Sym.stretch. 

"2 Al 1588 C=C stretch. 

"3 Al - CHCl def. 
\)4 A1 712 C-Cl Sym stretch. 

"5 A1 - CHCl Rock. 

vg B1 3088 C-H stretch. 

"g Bl 1303 CHC1 def. 

"1o Bl 837 C-Cl stretch. 

\ill Bl 566 CHCl Rock. 

"12 B2 695 CHC1 Hagging. 

TABLE 36. 

Absolute Intensities (/') and I all/dQi I values for tl1e B1 and B2 
bands of ~-1,2-C2H2C12. 

-, 
··•--! 

{dlJ/()Q)2 l • 
lall;aoil \). \) ( l. 

j cm-1 cm2/mo1e 
.· , 2 1 

I 
(esu/cm g2) esu/cm g2 

Vg 3088 256±8 1126 33.56±1.07 
I 

I 
Vg I 1203 953±32 1767 42 .0!~±1.42 

I 
875 "1o 5058±J4l.J. 6175 78. 58±2. 21~ 

vl1 5€6 717±15 578 24.()5±0.48 

I 
j B12 \)121 695 ! 5380±424 5326 72.98±6.04 
! 



TABLE 37 • 

.t\..bsolute Intensities ((I) and I Cl\.l/3Qi I values for the B1 and B2 bands 
o:t ~-1~2-C2ff2Fr'2 • 

vs .1'-'~ 

I ' 0ll/ClQi)2 !all;aQ~l I .1. 

cm-1 cm2/mo1e (esu/cm g~) 2 J. 
esu/cm g 2 

I 
~ 

\)8 3078 279±6.5 1223 34.98±0.81 

Vg I 1261 
I 

2115±38 3799 61. 64±1.12 

Bl \)10 755 39b9±100 4273 65.37±0.6!:> 

B2 

\)11 465 i 3211±44 2127 46.12±0.63 
I 

l 
I 

I 
I 

14,480±66 ! \)12 t 667 I 4242 65.14±3 
I ' I I 

TABLE 38 •. 

P..bs:.lute Intensities <{' ) and l o\.1/\.lQi I values for the B1 and B2 bands 
_of ~-I, 2-C2D2B"r2 • 

\)• 
~ 

r o.,.oi>2 
• ,.~~ 

-----------~--~--~-------~-----------+--·------------~ 

\18 2278 

\Jg 1002 

.. (1033-+1002) 

1-!-53 

453+465 

\)10 675 

\)12 512 

371.4±5 

:!..536±40 

1689±28 

1205 

2738 

4275· 

779.5 

991 

1624 

1010 

34.72±0.87 

65-57:1:1.64 

31.49±1. 57 

40. 30±1.0. 

31. 78±0. 80 

l 

_._B_2 _____ c_s_1_2_+_s2_3_) __ ~1--2_14_4_±_3_o ____ ~l ___ 1 __ s6_3_._7 __ ~,:g·s_4_±_o_._g_s ____ . __ 
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in the deuterated compound. A value of 3% (W/W) was obtained. This 

value was therefore used to correct the concentrations applied in 

the case of the deuterated compound. 

7.4. Interpretation of the Results: 

The values of the absolute intensities found and the wave-

numbers of the band centres were substituted in e~uation (6-79) 

in order to determine the magnitudes of the dipole moment der;_vatives 

( I I I ) ( -1 _.!. 
a~ aQi • These calculated values in esu em g 2 ) and the 

errors are given in Tables 36, 37 and 38 for ci@_-1,2-C
2
H2c1

2
, 

cis-1,2-C2H2Br2 and cis-1,2-C2D2B~, respectively. In these cal-

culations the observed band cent~es were not corrected for an-

harmonicity. The error treatment will be discussed later. 

In order to proceed further, it was necessary to determine the 

force constants for the B
1 

and B
2 

vibrations and hence the coefficients 

. ( -1) of the L .. transformation matrices. No ~o~ce constants were 
lJ 

available from the literature for the B1 vibrations of the 

~-1,2-dichloroethylene molecules a~d consequently, as time did not 

allow calculation of these constants, no further interpretation of 

the intensities of the B
1 

bands was possible. 

The force constants, in internal valence coordinates were, 

however, calculated for the B
1 

vibrations of the 

cis-1, 2-dibromoethylenes by J. Dowling e t al8'7, using the most 

general quadratic force field. These force constants were trans-

fqrmed into their symmetry coordinate form, F .. , from the 
lJ 

relationships given by J. Ziomek et al9 3• These relationships 

together with the geometric parameters arid atomic masse::: given by 

... I 87 Dowling e t ~l , 
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Dowling et al87, were used to calculate the G matrix elements for 

the B1 vibrations of cis-1,2-dibromoethylene and 

cis~l,2-d2-dibromoethylene. 

the secular equation {aF 
The force constants were used to solve 

i 

>.E I::. 0( see CHAP. 4. 3. ) in order to 

obtain the wavenumbers of the four B1 vibrations of both 

cis-1,2-dibromoethylene isotopes. The calculated and observed 

wavenumbers for the B1 vibrations are compared in Table 1, Appendix 3~ 

The agreement between the values was the same as that obtained by 

Dowling et al87. Frames•94 methcd was used to solve the (4 x 4) 

secular equation. The calculated force constants, in terms of 

symmetry coordinates, are given in Table 2, Appendix 3. In this 

table the F11 , F22 , F
33 

and F
44 

force constants refer to the v8 , v 9 , 

v11 vibrations, respectively. It must ~e pointed out 

that the force constants were calculated on the ~asi8 of the ob-

served wavenumbers which were not corrected for anharmonicity. 

The 1 transformation matrix elements were calculated, for both 

the cis-1,2-dibromoethylene isotopes, for the ~- vibrations, using 
.l. 

equation (4-59), and normalized according to equation (4-60). The 

-1 1 transformation matrices were then found and checked by the 

. . 3 -1 relat1on , 1 1 = E. The 1-l transformation matrices are given in 

The symmetry coordinates and relationships for the calculatio~ 

of the F and G matrix elements of the single out-of-plane B2 vibra

tion, for cis-1,2-dihaloethylene type molecules~ have beAn given by 

J. Dowling95. The geometrical parameters and atomic ~asses used for 

the cis-1,2-dichloroethylene calculations are those given hy Dowling. 

The force constants of the single B2 vibrations of cis-1,2-C2H2Cl2 

••• I and 0 •• 
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and cis-1,2-C2H2Br2 were caloulated by substitution of the observed 

band centres (Tables 34, 35) in the secular equation GF -~ AE I= o. 

The calculated force constants of the B
2 

vibrations are given in 

Table 2, Appendix 3. The calculated (L-1 ) ·transformation matrices 

are given in Table 3, Appendix 3. 

For the B1 vibrations the change of electric dipole moment 

is parallel to the X- axis (see CHAP. (.1.) and for the out-of-plane 

B2 vibration it is parallel to the Z - axis. Consequently eqnation 

(6-82) was applied in determining ( avl; / asj) values. The calculated 
-1 . . 

L matrices (Table 3, Appendix 3) and ,. ovj oQi ' values 7 given in 

Tables 36, 37 and 38, were substituted in equation (6-82) and the 

( ov/ 3S.) values (in Debye/Angstrom) calculated. 
J 

The ( avz/ as12 ) values, and calculated errors~ for the B
2 

vibrations of cis-1,2-C2H2Cl 2, _q_i§_-1,2-C2H2Br2, cis-1,2-C2D2Br2 are 

given in Table 39. The corresponding value for oi~-1,2-C2D2R2 was 

calculated from the data given by Golike ~t-~:5 ~nd is included in 

the table. It may be noted that Golike et al obtained ail. abnormally 

high value for th~s vibration which they could not exp~nin satis-

factorily~ On recalculating their data, however, it was found that 

these authors had used an incorrect G-mat:::-ix relationship, so 

accounting for their error. 

Because of the ambiguous signs of the I av/ aQ. I values, there 
1 l I 

are eight possible sign combinations for the determination of the 

( olJ.x/ a Sj) values of the Bl vibrations. Eight poss:.ble £'lets :>f 

values and errors (Table 40) for ( avx/ as8), ( avx/ as
9
), 

( avx/ as10) and ( avx/ as11) were calculated for 

cis.,.l,2-dibromoethylene and cis-1,2-d2-dibromoethylene. The values 

... I given for . .. 
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given for the deuterated compound io not include the intensity con-

tributions from the combination bands which may be in Ferml resonance 

with the v
9 

and v11 fundamentals (see later discussion). The 

sequence of the sign combinati_ons given Correspond to the signs of the 

respectively. 

The ( 3~/ asj) values, given for the B1 and B2 vibrations, 

have not been corrected for rotation1 this neglect will ~e d~s-

cussed la-ter. 

7.5. Error Treatment: 

The standard erro~s, given in Tables 36,37 and 38, for the ab-

solute intensity values, represent extremes and -~ake no account of 

bias. As they have not been caJc"..llated from the scatter of a large 

number of points, they may not determine the reliability of the cal

culated data very well. Ttus the errors given fur t a~/ aQi) have 

been in~reased above the standard errors and have been eBtimated in-

dividually for each band. They are intended to represe:1t limits 

within whic:b. the true absolute in-tensities of the ba::-J.•is lie, and have 

been calculated in ~he following way: The errors given for 

I av / 3Qil correspond to the largest of the following quantitiesg 

(a) 2% of the \land area (i.e. 1% of j 3p/ aQi j ) and 

(b) twice the standard error obtained from the scatter of the 

Beer's law plots. For the deuterated compounds con~ition (a) was 

raised to 8% of the band area in order to cover errvrd resulting 

from the presence of impurities in the deuterated sample. The errors 

gh·en for ( a).! 1 as.) have been calculated from the standar1 equations 
J 

••• I for the • • e 
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for the propagation of error. 

Sources of.error and/or bias, other than experjme:ntal ones, 

may result from anharmonicity effects and from undetected ~esonances 

between the vibrational levels. These errors may be considerable in 

the case of cis-1,2-d
2
-dibromoethylene in which v

9 
and v11 are 

probably involved in Fermi resonance with adjacent comb;l.nation bands. 

7.6. Dis.cussiong 

The linear Beer's law plots obte>.ined, passing through the 

origins~ imply that satisfactory value3 were obtained for the in-

tensities of the B1 and B2 vibrational bands. Furthermore the lack 

of curvature indicated that one a.tmosphere of nitrogen vras suffic7_ent 

for pressure broadening. In defence of the cri ti.cism that a lower 

pressure, or no pressure at all, might have sufficed, previous 

workers92 found one atmosrhere of inert gas essential. A detailed 

investigo.tion of pressure b::-oadening was not tbe 0bject of this wm~k. 

Some of the interesting relationships arising out r:.f the r<>sults 

provide further evidence of the reliability of the absolute inte11.si ty 

values determined. Golike et al7 5 obtaim;d a':l absolnte intensity 

2 -1 · value of 220 em mole for the in-plane C - H stretching vibration 

of cis-1, 2-d2-ethylene. The intensity values obtained in this wo~·k 

for the same mode ( v
8

) of _£is-l,~-dih.romoethylene and 

?is-1,2-dichloroethylene (see Tables 36 and 37) are in gcod agreement 

with this value despite the fact that t~e substancez studied he:;:e have 

far higher molecular masses and halogens ·differ markedly from 

hydrogen in their ele0tronegativities. The good agreement cbtained 

... I confirms the 
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confirms the assumption made (s~e 7.3.) that the intensity of the A
1 

vibration (underlying the v 8 band) was effectively zero~or the 

cis-1,2-dihaloethylenes. The approximately similar intensity values 

obtained for the v 8 vibrations in ~~1,2-dichloroethylene, 

ois-1,2-dibromoethylene and ~-1,2-d2~ethylene imply that the in

tensities of the C-Hin-plane stretching vibrations in substituted 

ethylenes are, to a first approximation, independent of the 

substituent. 

Golike et al75 obtained an intensity value of 278cm2 mole-l 

for tb.e C - D in-plane stretching vibration of cis-1,2-0.2-ethylene. 

This value is approximately 100 cm2 mole·-l less than that found fer 

the corresponding vibration in ~i~~-1,2-d2-dibromoethylene. This di3-

agreement does not seem significa~t. 

The ( a~zl a sl2) values (Table 39) found for Ci_§_-1, 2-CJ.ibromoethylene 

and cis ..... l)2-d2-dibromoethylene are not equal as is p·redicted by theory. 

The disagreement may arise from anharmonicity o£ the vibrations and 

from neglect of the contribution of molecular ro·tation. The v12 

band of cis-1,2-d2-dibromoethylene is involved in Fermi ~esonance with 

a combination band and the ( a~zl a s12 ) valt:e giYen :.ncludes the 

intensity contrib''..ltion from the combination be.nd. The F-sum rule 

check (Table 41) shows that a lower I f: I w. is obtained for . ]_ ]_ 
]_ 

cis-l,2-d2-dibromoethylene than for 9i~-1,2-dibromoethylene, even 

though the intensity contribution from the combination band has been 

included in the former case. The neglect of mol~cular rotation 

could acco~nt for the discrepancy. 

The ( dlJZI as12 ) values of cis-1,2-d2-ethylene, cis-1,2-di:::hloroethylene 

and cis-1,2-dibromoet~·lene a~e compared in Table 39. The values ob-

tained are of the same order of magnitude for all three molecules, 

••• I indicating . .. 
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indicating that the dipole moment change along the perpendicular 

axis, and arising from the out-of-plane wagging vibrations in 

ethylene, is only slightly effected by the substitution of a halogen 

fo:r· hydrogen. 

The (+ + + -) sign combination (Table 40) of the ( all j aQ.) 
~ 

values is the only one that yielded similar values (within the 

estimated error) for ( opxj a s
9
), ( allx/ as10) and ( a~lx/ a sll) 

in the cases of both cis-1,2-dibromoethylene and 

21~-1,2-d2-dibromoethylene. However bad agreement was obtained 

for the values of ( OJJX/ as8) for -th8 same molecules, for all 

eight possible sign combinations of ( all/ a Q..). Th9 cal aula tions 
~ 

were repG&l>~ed for data belonginP, to the deuterated case, and in-

eluded the intensity contributions of the combination bands in 

Fermi resonance with v
9 

and v11• Poor agreement w~s again 

obtained for the values of ( a1,1j a s8 ) calculated for all possible 

sign combinations. The no::-mal coordinates used in these calcu-

lations ·Jorrespond to the anharmonic vibration'3. The neglect of 

anharmo~ioity may be particularly serious in the 0ase of C - H 

vibrations and could acconnt for the poor agreement obt::dned fo::-

This explanation seems plausible in the 1::.gh+ of th~ sem>itivit:y of 

( au/ as) to the normal coordinates chosen. 

In view of the uncertainty of the sign combination of the 

( a1,1 1 aQ.) values, the ( all 1 as.) values of 
l X J 

cis-1,2-dibromoethylene were used to predict (as desc::"ibed in 

CRAP. 6.3.,) the absolute intensities of the B1 bands of the 

de~terated isotope. The (+ + - +) sign combination, only, gave 

an excellent fit to t~e observed intensities of the v8 and \llO 

. ·• . I bands • . .. 
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bands. The calculated intensities for the v aJ:}.d 
9 

v bands were. 
11 ' 

!J.owever, greater than those of the observed bands o-f: 

~-l,2-d2-dibromoethylene, ·even with the inclusion of the observed 

intensities of the combination bands. On the casis of the good 

agreement obtained for the v8 and v10 bands, the mean ( 

values were determined from the calculated values of 

a1-1 I as.) 
X J 

cis-1,2-dibromoethylene and cis-1,2-d2~dibromoethylene (which in

cluded the intensity contributions from the combination bands) and 

were used to calculate the absolute intensities of the B1 bands of 

the two isotopes. The mean ( dJ-1 /as.) values, corresponding to 
X J 

the (+ +- +) sign combination, are given in Table 42. Excellent 

agreement (see Table 43) was obtained l::etweeh the intensities four.d 

and those calculated for the v8 ~nd v10 bands of both isotopes. 

Bearing in mind the fact that the contribution of molecular ro-

tation and the anharmonici ties of the vibrations J1ave not been ac-

counted for, it is tentatively suggested that the (+ +- +) 

combination is the correct sign combination for the ( a1-1 / aQi) 

values of the B1 vibrations of cis-1,2-dibromvethylene. 

The ( all X/ ass) and ( OJ.l XI a slO) values, given ir.. Table 42, 

were used, according to the bond moment hypothesis (s<:le CHAP. 6. J,. ), 

to determine the dipole moment derivatives of the C - H and·. C - Br 

stretching vibrations, respectively. Using the symmetry coordinate 

relations given by Ziomek et al9 3, the f0llowing expressions were 

obtained~ 

allx/ a s8 -./2 Cos .£._ t:c - H t 
2 

all x/ a slo -~/2 Cos a t:c - Br 
' 2 

in which a is the HCBr angle and t: corresponds "to the dipole moment 

derivative. Assuming HCBr to be 120°, t:c - H was found to be 

4.81 D/A and t:c - Br 0.02 D/A. These values are alarming as one 

... I would expect . .. 



TABLE 39. 

0~2/3812) values for_ Ci.s-1,2-dihaloethylenes. 
{Units: Debyes/Angstrom). 

Cis-1,2-C2D2H2 Cis-1,2-C2H2Cl2 Cis-1,2-C2H2Br2 ~is-C2D2Br2 

(Clll/ClS12) 1.03 0.908 0.82 

error :1:0.06 ±0.07 :1:0.04 
I 

TABLE 40. 

(a~x;asj) values for the B1 bands of ~-1,2-C2H2Br2 and 

Cis-1,2-C2D2Br2 (Units, Debyes/Angstrom). 

,lli-1,2-C2H2Br2• 

I Sign com: ination dllx/ClSg •··()J.Ix/as9 I allxlas10 ollx/ClS11 

++++ -1.5953 0.6171 -1.5287 1.2835 
+++- 3.5404 0.4581 -0.6784 -0.6367 ---
++-+ -3.8437 0.2520 -0.0908 -0.1390 

+-++ -1.2820 0.7764 -0.7847 2.0548 

-+++ -1.6053 -0.2522 -1.5036 1.2878 

--++ -1.2920 -0.0929 -0.7595 2.0592 

-+-+ -3.8537 -O.Gl73 -0.0656 -0.1346 

-++- 3.5304 I -0.4113 -0.6532 I ·-0 0 6323 

error ±0.0350 ±0.0101 ±0.0100 ±0.0130 
-

Cis-1,2;C2DL'Br2 dllx/388 dll;/3S9 a1Jxl 651o dJ.lx;asll 

++++ -1.5739 0.6843 -l.Op4-'-} 0.5407 

+++- 1.7331 0.5110 -0.7444 -0.6764 -- ---- ----
++-+ -2.6291 0.2639 0.1672 -0.2799 

+-++ -0.6763 _0.9462 -0.5447 1.464-6 

-+++ -1.5755 -0.4813 -L05S8 0.5732 

--++ -0.6779 -0.0906 -0.5201 1.4970 

-+-+ -2.6306 -0.9017 0.1918 -0.2474 

-++- 1.7248 -0.6546 -0.7069 -0 .6761} 

error ±0.0829 ±0.0167 :1:0,0210 :1:0,0289 

Hean (+++-) 2.63C8 0,4845 -0.7114 -0.6565 ---
Combined error ±0,118 ±0.0268 ±0.0310 :1:0,0419 

0.65 

±0,02 

·= 

I 

I 
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TABLE 41. ----· 
F- Sum Rule CrffiCX. Lif-1/wi {Units,cm2/mole cm-1) values for the 
B1 and B2 Vibrations of the Cis-1,2-dihaloethylenes. 

Vibration species c 2H2Br2 C2D2Br2 c 2H2C12· 

in-:plane Bl 13.94 9.07 7.98 

out-of-plane B2 6.72 4.19 7.74 
i 

TABLE 42. 

allxlaSj {Units; Debyes/Angstrom) for the B1 Vibrations of ~fE_-1,2-c2H2Br2 , 

~-1,2-C2D2Br2 , using (++-+) sign combination. 

j I avx/dS8 allxtas9 31lx/aS10 Cllxlasll 

I 
Cis-1,2-C2E2Br2 j -3.8437 0.2520 -0.0908 -0.1390 

• Cis-1,2-C2D2Br2 -2.9541 0.2255 +0.0763 -0.3191 

Mean -3.3989 0.2387 -0.0140 -0.2290 

1 Mean error ±0.128 *0.027 ±0.03 *0.05 
l 

TABLE 43. 

Observed and Calculated ( ++-+) Absolute Intensities_ <r ~ of the B1 
Bands of ~-1,2-C2H2Br2 and ~-1,2-C2D2Br2. ,., .. ,.,_ 

/ ' in cm2/mole. 

,..-

I I I 
' Cis-1,2-C2H2Br2 Cis-1, 2--C2D2B:.:.'2 \)i I 

' 
i 

I observed ~lculated observed calculated 

,-
Vg I 279 272 371 391 

I 

I I 

\)9 l 2115 I 1785 3002 3700 

! I I 1678 vlo I 3973 3725 1689 

vll 3211 I 2299 I 1536 22'+3 
I ' 
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would expect £c ~ Br to be greater than £ C - H. The 

value, in fact, corresponds closely to the effective dipola 

(5.06 D/A) bf a C - H bond in which electronic charge has been 

transferreu from one atom to the other; the implication is that, 

during the C - H stretching vibration, the bond becomes ionic. In 

view of the uncertainty of the ( dJ.I/ as.) values determined, 
J 

further speculation at this stage, on the dipole moment derivatives, 

would De unwise. 

In conclusion it is evident that the results obtained in this 

work are of sufficient interest to warrant a complete study of the 

absolute intensities of the~- and 1~~1,2-dihaloethylenes; 

using a more reliable force field and b9tter normal coordinates. 



APPENDIX 1. 

TABLE 1. 

List of Symbols appearing in the Text. 

lv Observed Wavenurnbers; also vibrational mode. 

v 

w 

J,K 

h 

c 

T 

v 

I B",B' 
! 

A",A' 

Vibrational Quantum Number. 

Harmonic WavenUF~ers. 

Rotational Quantum Numbers 

Planck's Constant 

Velocity of Light. 

Vfrrational Energy (Units cm-1 ). 

Rotational Ene~gy (Units cm-1) 

Kinetic Energy. 

Potential Energy. 

Rotational Constants in ground and 

Rotational Constants in ground and 

excited 

excited 

DJ,DJK,DK Centrifugal Distortion Constants (cm-1) 

S· J 

Band Centre. (Units cm-1), 

Cartezian Coordinates, x, y or z. 

!iormal Coc ... J.inates • 

Internal Valence Coordinates. 

Symmetry Coordinates. 

Dipole Moment (Units, Debyes/Angstt'om). 

states 

states 

(cm-1). 

(cm-1). 

I Fij 

Is 
Force Constants in Symmetry Coordinates (Units md/A). 

I 

lr 
I 
lc 

11 
J 

Coriolis Coupling Constant. 

Absolute Intensity (cm2/mole). 

Concentration. 

Path Length. (em). 



TABLB 2. 

Determination of v0 (cm-1) for the Parallel Band of cH3D at 1306.8 cm-1 • 

R(J-l) + P(J) + 2(Dj-D~)J2(J2+1)-2(B'-B")J2 

- 2v + 2[(A' A") (B' B") '"' -D" )J2]K2-2(D'-D11 )K
4 

- o - - - ~ JK JK · K K 

Plot against J gave zero slope for (Dj-DJ-) = -1.16xlo-4 ,(B 1-B11
) =-0.102 cm-1 • 

~ 

I 
I 
l 

1 

2 

3 

4 

5 

6 

7 

8 

9 

2613.57 

2613.77 
2613.88 
2613.72 
2613.80 
2613.95 
2613.67 
2613.72 
2613.62 

TABLE 3. 

Hean v0 = 1306.86 cm-1 

Determination of (B'+B11
) and Dj+D~j) for Parallel Band of CH3D at 1306.86 cm-1. 

R(J-1)-P(J) = 2(B'+B")J-4(Dj+DJ-)J3-2(DjK+DJK)JK2• 

Plot against J gave zero slope for (B:+B") = 7.652,(D.j+DJ-) = -2.80xl0-S cm-1. 

~~0 J ., R{J-l)-p(J)-2(7.652)J-4(2.80xl0-5)J3 cm-1. 

"' .. ---
1 +0.02 

2 +0.05 

I 3 -0.16 

4 +0.05 
5 +0.18 
6 -0.18 
7 -0.08 

8 -0.01 

9 -0.05 



TABLE 4. 

Determination of DJK for the Perpendicular Band of CH3D at 1156 cm-1 • 

R ( ) P R P A plot of Rn
1 

m- Pn
1

(m)- Rn
2

(m)+ Pn
2

(m) against F(n,m) for 

n1=3, n2=1, gave DJK= 3xlo-4cm-l. See equation (1-35) 

I I 

i 
i 
' I 

I 
I 
' I 
! 

I 

Fn(m)= 6m+2m2 
R P R P ml R2(m)- P3(m)- Ro(m)+ pl(m) cm-1 

I . 

3 36 11.65 

4 56 11.11 
5 80 11.39 
7 140 11.18 

8 
\ 

176 11-.17 

TABLE 5. 

Determination of (B'-B") for the Perpendicular Band of CH3D at 1156 cm-l 

Plots of RR(K-l){J-l)+PPK(J) = Ll2F, against J2 gave (B'-B") = -0.0684 cm-1. 

Ll2F + 2(0.0684)J2 gave plots of zero slope for K = 1, K = 3. 
See equation (1-36). 

I 

! I K J Ll2F cm-1 62F + 2(0.0684)J2 cm-1 

1 1 2315.39 2315.53 

2 2314.97 2315.51 
3 2314.41 2315.65 
4 2313.06 2315.24 
5 2312.09 2315.51 
6 2310.19 2315.11 
7 2308.80 2315.50 
8 2306.87 2315.63 

3 4 2313.67 2315.85 
! 

5 2312.46 2315.88 
6 2310.98 2315.90 
7 2309.18 

I 
2315.88 



TABLE 6. 

Determination of (B'+B") for the Perpendiculdr Band of CH3D a.t 1156 cm-1 • 

A plot of, RR(l<-l)(J-1)-RP(K-l){J) = l:I2F, against J gave (B'+B") = 7.688 cm-1 • 

62F-2(7.688)J vs J gave a plot of zero slope forK= 1. (Se~ 
equation (1-37). 

i~l l:I2F cm-1 b2F-2(7.688)J. cm-1 

2 30.69 -0.06 
3 40.18 +0.05 
4 61.49 -0.01 
5 76.83 -0.05 
6 92.04 -0.22 
7 107.77 +0.14 
8 123.07 +0.06 

TABLE 7. 

Determination of (B'+Bn), DJ and DJK for the Perpendicular Band of 

CH3D at 1156 cm-1. 

Values of (B'+B") = 7~688~ D3 = 8xl0-s, DJK = 3 x 10-4 cm-1 gave zero 
slope to the plot; 

R P ( ., ") - 3 - [ 2 2] 1 iRn(rn)- Pn(rn)-2 B +B rn+8DJm +2DJK (2n -2n+l)m+(2n-l)m em- = 
against m for n=1 and 2. (See equati£!1 (1-38) .• 

I 
...._, 

i 

62r cm-1 1 62F crn._1 I I 
n m ! n I m I r 8.311 1 T·B2 l 2 2 I .80 II 5 8.47 

.3 2.69 ! 6 8.18 

I 4 3.11 I 7 8.33 

l 5 2.79 8 8 37 

7 2.84 I 

I. I 8 2.62 II 
I I! ' ! 



I 

TABLE 8. 

Determination of DJK for the Perpendicular Band of CH3D at 1473 cm-·1 • 

Of 
3xlo-4 ctn~l 

A DJK value gave zero slope to the plot; 

RRnl(m)__Ppnl(m)_RRn2(m)+PPn2(m) +4DJKf(n,m) vs m for nl=3, n2=2. 

See equation (1-35). (Units cm-1) 

I 
I 

I fr ) 4m+m2 R P RR Pp . . -4 m = R3(m)- P3(m)- 2(m)+ 2(m)+l2xl0 f(n,m) 
I ,n,m 

--· 

3 21 11.24 
4 32 11.31 
5 45 11.23 
6 60 11.27 
8 96 11.27 

TABLE 9. 

_I 

Determination of (B'-B") for the Perpendieular Band of CH3D at 1473 cm-1 • 

Plots of RR(K-lHJ-l)+PPK(J) = l'l2F, against J 2 gave (B'-B11 )=-0 .020 .-::m-1; 

~2F+0.040J2 vs J gave a plot of zero slope for K=2 and 3. 
See equation (1-36). 

' 

I 62F+0.040J2 
, 

l'l2F+0.040J2 
, 

K J em- ... K I J cm-.L 

2 3 2949.89 3 3 2949.61 
4 29~9 • 7L~ 4 2949.74 
5 2949.77 5 29L~9. 85 

6 2949.64 6 2949.6l.J. 

I 7 2949.72 I 8 2949.86 

I 8 2949.61 
I I 
j 1 I l 



I 
I 

j 
I 

l 
l 
l 
j 

I 
I 

! 

TABLE 10. 

Determination of (B'+B")~ DJ and DJK for the Perpendicular Band of 

The constants (B'+B") = 7.732, DJ = Sxlo-5 and DJK ~ 3xlo-4 cm-1 

Here chosen to give zero slope to the plot of ; 

R P -- 3 - [ " 2]. 1 Rn(m)- Pn(m)--2(B'+B")m+BDJm +2DJK (2n ... -2n+l)m+(2n_1 )m ern- , 

against m for n=l, 2 and 3. .See equation (1-38). 

J 

n j m 
1 

1 2 

3 

6 

8 

9 

10 

2 3 

4 

5 

5 

7 

B 

10 

I 
3 3 

4 

5 

6 

8 

RRn(m)~PPn(m)-15.464m+4xl0-4m3+6xl0-4 [(2n2-2n+l)m+(2n-l)m2J 
! 

5.67 

6.01 

5 .so 

5.79 

6.06 

6.20 

17.36 

17.22 

17.08 

17.23 

17.21 

17.20 

17.18 

-

28.82 

28.64 

28.69 

28.62 

28.65 

I 

l 

I 
i 
I 
J 

I 
I 
I 
"i 

J 

' I . 
' 

I 
I 

i 
I 

1 
I 
I 

I 
I 



Al-7 
TABLE 11. 

Determination of (B'+B11
) and (D'+D") J J for the Parallel Band of CD 3CL 

at 700.80 cm-1. 

The comlJination, (QR(J-l)_Qp(J1;12J = .i~.2F /2J 

= {B'+B")-2(D~+D")J2 gave (B'+B") = 0.7281 -1 (D'+D") = l.lxlo- 6cm- 1 em , 0 J , . . J J 
frotH a plot of ~.2F /2J vs J2. 

I 
,I 

J2 62F/2J cm-1 ! J2 !J,2F/2J cm-l 

r-
I 1 1.5400 529 0.7100 
! 
I 

I 4 0.1725 576 0.7285 

9 0.7616 625 0.7290 

16 o. 7287 676 0.7273 

25 0.7320 729 0.7268 

36 0.7200 784 0.7264 

49 0.7236 841 0.7252 

64 0.7225 900 0.7263 
-~ 

81 0.7183 961 0.'1255 

100 0.7215 1024 0.7250 

I 
121 

l 
0.7272 1089 0.7256 

144 0.7295 1156 0.7253 
I 
' 

169 I 0.7308 1225 0.7250 

196 
I 

0.7268 1296 0. 7259 I 
I ! 

225 

I 
0.7273 I 1849 (;. 721+8 

256 0.7244 I 1936 0.7258 
I 
! I 289 I 0.7273 2025 0.7243 

!I 324 I 0.7216 2116 0.7250 ·j ;· 
I II 

361 l 0.7261 

I 
2209 0.7234 

400 I 0.7267 I 2304 0. 7228 

41+1 0.7281 I 2401 0.7229 
' 

484 I 0.7284 I 2500 0.7235 I ! 



I 

TABLE 12. 

Determination of v0 and (B '-B'') of the Parallel Band of CD3c135 at 
l' 700.80 em- • 

The combination (oR(J-1)+ Qp(J))/2 = t:J?F/2 

= v0 +(B'-B")J2-(DJ-D:J)J2(J2+1) cm-1; gave 

~ 700.80, (:13 1-B") ='~0.00309 cm-1 from a plot of 

t;2F/2+(Dj-D~)J2 (J2+l) against J 2 , in which (Dj-D:J) =-0.7xlo-7 -1 em • 

J21 I ! 
t;2F/2-0.7xl0-7J2(J2+1) J2 I .c;2F/2-0.7xl0-7J2(J2+1) -1 em 

I 
I 

I 
698. 9L~ 

11 701.53 576 

4 701.01 625 698.79 

9 I 700.85 676 698.72 

16 I 700.80 729 698.55 

25 

I 
700.75 I 784 698.35 

l 36 700.68 941 698.20 

49 700.61 900 698.02 

64 700.54 l 961 997.85 

81 I 700.51 j1.024 697.68 
I 

100 700.47 11089 697.46 

121 
I 

700.45 11156 6S7.26 
I 
' 144 700.38 1225 697.02 

169 700.24 1296 696.82 
I 

I 

I 196 I 700.19 1369 696.50 
/ 

I 
225 I 700.06 14441 596.26 ' I 

l 256 700.00 !1s21 I 695.'93 
I 
! 

11600 289 I 699.90 695.80 
I 

11681 324 i 699.78 695. 5'4 j 
I 

361 I 699.65 11764 l 695.29 
! 

i 
!1849 1 400 I 699.54 695.01 I 

441 l 699.37 11936 695.69 
' 

484 

I 
699.26 12025 694.48 

529 699.03 12116 694.16 ! 
' . .r."' ~ ·' 

I 

I 

-

' 



I 
~ ~ ~ 

TABLE 13. 

Determination of v0 and (B'-B") of the Parallel Band of cn3c135 

at 1029.60 cm-1. 

The combination, (QR(J-l)+QP(J0~2 = ~2F/2 
= v0 +(B'-B")J2-(DJ-DJ)J2(J2+1) cm-1, gave v0 = 1029.60 

and (B'-B") = -0.00582 cm-1 from a plot of 

~2F/2-1.57xlo-7J2(J2+1) against J2. (Units cm-1) .. 

J2 I ~2F/2-1.57xlo-7J2 (J2+1) J21 ~2F/2-1.57xlo-7J2(J2+1) 
i 

1 1029.51 441 1027.01 

4 1029.73 484 1026.89 

9 1029.69 529 1026.57 

16 1029.64 576 1026.29 

25 1029.53 676 1025.78 

36 1029.51 784 1024.96 

49 1029.42 841 1024.68 

64 1029.30 900 1024.33 

8.1 1029.16 .1024 1023.67 

100 1029,09 11225 1022.53 

121 1028.88 1296 1022.03 

144 1028.80 1444 102'1.25 

169 1028 .• 54 1600 1020.42 

196 1028.48 

225 1028.28 

256 1028.07 

289 1027.94 

324 1027.69 

351 1027.54 

I 
400 1027.17 I 



TABLE 14. 

r'etermination of (B'+B") and(D'+D") for the Parallel Band of CD 3cl35 
- J. J 

at 1029.60 cm-1. 

The combination, (oR(J- 1 )_Qp(J))~2J = ~F/2J 
= (B'+B")-2(Dj+DJ-)J2 , gave (B'+B") = 0.7256, and (Dj+D:J) = 9.61xlo-6 cm-1 

froi> a plot of t,2F /2J vs J2. 

J2 t~2F/2J cm-1 1! J2 li2F/2J cm-1 

1 0.8900 289 0.7194 

4 0.7800 324 0.7127 

9 o. 7733 361 0.7153 

16 0.7800 400 0. 7137 

25 0.7630 441 0.7155 

36 0.7483 484 0. 719·3 

!~9 0.7321 529 0.7187 

I 64 0.7312 576 0.7194 l 
J 

! 81 0.7305 6'76 0.7159 I 
I 

l1oo 0.7340 784 0.7093 

I 
I 121 I 0.7213 841 0.7102 

! 144 0.7258 900 0.7062 
' l 
1169 0.7200 1024 0.7070 
I 

II I 

1196 0.7189 12~5 0.6994 

1225 0.7210 I, 1296 0.7004 I, 
lt 

I 

11 

I 0.7225 1444 0;6985 1 256 
I 



TABLE 15. Ar1L 

Determination of (B 1+B11 ) and(Dj+DJ) for the Parallel Band of cn3c1BS 

at 2159.56 cm-1. 

The combination, (QR(J-l)_Qp(J~~2J = ~2F/2J 
= (B'+B11 )-2(Dj+DJ)J2, gave (B'+B") = 0.72339 cm-1 

and (Dj+DJ) = 8.0xlo-7 cm-1 from a plot of ~2F/2J VS J2. 

i 

J2 ~2/2J cm-1 J2 I ~2/2J cm-1 i 
: 
! 

16 o. 7150 676 I 0.7225 
I 

25 0.7080 729 
j 

0.7224 

I 36 0.7175 784 0.7211 

49 0.7300 841 0.7217 

64 0.7275 900 0.7200 

81 0.7194 961 0.7235 

100 0.7240 1024 0.7231 

121 0. 7288 1089 0.7238 

144 0.7217 1156 0.7232 

! 
169 0.7231 ,l 

~ 

1225 0.7216 

196 0.7228 1296 0.7229 

225 0.7223 1369 0.7228 

256 0.7244 1444 0.7218 

289 0.7217 1521 0.7222 

324 0.7214 1GOO Oo7208 

361 0.7231 1681 0.7208 

400 0.7215 1764 0. 720S 

441 0.7216 1849 0. 7208 

484 0.7252 1936 0.7199 

529 0.7230 2025 0.7198 

576 0.7214 

i 
2116 0.7194 

625 0.7211.1. 2209 0.7207 



TABLE 16. 

Determination o:f v0 and (B'-B"). of the Parallel Band of cn 3c135 

at 2159.56 cm-1. 

I . 

The combination, (QR(J-l)+QP(J))/ 2 = {).2f /2 

= v0 +(B'-BI')J2-(DJ-D:J)J2(J2+1) cm-1, gave 

v0 :..: 2159.56 cm-1, (B'-B") =-0.0002 cm-1 from a plot of 

~2F/2+(zero)J2(J2+1) against J2. 

4 2159.60 

9 215'::3.49 

16 2159.53 

25 2159.59 

36 2159.53 

49 2159.47 

64 2159.58 

81 2159.57 

100 2159.57 

121 2159.55 

14·4 2159.55 

169 2159.55 

196 2159.52 

225 2159.52 

256 2159.50 

289 2159.52 

324 2159.1+9 

361 2159.44 

400 2159.45 

441 2159.47 

484 2159.51 

529 2159.51 

II 
I 

I 
If 
i! 

II 
I! 
li 
ll 

576 

625 

676 

729 

841 

900 

961 

1024 

1089 

1156 

1225 

1296 

1369 

1444 

1521 

1600 

1681 

1764 

1849 

1936 

2025 

2159 .4'+ 

2159.47 

2159.44 

2159.44 

2159.38 

2159.43 

2159.47 

2159.38 

2159. 3L~ 

2159.33 

2159.30 

2159.32 

2159.24 

2159. 2'·~ 

2159.28 

2159.25 

2159.22 

2159.19 

2159.24 

2159.12 

2159.12 

2159.09 

l 
I 



' 

TABLE 17. 

Determination of (B'-B") for the Perpendicular Band of co3c135 
----------------------------·-

at 1061.3 cm-1. 

The combination, RR(K-l)(J-l)+ PpK(J) = ~2r, plotted against J2 for K=l 

gav·-, (B'-B") = -0.005 cm-1 ; see equation (1-36) 

A plot of ~2r + 2(0.00S)J2 gave a straight line of zero slope. 

-
J2 ~2r cm-1 l.I2F+2(0.005)J2 cm-1 

4 2123.34 2123.38 

16 2123.20 2123.36 

25 2123.24 2123.49 

49 2123.00 2123.49 

54 2122.62 2123.26 

81 2122.68 2123.49 
I 

TABLE 18. 

Determination of (B'+B") for the Perpendicular Band of CD3C135 

at 1061.3 cm-1. 

The corr.bination, RRn(m)- Ppn(m) = t.~ 2r~ plotted against m, for n=l, 

yielded (B'+B';) = 0.8980 cm-1 ; see equation (1-382.· 

The plot ~2F-2(0.898)m gave a straight line of zero slope. 

r~, ~2r cm-1 m t.2F-2(0.898)rr cm-1 

r-------~-------------+--~-------------·------·---

2 10.04 6.45 

4 13.72 6.54 

5 15.41 

6 17.50 6.70 

7 19.15 6.58 

8 20.84 6.47 



TABLE 19. 

35 Determination of (B'-B") for the Perpendicular Band of CD3Cl 
, 

at 1061.3 cm··..._. 

The combination, RRn(m)+RPn(m) = ~2F, plotted against m2 y~elded 
(B'-B11

) = -0.0055 cm-1; see equation (1-39). 

Plots of ~2F+2(0.0055)m2 against m2 yielded straight lines of zero 
slope. 

! I 

l m2 
') 

cm-1 t2F+2(0.0055)m2 cm-1 n ~ .... F 

1 4 ' 2129.79 2129.83 

9 2129.77 2129.87 

16 2129.69 2129.87 

25 2129.58 2129.85 

289 2126.75 2129.92 

3 16 2155.08 2155.26 

36 2155.05 2155.L~4 

I 81 2154.37 2155.26 



APPENDIX 2. 

TABLE 1. 

Molecular Geometry and Atomic Masses used in the Determination of the 
G and G-C Matrix Elements for cn3c135 and CH3Cl35. 

Geometric Parameters and Atomic Masses. Reference. 

/'. 1\ 

108°12 1 DCC1, HCCl This work 
I\ /'. 

110°50t HCH, DCD 31 

l re 
C-Cl 1. 780 ~ 62 

C-H 
0 --·r 1.097 A 62 ·- e 

re C-D 1.097 ~ 62 

m H-l 0.991921 amu-1 62 

m n-1 0.496342 amu-1 62 

m c-1 (Cl2) 0.0833067 amu-1 62 

m crl (C135) 0.028588 amu-1 52 _j 



l 
I 

I 
i 

I 
I 
! 

TABLE 2. 

Flow Sheet of Computer Prop;ramme used for the Determination of the Force 

Constants of Methyl Chloride. 

i Drum Store 
D.S. 

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

t D. S. ; 
,.------·-----·----------·:;;.; /' .. ""'·· -..... ,: 

D.S. 

r-;JFA---{'~ Subroutine 
' . L---·· ...... ·-----·····l 

I 
. ·--- _______ ..::~:..:.__, ___ ··-·-¥• --· ~---

Eiger V:~c~o:'!. .... ~.' _ E~?_e~~al~:=~ ? ]~ 
i- -.... -· ., ... ~ ---·-·--~~---· ~-- __ ....,. _____ ,_? __ , ___________ ....... ~. 

'-'/ 

r---1 Normalized AX -+ L !•1atrix 
! ' "' ·······---····------···-··--·-· --:---------------" ---·····---- --· 

l Subroutine 
~-· -,-·-I,:..i 

Ji ···-·•···· --------- . ···-···-···---~-----------~----. ---- -- ~-

··------, 
~----~-~-;- ---\ 

---··r·---

-·------------- ------- .. ------~;-~----. ---·-- 1 

~~-=-(9_~g_)_~_l:::) __ ~----·--··--··-·- ····------------- ' i 
.. E~r:~r(;-:~j(~-Jl~=- -;;·· ·-- -· . ~:=:_ _=:__] ·· - d > ············· =~I: :~·1- -- I ;_6s_ ·••···· 

' 
"' __ :>t:~----··· 

.:; J~ [~~L. --J-GF! __ 4 OF = @-~~---1~~-lf~L .... L ... .... . 

' 
~-~-

HVFF 
r ---~--

...... -- ........ ----- ___ l ____ --H~;;------- ---· --······ -· .. . 

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

l 6F = 

l \.fuere F = 
L ··----- ·-·--··· 

F + Z<P ~0 

. ···r·----··---·· .. -···----··-------------------··--·-----··----------
, 
i 

·--·····-····-- ······ .\1/ 
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APPENDIX 3. 

TABLE 1. 

Calculated (from Force Constants) .and Observed wavenumbc!"s of 

_Cis--1,2-C2H2Br2 and Cis-1,2·C2b2Br2. 
. . . . ' 

• I t1ode Cis-C2H2Br2 Cis-C2D2Br2 

Calculated Observed Calculated Observed 
·•. 

"8 3094 8018 2275 2278 

vg 1232 1261 1001 1002 

"10 752 755 671 675 

"11 468 465 '+49 453 

I 
f 
I 667 667 

J, 
512 I 512 "12 I 

I ! I 

TABLE 2. 

Force Constants ( Syrmnett'y Coort'l inates) of the B1 and B2 vibrations 

of Cis-1,2-C2H2Br2 and Ci~-1,2-C2H2C~2 (B2 only). 

I i 
I 

Vibration species Cis-1,2-C2H2Br2 Cis-·1, 2-C2H?.C 

I 
Fij tnd/A F·. 

~] 
md/A 

Bl "8 FlJ 3.040 

F12 0.1000 

F13 0.1000 

F14 -0.43998 

Vg F22 5. 2714 

F23 -0.1837 

I F24 0.1061 

\)10 F33 0.5097 

F34 -0.1855 

\)11 F44 0.7857 

B2 \)12 F55 0.2493 Fs5 0.2654 
I 
l 



! 

l 
l 
I 

! 

I 
I 
i 

TABLE 3. 

The L-l Transformation Hatrix Elements for the B1 and B2 vibrations 

of Cis-l,2-C2H2Br2 and ~-1,2-C2H2Cl2. 
The L-1 matrix element for the B2 vibration of Cis-1,2-C2H2cl2 • 

1 
Cis-1,2-C2H2Br2 Units (amu)2 

1-11 
l ; ' 

I s8 Sg 810 8n 812 

Qs 0.011032 0.96455 1 -0.027908 -0.004852 

Q9 1-0.197260 -0.10030 -0.468488 -0 ,1+85671 

I 
-0.853718 Q10 11.334895 0.216773 0.844557 

I I Ql11-4.321798 0.133834 1-o. 715600 I 1.615861 
! I ! I 

l I i I o .97542 Ql2l 
I l 

1 

C~_-1, 2-C2D2Br2 Units (amu) 2 • 

1-1! s8 89 
I 

810 l 8n l 812 I 

Oe 0.00176 l. 302968 -0.027495 1 -0.036282 

I t 

Qg -0.66582 I -0.289820 ,-0.400378 I -0.685284 I 
I I I 

I 
I 

Q1o 1.016164 0.404872 I -1.205398 I 0.790313 I 
I l 

Qll r-4.59694 I 0.240879 I -o .490509 ! 1.691884 
i I 
l ' 

-1 
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