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ABSTRACT

The vibrational spectra of t-butyl bromide-h9

and t-butyl bromide—d9 in the gas, liquid and three solid

phases have been studied between 4000 and 10 cm L. A new

-assignment for the methyl stretching, deformation and tor-

sional modes of t-butyl bromidé—hg, and a complete, new
assignment for t-butyl bromide-dg, are presented. Complete
normal coordinate calculations are presented to verify the
compatibility of the assignments for the-two isotopic mole-
cules. The therﬁodynamic properties of t-butyl bromide—h9
and —d9 have been calculated for the ideal gas state at a
variety of temperatures.

The far-infrared spectra of the liquid and the
plastic crystal phases show a broad band, and the frequency
of the maximum absorption increases with decreasing temper-—
ature. This far-infrared absorption is discussed with
reference to the current theories, and it is argued that
both rotational and translational vibrations, as well as
relaxation processes, contribute to it. However, the fre-
quency of maximum absorption is determined by the inter-
molecular vibrations, rather than by a relaxation process.

The spectra of the liquid and plastic crystal

phases show broad bands due to the intramolecular modes.

" The halfwidths of these bands decrease slowly in the liquid
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4.5, 2.5, and 2.5 cm
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and plastic phases with decreasing temperature, but de-
creases sharply at the low temperature transition.

The halfwidths of the bands in the liquid and
plastic phases are attributed to three effects: inter-
molecular vibrational coupling, the distribution in the
local fields experienced by the molecules, and the rapid
molecular reorientation. These factors contribute about
1 respectively, to the 9.5 em™t
halfwidth of the infrared absorption band due to the ay
skeleton deformation mode in phase II of t-butyl bromide-hg.
The decrease in halfwidth with decreasing temperature.is
shown to be mainly due to a decrease in the contribution
from the molecular reorientation.

The study of the infrared spectra at various
temperatures in phase III, the low temperature solid phase,
shows that, while the C-Br bonds are fixed in an ordered
manner ‘in this phase, the atomic arrangement about the C-Br
bonds is ordered only at the lower temperatures. The pow-
der X-ray pattern at 120°K has been indexed on a primitive
orthorhombic unit cell, containing eight molecules, with
the following‘lattice parameters: a = 11.832 * 0.014 i,

b = 10.801 * 0.012 ;, and ¢ = 9.460 * 0.012 i. The infra-
red and the Raman spectra of the pure solid and the infra-
red spectra of the isotopically dilute solutions, at 90°K,

are analyzed to determine the factor group splittings and

¥



the site group splittings. The bands in the far-infrared
specﬁra at 90°K are assigned to the different lattice modes.
Consideration of the X-ray data, molecular packing, and the
spectroscopic evidence suggests that, at aboﬁt 100°K, phase
III of t-butyl bromide crystallizes in the space group
P222—D§, with molecules on two non-equivalent sets of gen-

eral positiomns.
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1. INTRODUCTION

This thesis deals with the vibrational spectra
of t-butyl bromide—h9 and --d9 in the gas, liquid, and the
three solid phases. The two high temperature solid phases

éfé known as plastic phases. Therefore it seems appropri-
ate to introduce the subject of plastic crystals in the
first section of this chapter. The second section intro-
duces the theory underlying vibrational spectroscopy with
particular reference to ordered and disordered solids.

The third section of this chapter reviews the previous
works on the vibrational spectra and the solid state of t-~

butyl bromide.

1.1 PLASTIC CRYSTALS

Molecules having globular, almost spherical,
shapes exhibit anomalously low entropies of melting, rela-
tively high melting points and more than one solid phase.
The high temperature solid phases are soft and show high
mobility when subjected to pressure, and consequently are
called plastic crystals (1).

These plastic crystals invariably show a dif-
fraction symmetry which is much higher than can be accounted
for by the number of molecules per unit cell and the inher-
ent symmetry of the molecules, which indicates that the

molecules are situated at sites of symmetry higher than
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the molecular symmetry. This is only possible if there
is dynamic or static disorder in the crystals. The dif-
fraction symmetry of the plastic crystals is generally
Egpic. At low temperatures the crystals undergo transi-
tions to systems of lower symmetry (2).

The dielectric constant of a plastic crystal is
approximately equal to that of its liquid phase. The drop
in dielectric constant of a polar substance, normally
associated with solidification, is observed instead at one
of the phase transitions in the solid stéte. This indi-
cates that in plastic crystals the molecules are able to
reorient in response to an oscillating electric field.

It does not mean that the molecules are rotating freely,
as in a gas, but merely that they have sufficient energy
to permit frequent passage over the potential barriers
hindering rotation (3). Information about the height of
these barriers can be obtained from the study of the diel-

ectric loss as a function of frequency and temperature
(4)-.

‘ Plastic crystals show much narrower Nuclear Mag-
netic Resonance linewidths than do crystals with rigid
lattices (5). In a rigid crystalline solid, the absorp-

tion line in the NMR spectrum is very broad because the

nuclei experience random local fields, primarily due to
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magnetic dipole-dipole coupling, that depend on their
position in the lattice. The larger the variation in

these fields, the wider the NMR line. If the molecules

averages out these fields and the NMR line is narrowed

(2). The narrow NMR line indicates the presence of rapid
moleéular motions in plastic crystals. A study of the

line widths can give information about the type of molec-
ular motions in the solid and a study of spin-lattice relax- -
ation times (21) can give- information about the rates of
these motions (5-7).

The subject of plastic crystals has been reviewed
several times in recent years (2, 8-11) and has been the
subject of many symposia (12-14). But there has been no
detailed review on the vibrational spectra of plastic crys-
tals and, in fact, very few studies have been made on this
subject. The work that has been done will be discussed in
a later section of this chapter. Before presenting this
discussion, the fundamentals of the vibrational spectro-

séopy of the gas, and rigid, ordered solids will be given.
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angles, and so on. These correlations and the studies
leading to them play an important part in aiding the assign-
ment of the spectra of new molecules. In general, however,
the assignment of a spectrum is more complicated than is
guggested by these simple correlations. The problem is
simplified by the presence of molecular symmetry and is
greatly aided by studies of isotopic substitution effects.
A knowledge of the‘polarizaﬁion of the Raman lines of
liquid or solid samples (15) and the shapes of the infra-
red band contours of gaseous samples (Zlf are also useful.
Extremely careful use of normal coordinate calculations

can aid the assignment of the spectrum and can confirm that
the assignment is reasonable. The influence of symmetry
and the principles underlying normal coordinate calcula-
tions are discussed in the next two parts of this section.
Following this a very qualitative and brief discussion

of the molecular vibrations is given in terms of quantum

mechanical principles.

(A) Applications of Symmetry

The symmetry operations that transform a mole-
cule into itself form the point group of the molecule (22).
Each normal vibration of the molecule must transform under
the symmetry operations in the same manner as one of the

irreducible representations of the point group. For brev-



1.2 VIBRATIONAL SPECTROSCOPY

This section gives a gualitative introduction
to the theory of the vibrational spectra of the molecules

and their condensed phases.

P td

1.2.1 VIBRATIONAL SPECTRA OF ISOLATED MOLECULES'

Beiore discussing the vibrational spectra of
solids, it is helpful to considef the vibratidnal spectra
of single isolated molecules. There is a large literature
on molecular vibrational spectra (15; 16) and only a few
important poiﬁts are discussed here.

A nonlinear polyatomic molecule consisting of n
atoms has 3n-6 vibrational degrees of freedom, while a
ljinear molecule has 3n-5. Any arbitrary vibrational motion
of the molecule can be expressed as a iinear combination
of the 3n-6 (3n-5) normal oOr fundamental vibrations (15).
The first problem in Spectroscopy is to relate the frequen-
cies of the observed spectral bands to the atomic displace-
ments causing them, that is, to assign the spectrum. It
has been found that useful correlations exist between the
frequencies of the bands observed in the spectra and the
chemical groups present in the molecule (17-20). Hence
vibrations can often be assigned, for example to an O-H
stretching vibration, or a C-E stretching vibration of a

methyl or methylene group, Or the changes in the H-C-C

s enend
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ity, it is usually said that a vibration has a certain sym-
metry or that it belongs to a certain symmetry species or 3

irreducible representation. In molecules with high sym-

_metry the classification of the vibrations into various

irreducible representations will aid calculations, and it
will indicate which vibrations are infrared or Raman active.
This classification will also indicate the polarization
properties associated with the vibration and aid in deter-
mining the gas phase band shapes.

The use of symmetry in vibrational spectroscopy
will be illustrated by considering the selection rules for
vibrational transitions. Those vibrations which belong to
the irreducible representations to which the translational

vectors T Ty' Tz belong, yield infrared-active fundamen-

xl
tal transitions, while the vibrations which transform in
the same way as the elements of the polarizability tensor
yield Raman-active fundamental transitions (16). These

selection rules result from consideration of the transi-

tion moment integral, [M]lf, deﬁined as (15)
m3if = sy .M.v.ac 1
£ 71

which must be nonzero for an allowed transition between
states 1 and £. Here ?f and Yi are the wavefunctions

representing the final and initial states of the molecule,



7.

respectively, M is either a dipole moment operator U uy

or u, or a polarizability operator agg,, and dt is the

volume element of 3n-6 (3n-5) dimensional space. The in-

_tegral can be nonzero only if the integrand transforms as

the totally symmetric irreducible represéntation in the
molecular point group. This is only possible if M and
Tf.?i belong to the same irreducible representation. If
the initial state is totally symmetric, as the ground
vibrational state of a molecule is, the above condition
reduces to the requirement that ¥f and M:must belong to
the same irreducible representation. For a fundamental
transition, Yf is a wave function describing a state in
which only one of the normal vibrations of the molecules
is excited. In the harmonic oscillator approximation Yf
is proportional to Q, the normal coordinate of the vibra-
tion. Thus the symmetry of the excited. state wave func-
tion for a fundamental transition is simply that of the
corresponding classical vibration. For transitions to over-
tones or combination levels, the symmetry of the excited
;tate wave function is obtained from the direct product of
the irreducible representations of the vibrations involved
(16) . Symmetry properties. are also helpful in normal co-
ordinate calculations as will be indicated in the follow-

ing section,



(B) Vibrational Calculations

The purpose of vibrational calculations for a
molecule is to determine the fregquencies, or eigenvalues,
and the atomic displacements, or eigenvectors or assign-
ments, for the norﬁal vibrations. The input into these
calculations consists of the molecular geometric para-
meters and an assumed force f£ield. The force field rep-
resents.forces between the atoms of a molecule and usually
many approximations are necessary in describing the assumed
force field. "The most common approximation is the harmonic
approximation in which the potential energy expression
contains only terms which are bilinear in the displace-
ment coordinates. If this approximation is made, classi-
cal mechanics can be used to calculate the normal vibra-
tions and the corresponding quantum mechanical problem
reduces (23) to a series of simple harmonic oscillator
wave equations, one for each normal vibration. This will
be discussed in more detail in part C of this section.

In classical mechanics, the harmonic approxima-
tion means that one can express the kinetic energy T and
the potential energy V by equations which are homogeneously
quadratic in the displacement coordinates, d; of the atoms

and their time derivatives &i' That is



T

oot wrrrPRTTYIT Y

oot b b FRAND SO ANPATINY

e e £ T SR PR o P e o A B

2T = § T..q.q.
13713919 2
N 2V = 3 F..q.q.
i3 139 3
where Tij is a constant for a given i and j and represents

P

the change in kinetic energy with unit change in qi and qj
and is a function of atomic masses. Similarly Fij is also
a constant for a given i and j and represents the change in
potentiai energy with unit change in q; and qj and is a
function of interatomic forces. This is a good approxi-
mation provided that the amplitude of the displacements is
extremely small (16, 23). The above equations can be writ-

ten in matrix notation as

.
2T =
S

Td
+E%

and 2V =g
N

where q and § are column matrices and F and T are symmetric
Vv N

matrices with elements Fi.

T .
5 and Tyqe q is the transpose

3
of g (16).
lh .
The vibrational calculations involve the deter-
nmination of the normal coordinates, Qk' in which the kin-

etic and potential energies can be written as

.2 '

2T = 30 6
20

and 2V = I\, Q2 7
2O
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where ék is the time derivative of the kth normal coordin-

ate Q,, and A, = 4ﬂ2V2, where v, is the vibrational fre-
k k k k

quency of the kth normal mode, In other words, the trans-—

formation of coordinates from {qi} to {Qk} which simultan-

eously diagonalizes the matrices T and f must be deterxr-

mined. The transformation matrix % is defined as

g = LQ 8
VY

Thus one has from equations 4, 6 and 8

ot = §T ' we - 4% 4 9
and from eguations 5, 7 and 8
w =g GERe =218 - 10

where g is a column matrix, E is an identity matrix and A

is a diagonal matrix of eigenvalues.
Thus [ must satisfy the conditions:
AL 11
E=%%%
=" - 12
A=kEk .
From equation (11),

+ _ .=l.-1

BoE R 13
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‘ Therefore equation (12) can be rewritten as

A= R aETRE 14

In short, the solution of the vibrational prob-
lem involves the determination of the transformation mat-
rix J which diagonalizes the product matrix.z'IE to give
the eigen values A,and hence the frequencies,of the normal
vibrations. The assignments for the vibrations, that is,
the relative displacements of the initial coordinates, dqy7
during the normal vibration Qk,are given by the kth col-
umn of the L matrix. Since the inverse of the [ matrix
gives the normal coordinates Q.. as linear combinations
of the starting coordinates, g these calculations are
often_called pormal coordinate calculationms.

Any set of displacement coordirates can be used
to‘set up the vibratiomal problem. It can be the set of
cartesian displacement coordinates, but usually the so-=
called internal coordinates are used. These represent
changes in the bogd lengths and interbond angles in the
molecule. When these coordinates are used, the elements
of the.g matrix are the valence force constants, which
express the resistance of the bonds and angles in the mole-
cule to deformation. The matrix T in equation 4 for kin-

etic energy is given the special symbol g-l when internal
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coordinates are used (16). Equation 14 then can be writ-

ten as -

A=k E DR 15

It is often more convenient to use linear com-
binations of the internal coordinates as a basis for the
vibrational calculations. These linear combinations are
called symmetry coordinates if they transform as the irre-
ducible representations of the molecular point group (16) .
The use of symmetry coordinates allows factorization of
the g and E matrices, and this makes the diagonalization
of the product matrix, GF, easier and the vibrational cal-
culations can be performed more rapidly (16, 24).

The above discussion impliesAthat one has a

knowledge of the interatomic forces, i.e. the F matrix.

In practice, it is usually the irequencies (eigenvalues)
which are known and the F matrix elements which are un-
known. The calculation is begun by using an assumed F
matrix to calculate the frequencies and eigenvectors. The
éalculated frequencies are compéred with the_observed fre-
quencies, the force constants are adjusted, and the calcﬁ-
lation is repeated until successive iterations bring the

calculated frequencies and eigenvectors into satisfactory

agreement with the experimental frequencies and assignments.

e g bbb T
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Generally the number of observed frequencies for
a molecule is much smaller than the number of distinct
elements in its x matrix., To overcome this problem, some
...of. the force constants must be set to zero. In many mole-
cules, this can be done with a high degree of confidence,
but in some molecules it is a severe limitation on the ut-

ility of the method (16, 25).

(C) OQuantum Mechanics and Molecular Vibrations

In terms of the normal coordinates Q, the vibra-
tional wave equation has the form (16)

2
2 3n-6 §°¥ 3n-6

=h v.,1 2
— I + 35 4 AQ Y, = WY 16
812 k=1 GQi 2p21 kKk'Vv vV

where W, is the vibrational energy and h is Planck's con-
stant, Furthermore, if

W, = W(l) + W(2) + ... + W(3n-6) 17
and Wv = w(Ql)w(QZ) e ¢(Q3n_6) 18

then the wave equation 16, can be broken into 3n-6 equa-

tions of the form (16)

' 2
2 §79(Q,)
-h k 1, 2
+ 52,0, ¥(Q,) = W(k)¥(Q,) 19
o 5912< 7 Y k

k=12 .., 3n-6
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Each of the above equations is a simple harmonic
oscillator wave equation in the coordinate Qk' The wave
functions are the Hermite orthogonal functions of Qk' and
the energy Wp equals (ck + 1/2) hvk, where Oy is the vibra-
tional guantum number, Vv, is the classical vibration fre-
quency.

In quantum.mechanics the probability of infrared
absorption or Raman scattering, in which a molecule goes
.from initial state ¥; to final state Y., is directly pro-
portional to the square of the transition moment integral,
[M]if (see Part A of this section). For the transition
mément to be nonzero the two states Yi and Yf should have
only one quantum number differeht by 1 under the harmonic
approximation. Thus only fundamental transitions should
appear in the vibrational spectrum. All fundamentals are
not allowed, but only those which are allowed by symmetry
(Part A). Experimentally, it is found that the bands due’
to fundamental transitions are usually the most intense,
but other transitions, in which the above selection rule
is not obeyed, also appear. This, along with other obser-
vations, such as the convergence of the energy levels
associated with one normal coordinate, indicates that the
harmonic oscillator model for a vibrating molecule is not

perfect, although it is a good first approximation.

-
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1.2.2 VIBRATIONAL SPECTRA OF ORDERED MOLECULAR CRYSTALS
The theory of vibrations in crystals has been
discussed in detail in the literature (26, 27). Here,
those aspects of the theory which are needed to understand
the vibrational spectra of molecular crystals will be dis-
cussed. The theory was developed for infinite crystals,
but it can be applied to finite crystals by assuming Born
and Von Karman's cyclic boundary conditions (28). Receptly,
effects due to the finitude of crystéls have been discussed
(29), but thesé are unimportant in the present discussion.
A crystal is made up of a small repeating unit
called the unit cell (30). This translational symmetry is
basic to the understandlng of the proPertles of crystals.
If a crystal contains N unit cells with S atoms per unit
cell, then there are 3S degrees of freedom per unit cell
and 3SN degrees of freedom altogethér. These deérees of
freedom, or vibrations, are represented in classical mech-
anics as displacement waves which propagate through the
crystal. Each normal vibration or wave is characterized
by a frequency, v, and a wave vector, k, whose magnitude
is.the reciprocal of the wavelength of the vibration and
whose direction is the direction of propagation. For each
value of the wave vector, k, there are 38 distinct vibra-

tions and therefore 3S frequencies. A plot of frequency,
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Vv, versus wave vector, Xk, yields curves of the form shown
in Figure 1. These curves are called dispersion curves
and show all of the frequencies that can occur for vibra-

tions propagating in the chosen direction. The wave vec-

e

tor k varies in magnitude from zero (infinite vibrational
wavelength) to 1/2a, where a is the length of the primi-
tive translation in the direction of k. The individual
curvés in such diagrams are callea branches.

If a crystal contains p m—atomic molecules perxr
unit cell, i.e. S = pm, each of the 3m—6:(3m—5 for linear
molecules) intramolecular vibrations of one molecule will
generate p branches of dispersion curves. For example,
in the chlorine crystal in which there are two Cl, mole-
cules (m = 2) per primitive unit cell (31), (p = 2), there
are 12 branches of dispersion curves, 2 of which represent
Cl-Cl stretches. In a crystal containing N unit cells
there are 2N Cl-Cl stretching vibrations which differ from
each other by the phase relationship between the displace-
ment of the Cl-Cl bond in different molecules. The extreme
eases are shown for example in Figure 2. The frequencies
of all 2N Cl-Cl stretching modes are similar but not iden-
tical. They are primarily determined by the strong intra-
molecular forces, but are influenced by the intermolecular

forces through the static crystal field at the occupied

PR

[P



17.

SR S WP PRI TRTL L st

Acoustical

PUREPPY PRSI YOS SR A Bk

sarse.z et

TURONT EPLE

—ild
(o))

Ml

Figure 1

A Dispersion Cuxve Diagram

e rar 04 S0l 1 ot et e < &

Lttt i fr o o S .u:..u.; e

v o mempts St omer @ =

NPT T TN SRRt



19.

site and the intermolecular vibrational coupling. This
coupling depends on the relative displacemeﬁts in dif-
ferent molecules and is, therefore, wave-vector dependent.
?@grefore the branches corresponding to the Cl-Cl stretch-
ing modes are almost flat.

In the general case, p(3m-6) branches have their
origin in the intramolecular vibrations of the molecules,
and their frequencies are not strongly dependent on k. The
remaining 6p (5p for linear molecules) branches arise from
the translational and rotational motions of the molecules
as rigid bodies and are known as lattice modes. These
lattice mode branches usually exhibit a strong k-dependence.
The vibrations differ £rom éach other because each one
invelves different intermolecular displacemeﬁts from each
other one. The frequency of these vibrations is completely
determined by the intermolecular forces, and hence the
greater the intermolecular displacements during a vibra-
tion the higher the frequency. It is common for lattice
mode branches to contain frequencies differing by 50 to
iSO cm %, while the frequencies in a branch dué to intra-
molecular modes rarely differ by more than 10 cm—l. In
three of the 6p lattice mode branches the frequency ap-—

proaches zero as the wave vector approaches zero. These

are called acoustical branches. At |k| = 0, the three
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Figure 2

Cl-Cl stretching vibrations in a chlorine crystal. Arrows
represent the relative phases of the stretching vibrations
on different molecules. Thus if the arrow to left repre-
sents a stretched Cl-Cl bond then the arrow to right repre-—

sents a contracted bond;
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acoustical modes correspond to the three translations of
the whole crystal. Some of the acoustical modes corres—
pond to sound waves in the crystal and none of them absorb
electromagnetic radiation. The remaining 3s-3 branches
aré called optical branches because certain vibrations in
them may absorb electromagnetic radiation or produce Raman
scattering.

Simple theory (32-34) shows that the only vibra-
tions in an ordered crystél which will absorb radiation
are those whose wave lengths equal that of the radiation.
For infrared radiation this corresponds to wave lengths
in the range 10-4 to 1 cm, which are much larger than the
unit cell dimensions. For a crystal with only short range
intermolecular forces, a vibration with a wavelength of
the order of 10—4 cm has essentially the same frequency as
one with infinite wavelength (k = 0). Thus for these
crystals, the infrared spectrum can be predicted by con-
sidering only |k| = 0 modes. To understand these modes,
only one unit cell need be considered, because the dis-
élacements in one unit cell are duplicated in all other
cells.,

The same result is obtained for Raman spectro-

scopy, for which the rigorous selection rule is

20
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where k is the wave vector of the vibration and Ei and
Es are the wave vectors of the incident and the scattered

light respectively. For visible light K, and Es are both
5

_about 5 x 10~ cm and their difference is very small.

Again, fdr crystals with short range intermolecular forces
only, the selection rule is approximately k = 0.

A crystal with S atoms per unit cell can have
3S-3 infrared and Raman active modes under the |k| = 0
selection rule. The number of modes which are actually
active in the ‘infrared and Raman spectra is further gov-
erned by the symmetry elements present in each unit cell.
Since Bhagavantam and Venkatarayudu first applied symmetry
considerations, using group theory, to obtain selection
rules for the spectra of crystals (35), many articles
have appeared on this topic (36-45). The following para-
graphs give a brief discussion of the main points of the
theory.

In order to examine'the effects of symmetry on
the vibrational modes in solids, it is convenient to define
f§ur groups, the space group, the factor group, the unit
cell group, and the site group. All crystals belohg to
one of the 230 possible space groups (30, 46, 47). The
space group is the group formed by all of the symmetry ele-

ments present in the crystal. It includes all combinations

< -iiiza
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of the primitive translations and the proper and improper
rotations. The space group is the product of an invariant

subgroup,consisting of the translation symmetry elements,

ateras ety gt et S

and a 'factor group'. The elements of the factor group

are the cosets of the translation subgroup in the space

e en et

group (44, 46). The unit cell group consists of the ele-
ments of the space group modulo primitive-translations (41).
There is a one-to-one correspondence between its elements
and the coset elements of the factor group, and the two
groups are isombrphous with one another and also with one
of the 32 crystallographic point groups. Any point in a
crystal is said to‘be a site. The group formed by sym=
metry elements which pass.through a site and leave it

invariant is the site group. The site group is always a

subgroup of the unit cell group and, hence, of the space
group. The site group of a point occupied by a molecule
is also always a subgroup of the molecular point group in
an ordered crystal.

| The symmetry of a molecule in a crystal may be
less than the symmetry of the isolated molecule, and con-
sequently some vibrational modes which are inactive in the
gas phase may become active in the crystal. The degener-
ate modes of the isolated molecule may split into more

than one component in the solid. These changes in the
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vibrational spectra due to the lower symmetry of the mole-

cule in a crystal are called site group effects. Site

SRSy

group analysis, which is the symmetry analysis of the mol-
ecular vibrations under the.site group, predicts these
splittings but does not take into account the coupling
which may occur between the different molecules in the
crystal. This coupling can further split the different
absorptions allowed under the site group. Because of the
|k| = 0 selection rule, it is sufficient to consider the
molecules and symmetry in a single unit cell in oxder to
study the effects of intermolecular coupling. The unit
cell group contains the symmetry elements associated with
a single unit cell and hence a unit cell group analysis
(also called factor group analysis) of a single unit cell
is used to predict these unit cell group splittings (36-
45). For a unimolecular unit cell, these splittings do

not occur.

The above discussion can be illustrated by con-

sidering the example of solid benzene. Beanzene has the

molecular point group Don and crystallizes in the space
group Pbca—Déi with four molecules per unit cell (48).
The molecules are situated at sites of symmetry Ci. The
unit cell group is isomorphous with the point group of

the crystal class, DZh' Figure 3 shows the correlation
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diagram for benzene which relates the irreducible reéresen—
tations of the molecular point group D6h to those under

the site group Ci and the unit cell group D2h’ The site
group is always used to correlate the molecular point group
with the unit cell group. Figure 3 also contains the sym-—
metry species of the translations, T, along the x, y and

z axes of the molecule and along the a, b, and c¢ crystal
axes, and of the various components of the polarizability,
o, and of the molecular rotationé, R. _

The site group; Ci' has only two irreducible
representations, A, and Ag‘ All the translations of the
molecule are Au while all the components of polarizability
and all rotations are Ag under this group. Thus all infra-
red and Raman active modes of the isolated molecule retain
their activity in the solid. Modes of symmetry Azg, Blg’
Bzg’ Alu' Blu’ B2u and E2u are inactive in #he infrared

and Raman spectra of the gas. In the solid, the A, , B

29’ Tlg’
and B2g modes of the molecule correspond to Ag modes of
the site group and hence are Raman active. Similarly Alu’

Blu' B2u and E2u modes of the molecule correspond to Au
modes of the site group and are infrared active in the
solid. Thus the spectrum of solid benzene shows fundamen-
tals which are absent in the gas phase spectrum. The degen-

eracy of all of the doubly degenerate E modes is lifted
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under the site group. In the gas phase, the E2u modes are
inactive, but each pair of Eju modes yields one band in the
infrared spectrum, and each pair of Elg or E2g modes yields
one band in the Raman spectrum. Under the site group, each
pair of degenerate E modes is predicted to yield two bands
in the appropriate spectrum. In this way, site group ana-
lysis predicts the site group splittiﬁgs, and the changes
in activity of the vibrations between the gas and the solid
state.

Since the unit cell of benzene contains 4 mole-"
cules, there are four k = 0 vibrations corresponding to
each non-degenerate intraﬁolecular vibration. The cor-
relation diagram (Figure 3) is used to determine how many
of these are infrared or Raman active. Both A, and Ag
modes of the site group are related to four different
modes, each with a different symmetry under the unit cell
group. Thus one A2u mode of the molecule generates four
different k = 0 modes of symmetry Au, Blu’ BZu,.and B3u
in the crystal; only the last three are infrared active.

The first mode, Au, is inactive in both the infrared and

‘the Raman spectra of the crystal. Thus, a single band in

the infrared spectrum of gaseous benzene, arising from an
A2u mode, splits into three lines in the infrared spectrum

of the crystal. The three lines are all observed to lie

ol
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within about 10 cm * of each other. This splitting is the
unit cell group splitting and arises from the dynamic coup-
ling between the molecules. A degenerate molecular mode

say an Elu mode splits in a more complicated manner in the

crystal spectrum. As a specific illustration, the-'Elu

modes arising from C- C- H angle deformations may be con-

sidered. These modes yield a single band in the gas phase
infrared spectrum. In the crystal, the degeneracy is
lifted under the site group and two infrared active Au
modes result, due to the site group splitting. Each of
these Au components splits further under -the unit cell
group into Au, Blu' B2u' and B3u modes, the last three
being infrared active. Thus, in the crystal, the one mol-
ecular Eiu C-C-H angle deformation mode yields six lines
in the crystal spectrum. Like the lines arising from the
A2u vibrations, those arising from the Elu mode lie close

together, within 15 cm T

in this case.

In the spectrum of an isotopically pure sample
the faétor group splitting is observed. One may observe -
the site splittings by recording the spectrum of a 'mixed
crystal' (49-52). 1In a true mixed crystal, the crystal
structure of the host componenﬁ must be essentially the same

as that of the pure guest compound, and the two molecules

must be essentially the same size. Then, if the guest
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molecule concentration is low (of the order of a few per-
cent) so that guest molecules are far apart in the crystal,
and if the guest:mblecule vibrations have quite different
frequencies from those of the host molecule, so that the
two do not couple, the spectrum of the guest molecule shows
site splitting but no unit cell splitting. This is a part-
icularly useful technique when the guest molecule is a deut-
erated isotope of the host or vice versa (50).

The various splittings of spectral bands are
demonstrated in the infrared spectrum of solid benzene, as
reported by Bernstein et al (53). Figures 4a, 5a, and 6a
show the infrared spectrum of normal benzene crystals for
the Blu (vlz), EZu (vls) and Elu (vls) fundamentals respec-
tively. Figures 4b, 5b and 6b show the infrared spectrum
for the same fundamentals in a mixed crystal of 1% benzene-
h6 plus 99% benzene-ds. The frequencies of the different
features in these bands are given in Table I. The site
group analysis predicts that the mixed civstal spectrum
will show a single peak for each of the non-degenerate By,
and B2u modes, and a doublet for the degenerate Elu molec-
ular mode. The pure crystal spectrum shows the additional
effect of the unit cell group splitting. It contains 3

peaks each for the B1u and B2u modes while the Eyu mode

emre e
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Infrared spectra of the Blu (vlz) fundamental of, (a) neat

CGHG’ and (b) 1% CGHG in CeDg @t 77°K. This figure is from

refgrence (53).
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_ Figure 5

Infrared spectra of the B, (vls) fundamental of (a) neat

CGHG' and (b) 1% CGHG in CGDG at 77°K. This figure is from

reference (53).
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Figure 6

Infrared spectra of the Eqy (vyg) fundamental of .(a) neat
. " o . . .
CGHG’ and (b) 1% C6H6 in C6D6 at 4.2 K. This figure 1s

from reference (53).
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Table I

~ Features seen in the infrared spectra of solid

benzene for the three modes shown in Figures 4 to 6

Mode Symmetry CGHG in ¢6D6 Pure CGHG

-1 -1
cm cm

1006.9
v B 1011.3 1008.6
12 1u 1009.7

1142.5
B 1146.9 1148.6

15 2u 1150.3

1030.0
1032.5
1034.8 1033.3
1038.6 1034.6
1038.9
1039.8

lu

Above data is from reference (53).
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clearly splits in a more complicated manner, and the expec-
ted six features have been identified (Table I).

In the above discussion the crystal structure
was known from crystallographic studies (48) and it was
used to interpret the infrared spectrum. Frequently the
splittings observed in the infrared and Raman spectra of
pure and mixed crystals are used to obtain information
about the crystal symmetry of solids whose structures are
not known. This work is not too definitive unless some
knowledge of the size of the unit cell is available. It
has been used to obtain information on the hydrogen atom
positions in the solid hydrogen halides (54-56) because
these were not provided by X-ray analysis. In other cases
(57-62), this method has been used to obtain information
on solids which are difficult to handle by single-crystal
X-ray methods because, for example, they may Be extremely
difficult to obtain in single crystal form. In these
cases, the combination of powder X-ray diffraction methods,
Whiéh can yield the unit cell size and the lattice sym-
metry (59), and vibrational spectroscopy provides a poten-
tially useful way of obtaining information on the crystal
structure.

The spectra of the lattice modes can also be pre-

dicted from symmetry considerations, and hence can also
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provide information on the unit cell size and symmetry.
The pure translations of a benzene molecule fall in the
Azu and Elu representations of D6h (Figure 3). These
degrées of freedom yield 3 Au,+ 3 B, ¥t 3By, ¥ 3 Bau
1u’ 2B2u and 2B3u translational
lattice vibrations are predicted to be infrared active

crystal modes. Thus 2B

and Raman inactive. Similarly the three rotational degrees
of freedom of a benzene molecule fall into the AZg and Elg
representations of D, and yield altogether 3A.g + 3Blg +
3B2g + 3B3g rotational lattice vibrations in the solid.

All of them are Raman active and infrared inactive. The
lattice modes have been detected in solid benzene below

1

140 cm — (63-65).

1.2.3 THE VIBRATIONAL SPECTRA OF DISORDERED SOLIDS AND
PLASTIC CRYSTALS
An ordered solid is characterized by the trans-

lational symmetry of its lattice; as discussed in section

1.2.2. When a solid does not possess translational symmetry .

it is called a disordered solid (66). Disorder in solids
can be divided into three general types. The first type
is substitutional disorder and is caused by the presence
of foreign moieties in the solid lattice. The effects of
this type of disorder on the vibrational spectra have been

discussed in the literature (66, 67), but are not of dir-
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ect importance to the work reported in this thesis. The
second type is orientational disorder (68), which means
that the molecular centres afe on, or very near to, regu-
lar lattice sites, but the orientation of the molecules,
or of parts of the molecules, varies in an irregular man-
ner from site to site. The third type of disorder is
translational disorder, in which the centres of gravity
of the molecules are not on regular lattice sites. The
third type of disorder leads to solids that are non-
crystalline and are usually called amorphous or vitreous
solids, or glasses.

Plastic crystals are orientationally disordered
solids formed by covalent molecules, in which the mole-
cules reorient at very high speeds (Section 1.1). The
vibrational spectra of orientationally disordered solids
and plastic crystals are discussed in this section. For
the sake of convenience the discussion is divided into
two parts. The first part deals with the vibrational
spectra due to intramolecular modes, which occur in the
mid-infrared region of the spectrum, while the second

part deals with the far-infrared spectra due to intermol-

ecular modes.

() Intramolecular Vibration Spectra

In the previous section it was shown that each
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intramolecular vibration of a molecule in an ordered solid
causes only a very small number of sharp absorption lines
in the spectrum of the solid, iﬁ spite of there being a
very large number of crystal vibrations arising from that
mode. This arises because of the very strict selection
rules concerning the wave vector of the vibrations, which,
in turn, arise from the translational symmetry in the
ordered solid. In an orientationally-disordered solid
there is no rigorous translational symmetry, and therefore
the wave vector selection rules do not aéply in general,
and all vibrations in the crystal are infrared and Raman
ac;ive. Hence one f£inds broad bands in the vibrational
spectra of disordered solids (69-70). There is usually
one band for every molecular vibrational mode and the
factor group and site group splittings observed in the
ordered solids are absent. Therefore, the spectra of any
compound in its disordered solid phase look simpler than
those of its ordered solid phase, if one overlooks the
larée bandwidths observed in the former.

Three factors which contribute to the width of
a band in orientationally disordered crystals can readily
be identified. They are the intermolecular vibrational
coupling (intermolecular coupling), the actual non-

equivalence of diffraction-equivalent sites (site effects),

SO
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and the reorientational motion of the molecules. A fur-
ther factor which is important at high temperatures is
the anharmonic coupling with other crystal modes. This
factor however affects the spectra of ordered and dis-
ordered solids alike and will not be discussed specifi-
cally.

The intermolecular distances in a disordered
crystal are nearly the same as in the ordered phase of
the same species, and therefore the intermolecular vibra-
tional coupling is of the same orxrder in the two phases.
In the ordered phase the intermolecular coupling causes

the factor group splittings, and hence the magnitude of

~ these splittings may be used to estimate the influence of

this coupling upon the band widths of the disordered phase.
In an ordered crystal the static crystal field
is identical at each diffraction-equivalent site, and
therefore the vibrational frequencies of the molecﬁles on
these sites are identical from site to site, if one neg-
lects intermolecular vibrational coupling. In an orienta-
tionally diﬁordered crystal this is not the case, and the
static crystal field, and hence the molecular vibration
frequencies, vary from one site to its diffraction-
equivalent sites. The influence of this factor on the

bandwidths in disordered crystals can be estimated from
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the magnitude of the site splittings in the ordered phase,

.if they occur. Hence a band of frequencies is expected

for every intramolecular vibrational mode even if the
intermolecular coupling is totally absent. If the inter-
molecular coupling is present it contributes further to the
observed bandwidths, in addition to the site effects. These
two factors were first recognized by Hornig (71) in 1948
and have been reiterated more recently (72). In spite of
this, recent papers on the spectra of the disordered phase
of sodium borofluoride (70), and of the élastic phases of
adamantane (73) and cyclohexane (74-76) , have included
either the use of factor group analysis to interpret the
spectra, or the specific statement that "the spectra are
compatible with the high diffraction symmetry" (73). It is
clear that the spectra of disordered solids cannot be
interpreted correctly using these ideas, although they may
appear to be valid phenomenologically. | |

The third factor which can contribute to the band
widihs in the spectra of orientationally disordered solids
is rapid molecular reorientation (77). In perfectly ord-
ered solids, and in some disordered solids, molecular
reorientation does not occur, but, in many orientationally
disordered solids, such as plastic crystals and ammon ium

salts, the molecules reorient at rates of the order of 1010
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sec-l in addition to executing the vibrational motions.

An appreciable fraction of the width of the absorption by
intramolecular modes in such solids has been attributed to
this rapid reorientation.

The theory emp;oyed to determine the contéibu—
tion of molecular reorientations to the broadening of the
intramolecular vibrational bands is based on the Heisenberg
picture of spectroscopy, rather than the more usual Schrdd-
inger picture (77) .

In the Schrddinger picture of épectroscopy one's
attention is concentrated on the distinct energy states of
the system. The Heisenberg picture, on the other hand,
emphasizes the importance of the time-dependence of the
energies of the molecules in determining the shape of the
spectral bénd. For example, one might describe an infra-
red absorption peak in the Schrddinger picture as arising
from transitions between two vibrational states of the.
molecules. If the molecules also have rotational degrees
of freedom which are more 'rotation-~like' than ‘'vibration-
like' in the solid, the Schr&dinger picture would represent
the observed spectral band as the overlapping of many
vibrétion—rotation lines. It has been pointed out (77),
however, that the rate at which the molecules in the solid

rotate can have a considerable influence on the actual
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shape of the spectral band. The Heisenberg picture brings

this feature out since it expresses the bandshape as the

Fourier transform of a reorientational autocorrelation

function (77). This autocorrelation function describes
the 'memory' of the.transition dipole moment, associated
with the spectral band of interest. If the transition
dipole has a long 'memory' (does not reorient very rapidly) ,
the spectral line will be narrow, but if the transition
dipolé has a very short memory the line will be broad.
These qualitative statements deal only with the limit of
motional narrowing which is the case in liquids and solids.
The Schrddinger approach works well for the interpretation
of the spectra of ordered solids or isolated molecules, and
enables one to understand the bioadening of spectral bands
by the first two factors discussed above. It is more dif-
ficult to understand the broadening caused by the reorien-
tational motion of the molecules using the Schrddinger
picture. The Heisenberg formulation, on the other hand,
provides a rélatively clear understanding of the contribu-
tion to the bandwidth from molecular rotation in condensed
phases.

The analysis of spectral bandshapes, corrected
for the instrumental slit width, using the Heisenberg

approach has been attempted mainly for liquids (77-81).
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Gordon (77) studied the vibrational bands of certain linear
molecules in their condensed phases using the assumption
that the observed band widths were completely determined
by molecular reorientations. Other workers (78, 79, 81,
82) have pointed out that the observed bandwith is not en—.
tirely due to molecular reorientation. Some of them (78,
79, 82) considered that +he observed width was the simple
sum of the orientational width and the ‘intrinsic width'
where the intrinsic width is caused by factors other than
molecular reorientations. In the light of the earlier dis-
cussion, it will include the width caused.by intermolecular
coupling, and site-effects. Recentlvaaftoli and Litovitz
(81) have poinfed out that the observgd width is not a
simple sum of.these widths, it is obtéined.by convolution
of the intrinsic line shape with the rotational line shape.
They have also suggested methods for separating the orien-
tational width from the intrinsic width.

Kno&ing the orientational halfwidth, one can
obtain information about the molecular reorientations using
the Heisenberg formalism. One assumes a physical model
and calculates the correlation function (77, 80, 81) for
its reorientational motions. From the correlation function
one can obtain different spectral properties, like the

orientational halfwidth (81), and the spectral moments

e e b

s R e bae



e <8 e e T A Y PYRT YT YTV

42.

(77) . Agreement between the properties calculated from
the model and those obtained from the experimental obser-
vations is a measure of the correctness of the model.

The vibrational spectra of only three plastic
crystals, CO (77), CCl4 (81), and cyclohexane.(SlL have
been partially analyzed using the Heisenberg formalism.
Gordon (77) concluded that_the rotational motion of CO is
strongly hindered in its solid, as well as in its liquid
and compressed gas phases. Bartoli and Litovitz (81) con-
cluded that the molecular reorientation in the plastic
phases of cyclohexane and carbon tetrachloride -is best
described as collision-limited free diffusion, wherein the
molecules are free to rotate until they collide with the
neighbouring molecules, when the direction of rotation
changes. The above rotation takes place in very small
steps and the average time between successive 'collisions'

3

is of the order of 10”13 second.

The remaining literature on the vibrational spec-

tra of intramolecular modes in plastic crystals contains
very qualitative, and often very vague, discussions of the
spectra. These will be summarized briefly after a brief
review of the main experimental results.

The vibrational spectra of plastic phases are

very similar to those of liquids (83-89). The spectra can
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often be analyzed in terms of the gas phase selection rules,
but in some‘cases, modes which are inactive in the gas do
appear weakly in the spectrum of a plastic phase (87).

The bandwidth decreases slowly with decreasing temperature
in the plastic phases, but usually shows a sharp drop at
the disorder-order transition (86). Different explanations
have been offered £for the observed breadthsAof the spectral
features. One group of workers considered that it is due
to the disorder present in the plastic solid phases (90),
and not due to molecular reorientation, while another group
of workers considered that it is due only to the molecular
reorientation,and intermolecular coupling and site—effects
are not important (77, 84), and a third group suggested

that both disorder and molecular reorientation contribute
to the bandwidth (89). 1In some cases, the spectra of
plastic phases have been analyzed on the basis of the high
diffraction symmetry (Section 1.1), without making any com-
ment about the shape of the spectral features (73). In
most of the published literature, the factors which can be
expected to influence the spectra have not been consid-

ered systematically.

(B) Far-Infrared Region

The far-infrared spectra of ordered solids gen-

erally show well-defined, sharp features (63-65, 91, 92)
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which arise from the rotational and translational lat-
tice modes. But the spectra of disordered solids gener-
ally show broad bands, as shown for the disordered ice (91)
and acetylene (92) in Figures 7 and 8. Although both ice
and acetylene show a broad band in the far-infrared ﬁpec-
trum of their disordered phases, there is a notable dif-
ference between them. The broad band in the spectrum of
ice shows definite features while the spectrum of the plas-
tic phase of acetylene is featureless except for a very
broad maximum. These spectra are typical of those seen
for plastic crystals (89, 92-96) and for the disordered
ice phases (91, 97). It is known that molecules in plas-
tic crystals reorient rapidly (Section 1.1) while the
molecules in the ices are essentially static at 100°K (98).
The available evidence, therefore, indicates that very
rapid molecular reorientation causes the loss of all of
the structure observed in the far-infrared spectra of
orientationally disordered phases in which the molecules
reorient very slowly. .

- Again, two approaches can be used to intexpret
the far-infrared spectra, the Schrddinger approach and

the Heisenberg approach. There are only two models based
on the Schrddinger approach that have been applied to

explain the far-infrared spectra of disordered solids.
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Figuré 7

Far-infrared spectra of ice II, an ordered solid (upper box);
and ice V, an orientatiopally disordered solid (lower box).

These figures are ﬁrom reference (91).
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Far-infrared spectra of solid acetylene above and below
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crystal phase; == 132°K. This figufe is from reference

(92).




o ————— e

47.

The first one was suggested by Whalley and.Bertie (68) to
explain the far-infrared absorption due to the transla-
tional vibrations of molecules in orientationally dis-
ordered solids in which the molecules do not reorient
rapidly. It does not deal with the rotational vibrations
in these solids. Hence it is useful in solids where the
translational and rotational vibrations are distinct be-
cause they occur in different regions of the spectrum, as
in the ices (97). The second model, by Pourprix, Abbar,
and Decoster (96), was suggested for systems where the
far-infrared absorption is mainly due to the rotational
vibrations of the molecules and the translational vibra-
tions can be ignored. Here the two models will be dis-
cussed briefly and qualitatively.

Whalley and Bertie consider an orientationally
disordered solid to be mechanically regular as far as the
'trans;ational'vibrations' of the molecules are concerned,
provided they can be separated from the rotational vibra-
tions. The translational vibrations of the molecules in
such a System can be approximately represented by those of
the corresponding ordered solid obtained by replacing the
molecules with spheres which have the same mass as the
molecules and the same intermolecular forces. The system

is electrically irregular because the dipole moment deri-
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vative with respect to translation of a molecule varies in
direction and magnitude from one site to its diffraction
equivalents, in a random way depending on the orientations
of the neighbouring molecules. The electrical irregularity
ensures that there are no rigorous selection rules for the
interaction of the translational vibrations with light.

The dipole moment derivative with respect to translation of
the individual molecules is considered in two parts. One
part is the average of the derivatives over all diffrac-
tion equivalent translations of equivaleﬂt molecules in

the crystal. This part has the diffraction symmetry of

the crystal. The second part is the deviation of the
actual derivative for each translation of each molecule
from the appropriate average part. It varies in an irreg-
ular manner from site to equivalent site.

The results of this theory that are relevant to

the present discussion are: (a) No selectioh<iﬁ1esuapp;y :

because of the disorder and therefore all vibrations are
infrared active. (b) The average part of the dipolé mom-—
ent derivative leads to absorption by vibrations allowed
by the diffraction symmetxry. There are very few such
vibrations compared to the number of disorder-allowed ones,
and the spectrum is expected to consist of broad absorption

with the diffraction-symmetry-allowed transitions appearing
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as sharp features on this broad absorption. (c) The
broad absorption also shows features which correspond to
features in the density of states curve for the transla-
tional vibrations.

This model was suggested originally to explain
the absorption by the translational vibrations in orienta-
tionally disordered solids and successfully explained the
complex far-infrared spectra of the ices (97). The gener-
al conclusions can also be qualitatively applied to other
vibrations of static, orientationally-disordered solids,
and have been used to explain the spectra of the ammonium
halides (99) and the methyl ammonium halides (100).

Pourprix, Abbar,anﬁ Decoster (96) assumed that
the far-infrared absorption in the plastic solid and liquid
phases of CH3CCl3 is unaffected by the translational vibra-
tions, because it does not change sharply at the melting
point. They separated the far-infrared and microwave ab-
sorption into two parts. The lower-frequency part was
a§signed to the orientational relaxation of the molecules,
while the higher frequency part was assigned to the
rotational vibrations of the molecules in potential wells.
The height of the potential well was determined from the
variation of the critical relaxation frequency with tem-

perature. They calculated the vibrational frequencies
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assuming the potential well to be harmonic and, subsequent-
ly, anharmonic. The mean frequency, calculated assuming
the potential wells to be anharmonic, agreed rather well
with the experimental frequencies of the band maximum for
-45°C, =20°C, and +20°C. The far-~-infrared bandwidth was
estimated from the range of transition frequencies calcu-
lated for ﬁhe anharmonic potential well, but was found to
be too small to account for the experimental width. The
authors concluded that it was necessary to consider the
distribution of barrier heights and, perﬁaps, the fluctu-
ation of the barrier heights with time, in order to obtain
a more reasonable model.

There is only one model based on the Heisenberg
picture which has been applied to the far-infrared and
microwave absorption in plastic crystals. It was proposed
by Lassier and Brot (101) and is applicable to.both plas-
tic crystals and liquids with quasicrystalline structures.
In this model it is assumed that the molecules can occupy
only a discrete number of orien;ations. These different
orientations are separated by potential barriers greater
than kT, where k is Bbltzmann's constant and T is the ab-
solute temperature of the system. Molecules can jump from
one orientation to another but these jumps take a finite

time which depends upon the moment of inertia of the mole-
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cules. In between jumps, the molecules undergo rotatiohal
vibrations in a potential well. Lassier and Brot calcu-
lated the far-infrared absorpﬁion in the plastic phase of
t-butyl chloride kloz) using their model. The agreement
between the observed and calculated absorption is excel-
lent in the microwave region, but in.the'far—infrared reg-
ion the calculated absorption is weaker than that observed.
Several other models have been suggested to ex-
plain the far-infrared spectra of ligquids, but none have
been applied to plastic crystals (103-108). The far-
infrared spectra of other plastic crystals have been ex-
plained only gualitatively. For methane (95), monosilane,
(89) and acetylene (92) the absorption was assigned to
rotational motion of the molecules. For HCl and DBr (93)
the absorption was attributed to torsional motion of the
molecules with the broad and smooth shape of the band due

to the disorder in the plastic crystal phase.
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1.3 RESUME OF PREVIOUS STUDIES OF t-BUTYL BROMIDE

The previous studies of the vibrational spectra
and the solid state of t-butyl bromide are summarized in

this section.

1.3.1 VIBRATIONAL SPECTROSCOPY

The earliest published work on the vibrational
spectrum of t-butyl,bromide-h9 dealt with the Raman spec-
trum of the liquid. Harkins and Bowers (109) in 1931 pub-
lished the frequencies of the features in the Raman spec-
trum. Soon afterwards, Dadieu, Pongratz and Kohlrausch
(110) published the frequencies and relative intensities
of the Raman bands, and in 1940 Wagner (111)  published
the frequencies, relative intensities and depolarization.
ratios. The agreement between the frequencies reported
by these workers is better than 10 cm“l,for_strong bands
but there were large discrepancies for weak features.
Wagner's data has been used by most of the subsequent
authors. More recently Zeil et al (112) published a par-
tial Raman spectrum of the liquid, without depolarization
data, and Durig et al (113) reported the Raman spectrum
of the solid between -61°C and -190°C for the region
below 100 cm t only.

The infrared spectrum of liguid t-butyl bromide-

PN



53.

h9 was first reported by Mortimer et al (114) in 1947 who
studied only the 800 to 500 cm™t region. Sheppard (115)

studied the infrared spectrum of the liquid between 3500
and 450 cm-l. His work suffers only from the low resolu-
tion available in 1950, More recently zeil et al (112)
reported the spectrum of the liquid between 1500 and 1000
cmf% and Bentley and coworkers (116, 117) studied the
region between 670 and 100 cm . Huttner and Zeil (118)
in 1966 reported the gas phase frequencies for the bands
which they assigned to fundamental transitions. Moller
et al (L19) studied the spectrum of gaseous t-butyl bro-

i in 1967. The most rec-

mide in the region 350 to 40 cm
ent published work relevant to the assignment of the intra-
molecular modes of t-butyl bromide is by Durig et al (113)
who studied the infrared spectrum of the solid between

300 and 33 cm *

in 1970. Thus, the infrared spectrum of
liquid t-butyl bromide-—h9 is well documented in the liter-
ature, but no complete gas phase spectrum has been pub-
lished. Furthermore, the only Raman polarization data for
the liquid dates from 1940.

The assignment of the spectrum of t-butyl bro-
mide-h9 has been the subject of much debate, mainly over

the bands between 1400 and 800 cm * (115, 120-123). Shep-

pard (115) published the first assignment that was com-

|
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plete except for the methyl torsion modes, which have been
assigned only recently (113). His assignment for the bands
below 800 cm"'l has not been seriously challenged by subse-
quent authors. An alternate assignment of the bands below

400 cm T

was proposed (117) but it appears to be based on
a misinterpretation of the Raman polarization data, and is
certainly incorrect. Various assignments of the remainder
of the bands have been reported. Tobin (120) in 1952 and
Mann et al (121) in 1958 proposed alternate assignments

using Sheppard's infrared data and Wagner's (1l1ll) Raman

data. Hayashi (122) in 1958 reported a partial calcula-

tion for the normal vibrations of t-butyl bromide-h9

Hirschmann and Kniseley (123) proposed an alternate assign-
ment for the bands between 800 and 1250 cm-l using Sheppard's
data. Huttner and Zeil (118) used new data, which differs
significantly from the earlier results, and also reported
normal coordinate calculations. These various assignments
of the spectra of t-butyl bromide--h9 are summarized in
Table II.

Most of the debate over the assignment arose
because the only experimental evidence available, other
than the frequencies of the bands, was Wagner's Raman
polarization data, and because the spectrum of t-butyl

bromide—d9 was not available to indicate the hydrogen iso-
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tope shifts. -

There is only one published report of the vibra-
tional spectrum of t-butyl bromide-dg,,that of Zeil et al
(112) . They studied the infrared spectrum of the liquid
in the sodium chloride region and proposed a partidl
assignment. In a: subsequent paper (118), the same authors
realized that this assignment was incorrect, but did not
correct it. Their assignment is given for reference in

Table III along with the one proposed in this thesis.

1.3.2 PROPERTIES OF THE SOLID STATE

A t-butyl bromide molecule has three methyl
groups and one bromine atom attached to the central car-
bon atom. The sum of the carbon-bromine bond length ana :
the van der Wéal radius of bromine is close to the sum of
the C-C bond length and the methyl group van der Waal -
radius (124). Also the C-C-C and C-C-Br angles are close
to tetrahedral (125-128). Thus t-butyl bromide molecules
are globular (1) and form more than one solid phase. In
fact three solid phases exist and first order phase trans-
itions .occur at 231.6°K and 208.6°K (2). No uniform phase
designation exists, and in this thesis the phase stable
between the melting point (256.2°K) and 231.6°K is desig-
nated phase I, the intermediéte phase is phase II, and

the phése stable below 208.6°K is called phase III.
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Smyth and coworkers have studied the solid pha-
ses of t-butyl bromide—h9 using optical, calorimetric and
dielectric techniques (4, 129-130). They have shown that
phases I and II are optically isotropic and phase III is
anisotropic (130). Their calorimetric studies (129)
showed that the entropy change at the III to II transition
is 6.5 e.u./mole, while those for the>II to I and I to the
liquid are 1.l e.u./mole and 1.8 e.u./mole respectively.
They determined the dielectric constant at a frequency of

* sec™ "(129) and found it to be 11.6, 12.8, 9.5 and

5 x 10
2.4 for the liquid and the solid phases I, IZ, and IIX
respectively. Later studies (4) showed essentially the
same values of the dielectric constants at 9.32 x 10° sec +
They also measured (4) the dielectric loss at the latter
frequency and coﬁcluded that t-butyl bromide molecules can
reorient at frequencies greater than 9.32 x 10° sec™t in
the solid phases I and II and in the liquid.

Proton magnetic resonance (PMR) studies (5) in
the temperature range 0°C to -196°C showed a sharp increase
in the linewidth at the II to III transition, indicating
a sudden decrease in the molecular mobility at this transi-
tion. The dielectric constant values indicate that the

molecular dipoles cannot reorient in phase III. However,

the width of the PMR lines just below the II to III transi-
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tion is too small to indicate that the molecules are com-
pletely rigid, and rotation of the methyl groups about the
C-C bonds and rotation of the molecule about the C-Br bond
nust bg postulated to explain this width. These rotational
motions become quenched out as the temperature is lowered,
and at about 77°K the solid behaves like .a rigid lattice.
At temperatures above the III to II transition the linewidth
is very small, similar to that found for t-butyl chloride
in its plastic phéses (4). For t-butyl chloride, this
width has been explained (6) in terxms of{molecular rota-
tion about all three inertial axes andAtranslational dif-
fusion, and a similar explanation presumably applies to t-
butyl bromide in phases I and II.

Single crystal X-ray diffraction studies (131)
- indicate that phase I of t-butyl bromide has a face-
centered cubic structure with 4 molecules per unit cell.
The molecules occupy sites of cubic symmetry, while the
molecular symmetry is only C3v’ Molecules can occupy
sités of diffraction symmetry higher than the molecular
symmetry only if the crystal is disordered oxr if the mole-
cules are undergoing rapid reorientation. The distaﬁce
between the neighbouring molecular centres is 6.2 i,.smal-
ler than the 7.5 R diameter of the sphere swept by a free-

ly rotating molecule, and therefore the molecular reori-
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2. FOURIER SPECTROSCOPY IN THE FAR-INFRARED

The far-infrared spectra reported in this thesis
were obtained using the relatively new technique of Fourier
spectroscopy. This chapter gives a brief introduction to
the technique and the principles underlying it. The
experimental details are given in Section 2 of the next
chépter.

The major difficulties in far-infrared spectro-
scopy are the ;ow intensity of the sources and the low
sensitivity of the Aetectors used in this part of the spec-
trum (133). In the norma; dispersion spectrometers (prism
or grating) these problems are compounded by the fact that,
at any given instant, the detector receives light from
only a small fraction of the spectrum to be studied. Also
the beam size is limited by the slit opening which must be
kept very small for good resolution. ‘Thus the detector
receives only a very small part of the far-infrared radia-
tion produced by the source,rresulting in a low signal to
noise ratio., Fourier spectroscopy reduces this problem by
simultaneously looking at all frequencies in the spectrum
to be studied. This has been called the 'Fellget advan-
tage' or 'multiplex advantage' (134). Also the resolution

is not a function of the beam size and hence no slits are
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required to limit the aperture of the incident beam. Thus
one can use the whole beam generated by the source. This
is known as the 'Jacquinot advantage' or 'throughput ad-
vantage' (134).

The use of Fourier infrared spectroscopy has
greatly increased in the last twenty years. Although
Fourier spectrometers are still not very common in chemi-
cal laboratories, they have been extensively used in the
study of extra-terrestrial infrared sources in astrophysics.
Four international conferences have been organized on this
subject (135). There is a growing volume of literature
in this field and here reference is given to a few review
articles only (135-140).

The underlying principle of Fourier spectroscopy
is that, knowing the intensity of a light beam formed by
the combination of two light beams as a function of the
phase difference of the constituent beams, one can express
the intensity of the resultant beam as a function of its
component frequencies. Since this involves interferenée
bétween the two light beams, the instruments used for
FPourier spectroscopy in the infrared are called 'inter-
ferometers’. There are several types of interférometer
described in the literature, for example, Michelson,

Lamellar grating, and Fabry-Perot interferometers (135,
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entation must be subject to steric restriction.

Higgins et al (132) measured the density of t-
butyl bromide at different temperatures in phase I. They
found good agreement between their values of the molecular
volume and those from X-ray data, and therefore concluded
that phase I does not contain a large number of vacant '
sites,

Durig et al (113) reported the Raman spectra of
the solid between 30 and 100 cm-l, for sample temperatures
between -60 and -190°C, and also reported the far—infrargd
spectrum of the solid at -190°C between 300 and 33 cm 1
(Section 1.3.1). They observed two lattice modes below
100 cm™t and made tentative assignments.

All of the above literature deals with the solid
phases of t-butyl br_omide—h9 only. There appears to be no

published work on the solid state of t-butyl bromide-dg.
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141). The Michelson interferometer is the most commonly
used for the infrared region and was also used in this
work. The basic principles involved in the Michelson
interferometer are discussed below.

Figure 9 shows a block diagram of a typical
Michelson interferometer. The entire optical system is
enclosed and can be evacuated to a pressure of less than
0.1 torr to avoid absorption by atmospheric water vapour.
The light coming from the source s, which is usually a
quartz—jacketed high-pressure mercury lamp for the far-
infrared region, is colllmated by an off-axis parab0101d

mirror, P This parallel beam of radiation meets the

l.
beam splitter BS at an angle of 45°, The beam splitter

consists of a sheet of material which partly reflects the

beam and partly transmits it and, ideally, does not

absorb in the spectral region of interest. Mylar, poly-

ethylene terephthalate, is normally used in far-infrared

jinterferometers. The beam-splitter divides the incident
beam into two parts at right angles to each other. These
two beams are reflected back by the mirrors,Ml and M,.

M, is a moving mirror and M, is a stationary mirror. The

1
two beams reflected by the mirrors Ml and M2 meet at the

beam-splitter and are again reflected or transmitted. The

interference between these two beams depends upon the. fre-
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quency of the radiation and the difference between the op-

tical paths travelled by the two beams BM.B and BM.B.

1 2
After the second passage through the beam splitter, two
beams are again obtained, one returning to the source and
the second one travelling to the sample and detector. The
second beam is focussed by a second off-axis paraboloid
mirror 92, and the sample is placed at the focal point.
The beam passes through the sample and is focussed on the
detector via a polythene lens and a conical light pipe.
A Goley detector is usually used for the far-infrared
region. The high- frequency radiation is prevented from
reaching the detector by placing suitable filters in the
beam.

The intensity of the radiation received by the
detector is a function of the optical path difference, x.
When there is no path difference, x = 0, all the radiation
reflected by mirrors M, and M, interferes constructively,
irrespective of its frequency. At any other value of x,
light at some of the frequencies contained in the beam
interferes destructively and thus a lower signal than at
X = 0 must result.

If the interfering beams consist of monochromatic
radiation of wavelength A, then the intensity of the light

incident on the detector is given by
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I'(x) = A(1L + cos 27Tvx) 21

where Vv = 1/\ and is the wave number of the radiation and
A is a constant (142). If the radiation is polychromatic
one must integrate the right hand side of equation 21 over

all frequencies,

Thus, +o 0
I'(x) = [fI(v)dv + JSI(v)cos(2mwvx)-dv
or , +o '
I'(x) = I(®) + JSI(v)cos(2mvx) Qv L 22

-00

where fbﬂ is the signal at infiniie path difference and
can be obtained from the asymptotic value of Iix). A
plot of I(x) against x is called an 'interferogram'.
Figure 10 shows an interferogram for light of frequencies
between 0 and 230 cm.-l with water vapour in the light path.
Rearranging equation 22 one has

+o

F(x) = 1'(x)-I'(®) = JSI(v)cos(2mvx)dv 23

e d

where F(x) is called the 'interferogram function'. Equa-
tion 23 is a Fourier integral and its Fourier transform
is

+o

I(v) = JSF(x)cos(2mvx)dx 24

-0
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In practice F(x) can be determined only over a finite in-
terval -x to +x so that the calculateq spectrum I(v) is
given by a truncated integral

+x _

I(v) = JF(x)cos(2mvx)dx .25

-X
The effect.of using a truncated integral is to introduce
side bands around any peak in the spectrum. These effects
can be minimized by multiplying the interferogram function
F(x) by a suitable function A(x). This process is called
apodization and various apodization functions are discus-
sed in the literature (143, 144). 1In ﬁhis work a triang-

ular apodization function was used, that is A(x) was

(L - xmzx). In éalculating the spectrum, the Fourier co-
sine integral is approximated by a summation.

+x

I(v) = ZIF(x)ccs(21vx)Ax 26
-X
The above calculations require precise knowledge

of the optical path difference x. 1In practice there is
élways some error in the experiﬁental value of x and it
introduces 'phase error' into the calculations. Various
procedures havevbeen described to overcome this problem

(145-147). 1In the far-infrared region, for moderate resol-

ution, the number of sample points is of the order.of a
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thousand and the problem of the phase error can be elim-
inated by using.equal numbers of points with positive and
negative optical path differences,and replacing the simple
cosine function in éqhation 21 with.an exponential func-

tion. Equation 21 thus becomes
I'(x) = A[l + exp(27ivk)] 27
Then equation 26 is replaced by

I(v) = [c?‘ + 52]35 28

+x
where c = ZIF(x)cos(2mvx)Ax 29
-x

X
ZF(x)sin(27vx) Ax . 30
-X

and s

Information theory (148) shows that in order to

obtain all the information in the spectral range 0 to v___,

max
it is essential to sample points from the interferogram at

intervals of

Ax = 1 - 31

2
Vmax

For the spectral range 0 to 500 cm * one must,

‘therefore, sample points at intervals equal to or less than

-—3;4— m or 10 microns
2 x 500 °© .

The theoretical resolution Av, of the spectrum
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advantages, particularly with its high resolution capab-

ility, than instrumental disadvantages over grating spec-
trbscopy. It is expected that its use in chemical labor-

atories will increase with the availability of faster

and cheaper computers.
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obtained from an interferometer is determined by the maxi-
mum optical path difference x of the interfering beams and

is given by (149)

_ 1
v == . : _ 32
Thus, for a resolution of 0.3 cm"l one has to sample points
up to a path difference of 3£§ = 3.33 cm, which is not very

difficult. Thus one can readily achieve high resolution
which is very difficult to obtain using conventional far-
infrared spectrometers (150).

The main disadvantage of Fourier spectroscopy
is that one does not see the spectrum until the computexr
has completed the calculations. This introduces a time lag
between the experiment and the reception of the results.
Thus one cannot detect any immediate changes in the sample.
This problem can be minimized by the use of a fast scan-
ning interferometer directly connected to a bench computer
(151).

Most interferometers are single beam instruments.
This results in the appearance of extra bands in the spec-
trum due to absorption by the cell windows and beam split-
ter. These effects can be eliminated by dividing the spec-
trum of the cell plus sample by the spectrum of the empty

cell (152). Fourier spectroscopy offers more fundamental
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3. EXPERIMENTAL

3.1 PREPARATION AND PURIFICATION OF CHEMICALS

{

fertiary putyl bromide-h9 was obtained from _ E
Matheson Coleman and Bell and was of research grade. It :
was washed twice with a 10% aqueous solution of sodium
bicarbonate and then with distilled water until it was
free from alkali. It was then dried overnight over anhy-
arous calcium chloride and was distilled thrbugh a 'Teflon
spinning band column'. The fraction boiling at 346.3 = %
0.5°K Qas collected, literature b.p. 346.4°K (130). No
impurity lines were detected in its proton magnetic reson-
ance spectrum or in its mass spectrum.

t-butyl bromide-d9 was prepared by reacting deu-
terium bromide witp t-butyl alcohol-dg, obtained form Merck,
Sharp and Dohme of Canada. 5 gm of t-butyl alcohol—d9
was added to 50 ml of an azeotropic solution of DBr in
DZO’ and stirred for about 2 hours at room temperature.
The product separated as a lighter layer and was washed
twice with a 10% solution of sodium carbonate in D,0. It
was then washed with heavy water until it was free from
alkali, and was dried and distilled as described for the
light compound. The fraction boiling at 346.3 * 1°K was
collected. Its purity was checked by mass spectroscopic

analysis. The only impurities detected were less than 7%
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of t-butyl bromide-d8 and less than 1% of the --d7 isotope.

The product was kept in sealed, light-proof containers in

the refrigerator until required.

3.2 INFRARED SPECTROSCOPY

Gaseous samples were contained in conventional

10 cm path length cells, fitted with cesium iodide windows

for the region 4000-200 cm T

for the region 400-10 cm *. The sample temperature was

and with polyethylene windows

about 303°K for the mid-infrared region and about 298°K
for the far-iﬁfrared region.

In the early stages of this Work the liquid and
solid samples were contained in a FH-01 liquid cell, mounted
in a VLT-2 variable low temperature cell, both purchased'
from Beckman-R.I.I.C. Later an improved version of this
cell was designed and constructed in the chemistry depart-
ment workshop. This is shown in Figure 1l. A small cell,
containing the liquid sample, was inserted into the copper
block, which was in direct contact with liquid nitrogen.
Thé.sample temperature was measured with an iron-constantan
thermocouple inserted through the metal of the liquid cell
to touch the window. The thermocouple indicated a temper-
ature of 78°K with liquid nitrogen in the reservoir. Highexr
temperatures could be obtained by passing an electric cur-

rent through heaters attached to the sides of the copper
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Figure 11

The low temperature cell used for recording the infra-

red spectra.
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block. The current was regulated by a 'thermo—-electric-
temperature controller' which uses a copper-constantan
thermocouple to sense the temperature of the copper block,
and regulates according to the difference between the
actual and the desired temperature, The temperature of
the sample-cell windows could be controlled to *1°K in the
range of 300°K to 78°K. The temperature of the sample was
shown to be within 3°K of the measured temperature by the
numerous studies of the III to II transition of t-butyl
bromide at 231.6°K (2) and of propane freezing at 83.4°K

- (153) . Polyethflene or cesium iodide windows were used
for both the sample cell and the vacuum jacket. These
windows tend to deform and hence, even though the sample-
cel; windows were held apart by a teflon spacer of known
thickness, the sample thickness is not known precisely.
The polyethylene windows were bevelled on the outside to
remove the interference fringes arising from them in the
far-infrared region.

A Beckman IR-12 spectrometer was used to record
the infrared spectra between 200 and 4000 em~ L. This
instrument was fittedAwith the Beckman Fiducial Marker
accessory which was calibrated using standard gases (154).
Thé ffequency accuracy of the spectrometer is about #*0.5

en~L below 2000 cm~t and about 1 cm - above 2000 ———
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The far-infrared spectra were mainly obtained
using the Beckman-R.I.I.C. model Fg-720 Michelson inter-
ferometer. The principles of the method have been dis-
cussed earlier, in Chapter 2, and only the practical
details are described here. The signal from the Golay
detector of the interferometer was amplified and recorded,
both as an interferogram on a strip chart recorder and as

digital data using an IBM model-026 card punch. Interfero

metric data was recorded with both positive and negative
path differences. The digital data so obtained was pro-
cessed using the program BOBS (155). This program calcu-
lates the intensity of the radiation reaching the detector
after transmission through the sample, I,., as a function
of frequency. TwO interferograms are needed to determine
the absorbance, log, Io/It' of the sample as a function

of frequency. One, in which the cell plus sample is placed
just in front of the detector, yields I., while the second,
in which the cell with no sample is used, yields Io, both
as a function of frequency. &n option in the program per=
mits the acceptance of these two interferograms and the cal-
culation of absorbance. The results are cbtained both as
printed output and as a plotted spectrum of intensity or
absorbance against wavenumber. The interferogram is used

only to show obvious machine failures.
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‘agreement between the results obtained from the different

instruments was good.

3.3 RAMAN SPECTROSCOPY

The Raman spectrometer consisted of a Carson
Labératories model 10SP Ar+/Kr+ laser, a SPEX sample illum-
ination chamber, a SPEX model 1401 monochromator, a Fw-130
phbtomultiplier operated at -25°C, photon counting elec-
tronics and a strip-chart recorder. The Raman spectra were
obtained using. the yellow 5682 i line or the red 6471 i
line, both of Kr® and each with a power of about 120 mW
at the laser and about 40 mW at the sample, as exéitipg
radiation. The exciting lines were polarized and the ana-
lyzer was placed between the sample and the monochromator.
The liquid samples were sealed in pyrex melting point
capillaries, with internal and external diameters of 1 mm
and 1.5 mm respectively. The speétra were recorded using
a 90° scattering geometry. The frequency accuracy of the
monochromator was checked by the spectra of carbon
tetrachloride (15), benzene (15); and indene (157) and
was found to be better than 1 cm-l. The spectrometer was
calibrated by recording the symmetric C-Cl stretching mode
band of carbon tetrachloride every time it was used.

The Raman samples were maintained at low tem-—
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perature by placing the capillary containing the sample
in a cylindrical, unsilvered, glass dewar, open at both
ends, through which was passed a continuous flow of cold
nitrogen gas obtained by boiling liquid nitrogen. The
temperature was recorded on a strip chart recorder, using
an iron-constantan thermocouple placed next to the sample.
The temperature could be controlled to *3°K, between room
temperature and 90°K,by controlling the voltage applied

to the heater in the liguid nitrogen.

3.4 X-RAY POWDER PHOTOGRAPHY

A Jarrel-Ash precession camera was used as a
flat-plate powder camera. Two X-ray lines, Cu Ka and Co
K, with wavelengths of 1.541 i and 1.792 i respectively
(153), were used., The X-ray films used were obtained from
Ilford Ltd. of England and were of Industrial G quality.
The camera was calibrated by recording the powder
photographs of sodium chloride at 295°K and at 120°K (158).

The samples were cont;ined in Lindemann glass
capillaries with an internal diameter of 0.3 mm and wall
thickness of 0.0l mm. The capillary was attached to the
goniometer head of the camera by a teflon adapter. The
set-up shown in Figure 12 was used to maintain the X-ray

samples at low temperatures (159) . The samples were cooled
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The calibration of the interferometer was checked
using the pure rotational spectrum of water vapour (156)
and was found accurate to better than #0.2 cm L. The ac-
curacy of the frequencies in the far-infrared region repor-
ted in this thesis is limited by the width of the corres-
ponding spectral: feature. The resolution of the interfero-
meter was checked by recording the pure rotation spectrum
of methyl chloride and was found to be as expected from
theory (see Chapter 2).

A continuous, Moiré drive or a discontinuous,
step drive was used for the moving mirror. The agreement
between the spectra obtained from the drives was excellent
below 200 cm . Above 200 cm © the step drive was com-
pletely inaccurate and only the Moiré drive was used. The
interferometer was used to obtain the spectra between 350
and 10 cmfl. However, five different interferograms run

with different combinations of beam splitter, filter, and

sampling interval are required to cover this range with

‘0ptimﬁm performance. The spectra from these interferograms

overlap extensively and excellent agreement was obtained
in the overlap regions.

The spectra of the gaseous and the liguid samples
between 500 and 100 cm © were also recorded using ;'Beckman

IR-11 spectrometer, calibrated with water vapour. The
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by a stream of cold nitrogen gas obtained by boiling
liquid nitrogen.

A continuous stream of warm and dry nitrogen,
surrounding the cold stream, Figure 12, prevented the con-
densation of atmospheric water vapour on the sample. The
powder photographs did not show any diffraction which could
be attributed to ice. The temperature of the sample was
measured by placing an iron-constantan thermocouple near
the sample but not in the path of the- incident X-rays. It
was possible to maintain the sample temgerature between
room temperature and 120 * 10°K fof periods of 24 hours
or less. The 10°K uncertainty in the temperature arises
from the relative positions of the sample and the thermo-
couple, and the fluctuations cbserved in the temperature
indicated by the thermocouple were less than 3°K. The X-
ray photographs.were taken at a temperature of 120 # 10°K
with exposure times vaxyihg érom 2 hours to 12 hours. The

sample-to-film distance was 6.00 * 0.03 cm. -
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4. THE INTRAMOLECULAR VIBRATIONS OF £ -BUTYL

" BROMIDE-hgy AND d,

The infrared spectra of the gas and liquid phases
of the two isotopes of t-butyl bromide and the Raman spec-
tra of their liguid phases are presented in this chapter.
The observed spectral features are assigned to the.intra—

molecular vibrational modes of the molecules.

4.1 STRUCTURAL CONSIDERATIONS

The interpretation of electron diffraction (125-
127) and microwave (128) measurements on t-butyl bromide-h9
confirms the expected c3v symmetry for the heavy atom skel-
eton of the molecule. These measurements have not yielded
any information about the position of the hydrogen atoms.
Theré ig no similar work available for t-butyl bromide—dg.
The vibrational representation shown in Table IV is based
on the assumption of C3v symmetry for both molecules includ-
ing the hydrogen (or deuterium) atoms. The 4A2 modes are
inactive in both the infrared and the Raman spectra, while
8n, and 12E modes are active in both types of spectra.
These group theoretical predictions are only strictly valid
for molecules in the gas phase. The Az modes may appear in
the spectra of the liquid because the molecular symmetry

is lowered by the intermolecular force field, but these
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Vibrational representation of t-butyl bromide.

Types

Symmetry Species

of Vibration

Ay

C-H stretches

~H
C\H
~H

C_c bends

C-C stretches

bends

C-Br stretch

C:g bends

C:gr bends

CH3 torsion

Total

Activity

o K K K P = N N

HOOOO!—'P"!—'

F F H O H N W W

12

Raman + IR

Inactive

Raman + IR
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absorptions are expected to be weak.

Williams et al (128) ,report the moment of inertia

" of t-butyl bromide--h9 about the axes perpendicular to the

molecular symmetry axis. There is no report of measure-
ment or calculation of the moments of inertia for t-butyl
bromide-dg. The principal moments of inertia of t-butyl
bromide—hé and -d,, calculated from estimated bond lengths
(124, 128) and tetrahedral bond angles, are given in Table
V together with the experimental values for the -h9 conm-
pound. These calculated values are about 1.5% larger than
the corresponding experimental values, which were, however,
felt to be sufficiently good to yield reliable estimates

of the band contours. The molecules are 'prolate' symmetric-

top-rotors, because the moment of inertia about the sym-

‘metry axis is less than that about any axis perpendicular

to it,

Ueda and Shimanouchi (160) have defined two paré—
meters x and y, which are determined by the molecular mom-
ents of inertia, to predict the shapes of the infrared
absorption bands of asymmetric top molecules in the gas
phase. The value of x equals 2 for symmetric top mole-
cﬁles while y is -0.44 for the light compound and -0.49

for the heavy compound. The asymmetric molecule, whose x
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and y parameters are nearest to the above values for t-butyl
bromide, is of type 34 in Ueda and Shimanouchi's classifi-
cation (160). The band shapes predicted by Ueda and Shi-
manouchi's classification are shown in Figure 13. Parallel
bands of t-butyl bromide, due to 2y vibrations, should re-
semble the A type bands while perpendicular bands, dueito
degenerate vibrations, should have shapes intermediate
between those of the B and C type bands. Thus parallel
bands should have clearly'defined maxima.in the P and R
branch enveloées, well separated from a preminent Q branch,
while the perpendicular bands do not have well pronounced
maxima in the P, Q, or R branches. A similar descriptibn
of the parallel and perpendicular bands is obtained from
calculatiohs based on the 'B' parameter of Gerhard and
Dennison (161).

Here it must be mentioned that both band shape
calculations employ simplified models which neglect Cori-
olis coupling, centrifugal distortion, end the change in
moﬁents of inertia with vibrational state (162). There-
fore one can take the above predictions only as a guide,
and should consider all other evidence, such as Raman
polarization data for the liquid state, before assigning

any particular band to an A; or an E vibrational mode.
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Figure 13

Calculated infrared band shapes for molecules of type 34
of Ueda and Shimanouchi's classification (63). The num-
bers on the top refer to the halfwidth of the slit func-

tion, in cm-l, used in calculating the band shape.
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4.2 RESULTS FOR t-BUTYL BROMIDE-h,

The infrared spectrum of gaseous t-butyl bromide-
hgy is shown in Figures 14 and 15 for the region 4000-200
cmfl. The frequencies of the different features, accurate
to *1 ecm 1 for the sharp features, are listed in Table VI
along with the relative intensities. The spectia were
recorded at 1 cm © resolution, using gas pressures of 8.0
and 10 cm of mercury. The strong bands were further stu-

died at a resolution of about 0.5 cm—l and are shown on an

expanded scale in Figure 16. The bands at 304, 524, 808,

1 1

and 1153 cm — are clearly parallel bands with the 1153 cm_

band showing 3Q branches. The band at 1375 cm * has a
sharp Q branch but no separate maxima for the P or R envel-
opes and seems to be a perpendicular band. The band at
1238 cm ! has the shape of a distorted parallel band.

There is a very broad band between 1430 and 1500 cm L show-
ing the Q branch of a parallel band at 1480 cm Y. The
associated P envelope merges with a broad band with maximum

absorption at about 1457 cm_l. The only other strong bands

are between 2840 and 3020 cm T, and have complex shapes,
presumably due to the overlap of the rotational envelopes
of several bands. The only band which can be easily
characterized in this region is a parallel band with its

Q branch at 2934 cm T.




7 VI TR

R s

92.

100 T T T T : T

PERCENT TRANSMISSION

0 1 ! 1 3 '.L 1 1 L 1 1 3 1 !
4000 3600 3200 2800 2400 2000 1800 1600
1

v/ cm
' Figure 14

Infrared spectra of t-butyl bromide—h9 in the gas (lower

box) and liquid (upper box) phases, between 4000 and 1600

cn~ L.
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Infrared spectra of t-butyl b::-omide—h9 in the gas (lower

box) and liquid (upper box) phases between ‘1600 and 200
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The infféred spectrum of the liquid at room tem-
perature is also shown in Figures 14 and 15 for the region
4000 to 200 cm-l. The spectrum was recorded at a resoiu—
tion of about 1 cm ™t for the region above 650 cm © and

1 for the region below 650 cm T. The nominal

about 2 cm
sample thickness was about 0.02 and 0.2 mm for the thin
and the thick samples, respectively. The freqﬁencies of
the features are reported in Table VI with an accuracy of
. cmfl. The liquid phase bands are, of course, much nar-
rower than théir gas phase counterparts, and this enables
more detail to be seen in regions containing overlapping
bands. There are two well-defined peaks and a shoulder

in the region between 1430 and 1500 cm_l instead of the
broad band observed in the spectrum of the gas phase.
Between 3000 and 2880 cm-l there are five well-defined
peaks which are .also difficult to characterize in-the gas
phase.‘ Many features that are weak or missing in the
spectrum of‘the gas phase are well defined in that of the
liqﬁid phase, such as the bands at 272, 930, 1031, 1059,

1731 and 1859 cm T. .

The Raman spectrum of liquid t-butyl bromide-h9
is shown in Figure 17 and the frequencies are listed in

Table VI along with the qualitative intensities and the

depolarization ratios. The resolution used was about 1
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Figure 17

Raman spectrum of liguid t-butyl bromide-—h9 (lower box) and

t-butyl bromide—d9 (upper box). In each figure the upper

full curve shows the spectrum under parallel polarization

and the lower full curve shows that under perpendicular

1 i1 voth

polarization. The partial spectra near 1200 cm~
figures show the weaker features recorded at highexr gain,
again with the spectrmm under parallel polarization lying

above that under perpendicular polarization.
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cm..1 and the frequencies are accurate to about 1 cmfl.

Except for the bands at 2890, 2850, 643, and 187 em™t, all
of the features appearing in the Raman spectrum of the
liquid were also seen in the infrared spectrum. The fre-
quencies observed in the Raman and infrared spectra of the
liquid are the same within the combined errors of measure-
ment and are slightly lower in most cases than the frequen-
cies observed in the gas phase. Depolarization ratios were
determined by measuring the peak height relative to the base
1ine around the peak. They were reproducible.to within
+0.15 for the medium to strong bands and for the well-

separated weak bands.

4.3 ASSIGNMENT OF THE INFRARED AND RAMAN SPECTRA OF £-

BUTYL BROMIDE-h,

Four groups of workers have previously assigned
the spectra of t-butyl bromide-hg, as discussed in Chapter
1. Their assignments are presented in Table II along with
the one proposed in this work. The main basis for the
proposed assignment is the information obtained from the
infrared spectrum of the gas and the Raman spectrum of
the liquid. The infrared spectrum of the liquid and the
assignments available in the literature for related com-

pounds (163-166) have also been considered. In the fol-
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lowing presentation, assignments of the different vibra-
tions occurring in the same frequency regions are dis-
cussed together in order of decreasing fregquency.

The numbering of the vibrational modes is accoxrd-
ing to the convention suggested by Herzberg (lSj. In
this numbering scheme the 2, modes are numbered first fol-
lowed by the A, modes and éhe E modes. In each symmetry
species the modes are numbered in decreasing order of

their frequencies. Thus for t-butyl bromide the A, modes

1

are from v, to vg, the A, modes are from Vg to vy, and the

E modes are from Vi3 to Vou (see Tables II, III and'IV).

(A) C-H Stretching Modes

From the vibrational analysis (Table IV) £five
C-H stretching modes, 2Al and 3E, are active in bqth the
infrared and the Raman. The si#th, 2, mode is inactive
in the gas and is possibly tod weak to be observed in the
liquid spectrum. All of these modes are expected to occur

in the region 3100-2800 cm T

(15, 17). It is a useful
first approximation to consider.the C-H stretching modes

as being derived from the symmetric and asymmetric stretch-
ing modes of a methyl group of‘c3v syﬁmetry. Deviations
from the predictions made on this basis can be expected,

because the site symmetry of the methyl groups in t-butyl
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bromide is, at best, Cs' but the approgimation is helpful
for predicting the approximate frequencies of these modes.
In this approximation, the C-H stretching modes of t-butyl
bromide can ke described as symmetric or asymmetric depend-
ing.on the relative displacements of the atoms Qithin each
methyl group rather than in the molecule as a whole. _The
symmetric modes form the representatibn A, + E, and the
asymmetric modes form A, + A, + 2E, under the Cay point
group of the entire mdlecule. The asymmetric modes are
expected to 6¢§ur at higher frequencies than the symmetrié
modes because of the kinetic coupling within each methyl
group through the carbon atom. For example, in methyl

bromide the asymmetric C-H stretches occur at 3055.9 cm"l

1 (1s).

and the symmetric C-H stretch is at 2878.8 cm”
The utility of this approach can be demonstrated
by the following arguments. The. spectrum of gaseous t-

butyl bromide-d9 shows a parallel-type band at 2925 cm._l

and a perpendicular-type band at 2971 cmfl, (Figure 19).
These almost certainly arise from the t-butyl bromidg-d8
(C4HDSBr) impurity. The parallel band can be assigned to
the unique C-H bond trans to the C-Br bond, while the per-
pendicular type band can be assigned to the two equivalent

C-H bonds, gauche to the C-Br bond. The difference between

these freguencies agrees with values found by McKean (163)

e S at e ek
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in compounds containing the CDZH'group and O or N atoms.
One can calculate the force constants for the two types
of C-H bonds using these two frequencies for C4D8HBr.

If these force constants are used, without an iﬁteraction
constant, to calculate the vibrational frequencies of a
CH3, or CD3, group of symmetry Cg, it is found that the
eigenvectors approximate those of a methyl group of C3y
symmetry, as do the frequencies, although of course the
two higher frequency modes differ by.about 20 cm.-l in the
c, model, and are degenerate in the C, model. In any
event, the approximation discussed above remains useful,
and in t-butyl bromide one can expect the asymmetric methyl
stretches to occur at higher frequenciés than the sym-
metric methyl stretches.

The infrared spectrum of the gas for the methyl
stretching region is shown in Figures 14 and 16. There
are two regions of strong absorption, one between 2965
and 3010 cm © and another between 2900 and 2955 cmt. The
peak at 2977 cm-l appears to be the Q branch of a parallel
band, and the assignment of this feature to the A, asym-—
metric stretching mode, Vys is supported by the strong,

1

partially polarized, Raman band at 2971 cm © (Figure 17)

and a strong peak in the infrared spectrum of the liquid

at 2970 cm t. The broad peak in the infrared spectrum of

b A MAL A g iR # T T
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the gas, at 2992 em T can be assigned to an E mode, Vi3s
which is also derived from asymmetric methyl stretches,
The second E mode derived from asymmetric methyl stretchgs,
Vy4+ is expected to occur close to the A, and E modes al-
ready assigned. This requires.a brief justificétion
because two modes of the same symmetry may be expected to
interact and move apart. However; the two E modes in
question, although having the same symmetry under the C3V
point group of the molecule, belong £o different irreduc-
ible :epresent;tions of the Cs subgroup of individual
methyl groups. Therefore, intraFmethyl-group interaction
cannot 6ccur, and onlyvthe much weaker inter-methyl-group
interaction could cause the two E modes to interact. Here
the second E mode, Vigr is assigned as coincident with the
Al mode at 2977 cm_% mainly because the c¢orresponding Raman
band at 2971 cm-.1 is only partially polarized.

The Ay symmetric C~H stretch, Vor is assigned
to the parallel band with its Q branch at 2934 cm * in the
infrared spectrum of the gaé, and to the strong, polarized
band at 2924 cm—l in the Raman spectrum of the liquid.
This assignment is supported by the presence of a strong
band in the infrared spectrum of the liquid at 2925 cm T.
The E symmetric C-H stretching mode, Vi5s is assigned to

1

the band at 2953 cm — in the infrared spectrum of the gas
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and to the depolarized band at 2944 cm ™t

in the Raman spec-
trum of the ligquid. The gas-phase band at 2953 crn"1 looks
rather like a Q branch, which might be interpreted as part
of a parallel band, but other E modes in this molecule have
been found to yield Q branches in their gas phase bands, as
discussed in Part C of this section; An alternative assign-
ment of this mode is to the broad maximum at 2910 et in
the infrared spectrum of the gas,with the corresponding band
L in tﬁe liquid; However, the cdrresponding
Raman band is étrongly polarized and either rules out this
assignment or indicates the coincidence of an A, combina-
tion or overtone.i

(B) CH, Deformation Modes

The vibrational analysis (Table IV},
yields five infrared and Raman active modes, two Al and

three E, arising from the deformations of the H-C-H angles.
They are expected to occur in the region 1500-1300 cm™t
(15, 17). One can again use the concept of symmetric and
asymmetric deformations of the individual methyl groups
to classify'these modes into two groups: two E modés and
one A, mode arising from the asymmetric methyl deforma-

tions, and one A; mode and one E mode arising from the

symmetric methyl deformations. The asymmetric deformations

e ————— »..
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should occur at higher frequencies than the symmetric
deformations (164-166). |

' There are two groups of bands in the 1500-1300
cm.—l region in the spectra of the gas and the liquid. One
group is below and the other is above 1400 cmt (see
Figures 15 and 16). The Raman spectrum shows a depolar-
ized band at 1372 cmfl, corresponding to the perpendicu-
lar band at 1375 cem Ll in the infrared spectra of the
liquid This band is assigned to the E symmetric CHg

deformation,‘le. The polarized Raman band at 1397 cm.-l

1l 1

and the weak infrared feature at 1397 cm © and 1395 cm
in the gas and liquid, respectively are assigned to the
Ay symmetric deformation, v,.

The infrared spectrum of the gas phase shows a
broad band with its maximum at 1457 cm ¥, and a Q branch
of a parallel band at 1480 cm =, (Figures 15 and 16).

This O branch and the corresponding band at 1475 cnt in
the infrared spectrum of the liquid are assigned to the Ay
asyﬁmetéic methyl deformation, V3. There is no corres-
_ponding band in the Raman spectrum of the liquid. Between
.1500 and 1400 cm T, the Raman spectrum shows only a

medium-strong depolarized band at 1459 cm-'l and two shoul-

ders at 1447 cm © and 1425 cn}. However the Raman spec—

trum of the solid at 90°K does show a weak band at 1475

ERVRRTEIN ... cowyian
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cm-l (see Chapter 6). The nonappearance of this mode in

the Raman spectra of the liquid has also been observed

for t-butyl chloride (164).

The depolarized bands at 1459 cm ' and 1447 cm’
in the Raman spectrum of liguid t-butyl bromide-h9 are
assigned to the two E modes derived from the asymmetric
methyl deformations, Vig and Vy7e The broad featureless
absorption peaking at 1457 cm t in the infrared spectrum
of the gas is consistent with this assignment and coxr-
responding banés appear at 1457 and 1449 cn ! in the
infrared spectrum of the liquid. The weak, depolarized

band at 1425 cmfl, in the Raman spectrum, is assigned to

the combination VZO +.v22.

(C) C-C Stretching and Methyl Rocking Modes

The vibrational modes arising from the C-C
stretching and methyl'rocking motions are expected to

occur between 650 and 1300 cm © (15, 164-166). One ex—

pects two E modes and one Al modg from the methyl rocking
motions and one A, mode and one E mode from the C-C
stretching motions to be infrared and Raman active (Table
V).

The infrared spectrum of the gas shows a very

strong parallel band at 1153 cm b (Figures 15 and 16).

1
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The corresponding band at 1142 emt

in the Raman spectrum
of the liguid is highly polarized. Therefore this feature
must be assigned to one of the A fundamentals expected

1 is too high for a

in this region and, because 1153 cm_
symmetric C-C stretch (123), it is assignéd to the Al
methyl rock, Vge The infrared spectrum of the gas phase

shows a parallel band at 808 cm'-l

while the band at 1238
cm~t could be a highly distorted parallel band. The cor-
responding bands in the Raman spectrum of the liquid are
at 804 cm.-l and 1236 cm-l,'and are partially polarized and
depolarized respectively. The A, C-C stretching mode, Vgr
1 in the gas and 804 et

is therefore assigned at 808 cm
in the ligquid.
The Raman spectrum of the liquid shows depolar-

ized bands at 931, 1031, and 1236 cm -

, while the infra-
red spectrum of the gas shows perpendicular bands at 1033
and 1203 cm *; only. The 1203 cm ! band has weak counter-
parts in the liquid, but the Raman line is polarized and,
hence, cannot arise from an E mode. The three E fundamen-
tals, Vygr Voqr and vy, are assigned to the three depolar-
ized bands in the Raman spectrum of the ligquid, at 1236,
1031, and 931 em~l. A simple calculation on the (CHj) 5C

unit treating the CH; groups as points of mass 15, and

neglecting interaction constants, shows that if the Al c-C

JRRTIDUORE Sl
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cm-l (Figure 17). The corresponding bands in the infra-

1l 1

red spectrum of the gas, at 524 cm ~ and 304 cm —, are

strong, parallel bands, and these two features clearly

arise from the two Al modes, V7 and vge The C-Br stretch

1 1 1

occurs at 61l cm +, 559 cm - and 535 cm in ‘methyl bro-

mide (15), ethyl bromide (116) and isopropyl bromide (116)
respectively. Therefore it is logical to assign the C-Br

1 1l

stretching mode, v,, at 524 cm - rather than at 304 cm .

The Ay skeleton deformation mode, Vgr is assigned at 304

P

There are three depolarized features in the Raman

1 1

spectrum of the liquid below 650 cm -, at 396 cm , 285

cm L, and 271 cm t

(Figure 17), and aré assigned to the
three E fundamentals expected in,this region. Methyl tor-
sion vibrations are found to absorb below 300 cm-l in
related compounds, such as t-butyl chloride (164) and t-
butyl fluoride (122). 'Henge it is reasonabie to assume
that the methyl torsions are not responsible for the band
at 396 cm L. ‘The C-C-C deformation does not involve motion
of the heavy bromine atom to as great an extent as the
C-C-Br deformation aoes, and is therefore assigned to the
higher frequency 396 em~t. It is,however,expected that

this normal mode, Voor does involve some C-C-Br deformation.

The E mode, Voyr arising mainly from C-C-Br deformations
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stretch is at 808 cm-l, the E C-C stretch is expected at .
about 1105 cm Y. Therefore the 1236 cm * depolarized band
is assigned to an E fundamental, Vigs mainly derived from
thé C-C stretches, but heavily coupled to the CH, rocking
moﬁion. The infrared gas phase band contour doés not sup-
port this assignment and might argue against it. The
assignment is, however, consistent with the assignment for
C4D9Br (Section 4.5), for which the evidence is less con-
fused, and it therefore appears necessary to describe the

gaé—phase band as a highly distorted perpendicular band.

The 1031 and 931 bands are assignéd to the E methyl rock,

Vagr and a mixture of E methyl rock and E C-C stretch, Voqe

(D) C~-Br Stretching, Skeleton Deformations and Methyl

Torsion Modes

There are two E modes and one Al mode derived
from the deformations of the molecular skeleton, that is

changes in the C-C-Br and C-C-C angles. One Al mode is

derived from the C-Br stretch and one E and one Az mode

arise from the torsional motions of the methyl group

(Table IV). All of these are expected to occur below 650

em L (15, 164, 168).

There are two strong and highly polarized bands

in this region of the Raman spectrum, at 516 cm ™t and 301

T p—
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concluded that they were coincident.

4.4 RESULTS FOR T-BUTYL BROMIDE—d9
| The infrared spectrum of gaseous t-butyl bro- .
mide—d9 is shown in Figure 18 and the strong bands are
shown on an expanded scale in Figure 19. The spectrum was
recordéd at 1 cm.-l resolution,with the sample at room tem-=
perature in a 10 cm cell at a pressure of 5.0 and 0.5 cm
of Hg. The frequencies of the features observed between
4000 and 200 cm © are given in Table VII, accurate to x1
eml. The bands at 274, 463, 537, 706, 1011 and 1118 cm -1
have the sharp Q branches and well-defined P and R branch
envelopes characteristic of parallel bands. The bands at
1052, 1214, and 1291 cm.—l have neither sharﬁ Q branches
nor well-defined P and R branch envelopes and hence are
perpeﬁdicular bands. In the 2300-2000 cn t region, there
are two groups qf strong bands. The lower frequency group
between 2190-2040 cm.-l has a very complex shape presumably
due to the overlapping of many bgnds. The second group,
between 2270-2200 cm-l, is more intense and shows the Q
branch of a parallel band at 2221 cm 1.

The infrared spectrum of the liquid is also shown
in Figure 19 and the frequencies of the observed features

are given in Table VII with an accuracy of £l cn L. The
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could be assigned to the feature at 285 cm © or at 272 .

em L. It is assigned to the 272 em™t feature, and the

285 cm.-l feature is assigned to the methyl torsion mode,

V3o This assignment is préferred because in t-butyl
fluoride and t-butyl chloride, the methyl torsidn is

assigned at 298 and 290 cm * respectively.

(E) Summary

The assignment presented above is identical to
the most recenc assignment in the literature between 300
and 1300 cm-l. However the éresent analysis, coupled with
the results for C4D9Br (Sections 4.4 and 4.5) puts the
assignment on a much firmer experimental basis, although
anomalies in the évidence do exist., The new assignments
for the C-H stretching and methyl deformation modes result
in part from the improved experimental evidence. In par-
ticular, the assignments 6f Va and v,g are required by
the Raman spectrum. The.assignment of the C~H stretching
modes is still not as definitive as would be desirable,
except for v, whose assignment ig clear from the infrared
spectrum of the gas. A new feature has been detected in
the spectra of the liquid below 300 cm_l, and has allowed

the methyl torsion and C-C-Br deformation modes to be

assigned distinct frequencies. Previous authors (113) had

e
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Figure 18

Infrared spectrum of t-butyl bromide-d9 in the gas

(lower box) and liquid (upper box) phases.
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The intense bands in the infrared spectrum of gaseous

t-butyl bromide-dg} Figure A is due to t-butyl bromide-

dg impurity.
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ized or depolarized. In the C~D stretch region, the
polarization properties of the bands at 2221 and 2238 cm—l
are not certain, except that they are not strongly polar-
ized, and the details of the residual bands in the per-
pendicular spectrum between 2050 and 2200 cm-l are not
certain. The Figure 17 and Table VII provide our best
estimate of these features but experimental difficulties
prevented us from obtaining definitive results. The
Raman scattering bf the heavy compound appeared to be much
weaker than that by the light compound, and the samples
of C4DgBr showed much more intense f;uorescence than those
of the light compound.

Except for the features at 411, 1257, and
2107 cm.—l all of the features seen in the Raman spectrum
of the liquid were also observed in the infrared spectrum
of the liquid. The frequencies of corresponding bands in
the infrared and Ramén spectra agree to within the com-
bined experimental uncertainties, except in one case. The

weak feature seen at 1285 et

1

in the infrared spectrum
occurred at 1288 cm -~ in the Raman but this difference

is almost certainly not real. In general the bands appear
in the spectra of the liquid at slightly lower frequencies

than in that of the gas.
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spectrum was recorded at 1 cm-l resolutiqn for the region
above 550 émfl, and 2 cm"l resolution for the region below
650 cm—l. The sample was at room temperature in cells
with a nominal thickneés of 0.1 mm. The band widths have
decreased in éoing from the-gas to the liquid pﬁases, and‘
consequently overlapping bands are more distinct in the
spectrum of the liquid. Features that are weak or missing
in the gas phase spectrum are well-defined in the liquid
phase spectrum, such as the bands at 758, 822, 837, 880,
903, 1062, ll9b, 2131, 2460, 3243, and 3271 cm-l (Table
ViIi). |

Figure 17 shows the Raman spectrum of the liquid

under parallel and under perpendicular polarizations. The

spectrum was recorded at a resolution of 1.5 cm_l with the

sample at room temperature. The frequencies and depolariza-

tion ratios of the observed features are listed in Table

1

VIiI. The frequencies are accurate to about *1 cm — and

the depolarization ratios, obtained by measuring the peak
heights'relative to the base lines around the bands, are
reproducible to *0.1, except for the following uncertain-

ties. The existence, frequency and polarization of the

1 1l

207 cm © and 904 cm ~ features are not certain. Similarly

the details of the region 1150 to 1300 cm"1 are not cer-

tain; in particular the features could be partially polar-
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4,5  ASSIGNMENT OF THE INFRARED AND RAMAN SPECTRA OF

t -BUTYL BROMIDE-d,

o

There is only one assignment of the vibrational
spectrum of t-butyl bromide-dy in the literature (112).
This assignment was kased on the infrared spectrum of
liquid t-butyl bromide-d, in the sodium chloriagfiggioﬁ
only, and is therefore incomplete. It has also been recog-
nized as incorrect (118) but remains uncorrected. The
assignment given in this thesis is based on the infrared
spectra of the gas and the liguid, and on the Raman spec-
tra of the liquid under paréllel and perpendicular polar-
izations. The present assignment is presented in Table
111 alohg with that of Zeil and coworkers (112). In the
following'sections, the vibrational assignment is pre-
sented in four parts, each part dealing with one frequency
region. The order of presentation follows the ease with
which the vibrational assignments of the bands can be
. made, rather than the order of decreasing frequencies

adopted in Section 4.3.

(A) C-D Stretching Modes

One expects five infrared and Raman active C-D

stretching modes of t-butyl bromide-d, (Table IV). One

9
Al and two E modes arise from the asymmetric C-D stretch-

e R LY

NGRS
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ing modes of the individual methyl groups, and one Al and

one E mode arise from the symmetric CD3 stretching modes
(Section 4.3). The methyl-d, stretching frequencies for
some.related molecules are presépted in Table VIII. The
data in Table VIII show that the ‘asymmetric strétching

modes occur at higher frequencies than the symmetric stretch-
ing modes, and both occur in fhe region between 2300 and

2000 cm-l. The gas phase infrared spectrum in this region

shows two distinct regions of absorption. The absorption

above 2200 cﬁ-l_plearly arises from the asymmetric stretches

.

.while the symmetric stretches occur below 2200 cm-l The

asymmétric and symmetric strétches are, then, more separ-
ated than in the light compound, but this is to be expec-
ted from simple consideration of the kinetic coupling
within each CD; group.

The parallel band at 2221 cm * (Figure 19) is
clearly due to the ay asymmetric methy;-d3 stretch, Vi
Corresponding bands occur at 2217 cm T and 2216 cm © in
the infrared and Raman spectra of the liquid, the latter
being partially.pdlarized. The broader maximum at 2246
cm-l in the gas is assigned to one of the E asymmetric
stretches, Vige Corresponding bands are found at 2240 cm-l
in the liquid, the Raman band appearing to be depolarized.

The gas phase peak at 2229 cm_l is too intense to be attrib-
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C-Dy stretch and CD3 deformation frequen

Table VIII

the related molecules.

125.

cies in some of

_ Methyl-4d Methyl-d
Molecule Reference Stretch : Deformatign
Asym. Sym. | Asym. | Sym.
— i~ i~ —
‘CD3.Br 15 2293 2151 1053 987
CD3.C1 15 2286 2161 1058 1029
CD3.CD2Cl 168 2234 2079 1052 1079
il
CD3.C.CD3 169 2270 2114 1053 1089
2185 11005
i
CD3.C.H 169 2265 2130 1045 1028
CD4 15 2258 2085
CD3.CD3 15 2225 2083 1055 1158
CD3.CD2.CD3 166 2225 2081 1064 1130
CD3.CHZ.CD3 166 2225 2090 1066 1085
(CD3)2CD 167 2217 (E) 2073 1117 1068
T 2216 (A) 1087 1056
(cD,) 5CH 167 2219 (8) | 2076 | 1122 | 1071
2212 (A) 1102 1052
(CD3)3CC1 164 2244 (E) 2124 1054 1016
LT T 2226(4).
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stretching mode, Vige The liquid phase frequency of this

mode cannot be determined.

(B) C-Br Stretching, Skeleton Deformations and Methyl—d3

Torsion Modes

These vibrations occur below 530 cm =+

in t-butyl
bromide—h9 (Section 4.3). The replacement of lH by 2H can
be expected to lower the frequencies of all of these vibra-
tions even though the hydrogen atoms. are only directly
involved in the methyl-d3 torsions (164). One Ay mode
arising from the C-Br stretch, one Al and two E modes due
to skeleton deformations and one E mode from methyl-d3
torsions are expected to be active in the infrared and

Raman.

The A; C-Br stretch, v., is clearly indicated

at 463 cm T in the gas and 454 cm™t in the liquid, by
the parallel gas phase band and strong polarized Raman
line. The skeleton deformation mode, Vgr is assigned to

the parallel band at 274 cm™t

in the infrared spectrum of
the gas, and to the strong polarized Raman band aﬁ the
same frequency in the spectrum of the liquid.

' The E C-C~-C deformation, Voor is assigned at

335 cm™t in both phases. Weak bands, depolarized in the

Raman spectrum of the ligquid and of perpendicular type in
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utable to only the R branch of the parallel band at 2221
cm_l, and this could indicate that the second E mode is
coincident with it, but a distinct feature is not resolved
in the liquid spectrum. The second E mode arising from
the asymmetric methyl—d3 stretches, Vigr is assigned to
this feature in the spectrum of the gas, and to the 2217
cm™! band in the liquid, coincident with vy
The assignment of the symmetric methyl-d3 stretch-
ing modes is less clear than is»desirablq. The'gas'phase
infrared spectfum shows perpendicular bands at 2124 cmf%
and possibly 2145 em™t. The only peak which has the
appearance of a Q branch occurs at 2104 cm_l and is an Al
mode. The Raman spectrum of the liquid is dominated by a
series of Strong highly polarized lines which muét indi-
cate that several Al overtonés-and combinations are in

1
tal arising from the symmetric methyl-d3 stretches, Vor is

Fermi-resonance with the A .fundamental. The Al fundamen-

assigned to the strongest, highly polarized Raman line, at
2118 em L, The infrared spectrum of the liquid shows a
s£rong peak at 2118 cm T, coincident with the Raman line,
but the gas phase frequency for the mode cannot be deter-
mined sinée no parallel band occurs near this frequency.
The intense perpendicular band at 2124 cm™+ in the gas

Phase spectrum is assigned to the degenerate symmetric C-D
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the infrared spectra of the gas, are present at this fre-
quency. The second E, Voygr skeleton deformation mode,

mainly due to C-C-Br bending motion, is assigned to the

1

depolarized band at 242 cm ~ in the Raman spectrum of the

liquid. The infrared spectra show absorption at about 242
el in the liquid and at about 239 cm | in the gas.

Only two features in the Raman spectrum in this
region remain unassigned; a depolarized, very weak feature

at 207 cm ¥, and a weak polarized band at 181 eml. The

"remaining fundémental, the E methyl-d3 torsion, Vogr is

assigned to the weak feature at 207 cm_l. This assignment

gives a value of about 1.38 for the ratio of the frequen-
cies of the CH, and CD, torsional modes in t-butyl bromide

which agrees well with the theoretical value of 1.41.

(c) carbon-Carbon Stretching Modes

In order to estimate the frequenciés of the C-C
stretching modes in C,DgBr from their frequencies in C,HgBr,
a calculation was made for the c-(CD3)3 and C{CH3)3 noieties,
treating the CD, and CH, units as points of mass 18 and 15
respectively. The same force constant was used in the two
cases, and interactions between different C-C bonds were
neglected. The calculations showed that if the A, and E

modes in the C'(CH3)3 unit are at 808 and 1105 cm-l respec—

1

tively, then they occur at 750 and 1150 cm - respectively

PR
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" in C{CD3)3. These calculations are extremely approximate

because they neglect the interaction with other modes of
vibration, but they do indicate the general region in
which these vibrations must be sought in C,DyBr. The
band at 706 cm T in the spectrum of the gas is therefore
assigned to the Ay stretching mode, Vg* The correspond-
ing band in the spectrum of the liquid is at 704 %1 em~t.
In contrast to the corresponding Raman band in the light
compound which is only partially polarized, the 704 cm-l
band in the heavy compound is more clearly polarized, with
p = 0.3. The E C-C stretching mode, Vigr is assigned at
1214 cm ' in the gas and the liguid. The gas phase band

is clearly a perpendicular band, in contrast to the band

Seen at 1238 cm T in the light compound. Thus the above

assignment of the C-C stretching modes firmly supports
the assignment of these modes in the light compound for

which the evidence is ambiguous.

(D) Methyl Deformation and Rocking Modes

- Two Ay and three E modes derived from the methyl-
d3 deformations, and one Al and two E modes derived from
the methyl—d3 rocks are active in both types of spectra.
Table VIII contains the methyl d3 deformation frequencies
for some related compounds and shows that they lie between

1160 and 980 em L, Methyl-d; rocking modes.have been

RezPes
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be assigned to the bands between 600 and 1200 cm .

to one of the A, CD, deformations, V3, and the 1011 cm

130.

assigned between 630 and 1220 cm - for (CD3),CCL (164),

(CD3)3CH (167), (CD3)3CD (167), and (CD3)2CD2 (166). 3Al

' and 5E CD3 deformation and rocking modes must, therefore,

1

Parallel bands are seen in the infrared spec-

trum of the gas at 706, 1011 and 1118 cm ~. The 706 cm

1
band has been assigned to the A, C-C stretch. The Raman
spectrum of the liquid shows polarized bands at 1000 and
1115 cm™t which are taken to correspond to the 1011 and

1118 cm t gas-phase bands. The 1118 em ! band is assigned

1
1 3

band is assigned to the Ay Cb3 rocking mode, Vge The third
Al mode, due to the other CD3 deformation, Vyr is assigned
to the only remaining polarized Raman band, at 1062 cm-l.
No corresponding band was seen in the gas phase. The
assignment of Vyu is reasonable, but must be regarded as
tentative. It must be emphasized that, although the bands
have been assigned to CD4 deformation and rocking modes,
these two types of motion are so close in frequency that
they probably interact strongly, so that the actual normal
vibrations are mixtures of the two types of motion.

The two E rocking modes are assigned to the gas

phase features at 824 and 742 cm-l with corresponding

features, which are depolarized in the Raman spectrum, at
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822 and 738 cm T in the liguid.

for one 6f these modes is the gas phase perpendicular band
at 923 cmfl;found at 902 cm ¥+ (depolarized) in the liquid.
This appears to be too high in frequency for an E methyl-.
d3 rocking mode (164, 167) and too- low for a methyl—d3
deformation (Table VIII) and it is therefore assigned to
a combination Ve + Vou (Table VII).

The only modes still unassigned are the three E
modes derived from the methyl-dg deformations. One of
them is clearly to be assigned to the perpendiéular band

~at 1052 cm._l in the gas, with corresponding band at 1048
cm,-l in the liquid. The assignment of the remaining two
E modes is unclear. The only other depolarized Raman
feature in this region is at 1038 cm~t. The infrared
spectra of the gas.and liquid show weak features at 1040
cm © and 1039 cm~ ! which presumably correspond to the

Raman feature at 1038 cm Y. This is,therefore, tentatively
assigned to the remaining two E modes derived from methyl-
d3 deformations, Vjg and.ylg. It is clear that the evi-
dence for the assignment of v, and of Vig and Vig is much

less definitive than is desirable.

(E) Summary

A complete assignment has been presented for

the infrared and Raman spectra of t-butyl bromide—dg. Most

An alternative assignment
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of the assignments are clear from the experimental data,
but some must be regarded as tentative. In particular
the assignment of one of the degenerate asymmetric C-D
stretching modes, V,4 and of one A; and two E CD3 defor-
mation modes, Vgr Vigr and Vigs a@re not as firmly based
on experimental evidence as is desirable,

* The compatibility of this assignment with that
of the spectra of C4H93r is demonstrated by the normal

coordinate calculation reported in the next chapter.
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5. NORMAL COORDINATE ANALYSIS OF %-BUTYL BROMIDE

Normal coordinate calculations have been made to
fit the frequencies of the two isotopic molecules to the
same force field, in order to check the mutual compatibil-
ity of the assignments for the two molecules suggestedvin
the last chapter. Such calculations have been reported
by Huttner and Zeil (118) for t-butyl bromide--h9 but there
is no such report for t-butyl bromide-dg. Also Huttner

and Zeil ignored the methyl torsional modes in their cal-

culations. The assignments proposed in this thesis indi-

cate that the methyl torsional modes have frequencies com-
parable to those of the skeleton deformation modes, SO
that the torsional modes cannot properly.be neglected in.
the calculations, and they are included in this work. A
complete vibrational calculation gives the frequencies of
all of the modes, including those w@ich are inactive in
the infrared or Raman spectra, as the A2 modes of t-butyl
bromidé are. When the frequencies of all of the vibra-
tional modes of a molecule are known, its thermodynamic
properties can be calculated (15). This chapter presents
the normal coordinate calculations for t-butyl bromide—h9

and -dg, followed by the calculated thermodynamic proper-

ties of the gaseous molecules.
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5.1 COORDINATES AND COMPUTER PROGRAMS

The problem was set up in internal coordinates
‘using a valence force field. The set of 40 internal co-=
ordinates used is given in Table IX. The various inter-
nal coordinates are described with reference to Figure 20.
The normal coordinate analysis was carried out using
Wilson's gg'matrix method (16). For each molecule the G
matrix was calculated from the data given under Table V,
and the atomic weights (153) using the programs CART and
GMAT (24) . Tfpical elements were checked by hand calcu-
lations using established methods (16). The § matrices
for the two molecules are given in Appendix I.

Since the t-butyl bromide molecule has fourteen
atoms, there are thirty-six normal vibrations and there-
fore thirty-six internal coordinates can completely define
the vibrational problem for one molecule. Because Sym-
metry coordinates were used, it was necessary to include
symmetrically complete sets of coordinates and a total of
forty coordinates resulted. Four of them were redundant
coordinates and yielded zero frequencies when carried
through the calculations. The symmetry coordinates are
given in terms of the internal coordinates in Table X.

A comparison of Table X with the representation formed

by the cartesian displacement coordinates (Table IV) shows

e 3 e AR I A L AR s A



" Table IX

Internal Coordinates for t-butyl bromide.?2

Coordinate . No.. Description
R 1 v(C, ~Br)
s, 2 v(Cy=C,)
S, 3 v(Cl-C3)
S3 4 v(Cl-C4)
r, 5 v(Cy=H,)
x, 6 v(Cy~H,)
rg 7 \)(CZ—H3)
T, 8 v(C3-H4)
rg 9 v(C3-H5)
g 10 v(C3-H6)
z, 11 v(C4-H7)
rg 12 v(C4—H8)
Iq 13 v(C4-H9)
oy 14 §(c,-C, -Br)
oy 15 S (C3-C1-Br)
o3 16 6(04— l—Br)
8 17 G(HZ-C2TH3)
8, 18 § (H,~C,=Hy)
B3 19 s(Hl-Cz-Hz)
By 20 § (Hg=C4-H)
21 §(H4-C3—H6)

135.
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Table IX - cont'd.

. Coordinate No. .. Description
Bg 20 § (Hy=C3=Hy)
B4 23 S(H8 Cy-Hy)
38 24 s (H -C4-H )
Bg 25 6(H7-C4—H8)
Y3 26 G(Hl-cz-cl)
Yy 27 §(H —Cz-Cl)
Y3 : 28 6(H3 C l)
Y4 29 §(H,=C3-Cy)
Ys 30 8 (HS—C3—C1)
Ye 31 § (Hg-C4=C;)
Y7 32 § (H, c4-c1)
Yg 33 G(H =Cy-Cy)
Yo 34 6(H C4 l)
g1 35 6(C3-Cl-C4)
€y 36 G(C -C -C4)
€3 37 G(C2 =C3)
Ty 38 Torsional

motion of
methyl group
at C2

Ty 39 Torsional
motion of
methyl group
at C3

« « o cont'd,
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Table IX - cont'd.

_ Coordinate. No. . Description
T3 ' 40 Torsional

motion of
methyl group
at C4

qphese are described with reference to the
Figure 20.
v repreSents change in bond length

§ represents change in bond angles.
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Figure 20

The atom-numbering system used to des;ribe the internal

coordinate of t-butyl bromide.
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Table X

Symmetry Coordinates for t-butyl bromide.?

139.

Coordinate
No.. Description .. .. Symmetry
Sy ) 7§(r +r4+r7) Ay
S, 7§(r2+r3+r5+r6+r +r9) .Al
S5 “7%(sl+sz+s3)
S4 R Al
Sg '/3(31+34+37) Ay
S6 /6(32+33+35+36+38+39) Ay
Sq /3(Yl+Y4+YG) By
Sg /6(72+Y3+Y5+76+Y8+Y9) A
Sq /3(51+€2+83) By
S10 7§(a +aytos) Ay
Sqy1 '7g(r2 r3+r5 r +r8-r9) A2
512 /6(32 B3+B5~Bg*Bg™By) By
S13 /s(Yz ~Y3+Y5™ Y6 Yg"Yo) )
S14 /3(T1+T2+13) L)
S5 ’ 73(2rl 4~%7) E (a)
Si6 ' /lZ[Z(r +ra) - (r5+r6) (r8+r9)] E (a)
Sy9 ~§(r5- 6T +r9) E (a)

. cont'd.
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Table X - cont'd.
Coordinate
No. Description ... .. Symmetry
S18 76(2818,783) - E (a)
19 7];1{?2'(282’*'283‘85‘66'88‘89) E (a)
S20 5(B5~Bg~Bg*BY) E (a)
S21 76 2y17Y2"13) E ()
S22 731,-‘2-(2Y2+2Y3-Y5-Y6-Y8-Y9) E (a)
$o3 %(Ys‘YG“Yg'*'Yg) E (a)
So4 7—36=(251—52-s3) E (a)
S25 7%-(281‘82"513) E (a)
So6 7%—(2gl—a2~oz3) E (a)
S27 7%(*1“2) E (a)
S8 7:23(::4-:7) E (b)
Sog 7%2-(2r2-2r3-r5+r6—r8+r9) E (b)
S30 3 (zg+rgmrg Tg) E ().
S37 7]21(84"87) . E (b)
S32 7%(252—263-85+66-38+39) E (b)
S33 5(B*BgBgBg) E (b)
S34 7%‘<Y4vv7) E (b)
S35 7—]-‘i—2-(2Y2—273—Y5+y6-y8+y9) E ('b)'
. . . cont'd.
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Table X - cont'd.

Coordinate
.No. ... ... ... . Description . ... ... Symmetry
s (Y=Y e=Ya=Yq) . E (b)
36 257 Yg™Yg Vg

1

S37 73 (S;,-83) E (b)
1
1

S39 72‘(“2-“3) E (b)
1

Sa10 73(211-12—13) E (b)

3phese are described in terms of the internal coordin-

ates given in the Table IX.
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that there are two redundant coordinates of symmetry Al
and two of symmetry E (an E and Ey pair corresponding to
one doubly deggnerate mode) . .

Two programs, VSEC and FPERT, written by Schacht-
schneider (24) and modified for use on the IBM 360/67 com-
puter at the Univers;ty of Alberta, were used to calculate
the normal modes and their frequencieé. Both programs
were checked using the methyl fluoride data of Schacht-
schneidexr, and reproduced Schachtschneidér's solutions
exactly. They-héve also satisfactorily reproduced other
published data, including that of Huttner and Zeil for t-
butyl bromide—hg. VSEC simply calculates the frequencies
and eiéen&ectors (normal coordinates) from a given G
matrix and set of force constants, and was used for pre-
liminary calculations. FPERT calculates the frequencies
fiom the G matrices and force constants supplied, compares
them with the observed frequencies, adjusts the force con-
stants to improve the fit, and continues until a satisfac-
tory solution is reached. If the G matrices and observed
frequencies'of two or more isotopic molecules are sup-
plied, the same force field will be refined to simultane-
ously fit the frequencies of all of the molecules. It is

necessary to carry out tests to check that the final foxce
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field calculated by the program is the optimum force
field. Several criteria are applied. First, the calcu-
lations are repeated starting from a different force field
which must, of course, be reasonable. Secondly, the final
force constants should have reasonable values. Thirdly,
the determinant involved in the calculation of the cor-
rection to the force constants must not be singular or
near singular (170). Fourth, the distribution of the
potential energy of each vibration bétweeh the different
force constants, and the description of the normal co-
ordinates in terms of the internal coordinates, should
be consistent with the experimental assigaments for all
" normal modes.
’ The potential energy distribution was obtained

by calculating the matrix BE which is given by -

B RS -
where 2 is a diagonal matrix, with the m force cbnstants
as its elements. Z is a rectangular matrix of order n x m,
where m is as defined above, and n is the number of ele-
ments in the‘force constant matrix, E. The elements of é

are given by

34
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vy is a rectangular matrix, of order g x n, with the ele-

ments ij = Lij le(l,j, k=l ---qg); g is the number of

~ internal coordinates, 40 in the present case. L and

ij
Lik are elements of the k matrix which relates internal

coordinates to the normal coordinates by the relatlon

(see Section 1l.2.1l).

R=xQ A 35

k-l is the inverse of the diagonal matrix )} defined in
Section 1.2.1. Each row of the Eg'matrix gives the poten-
tial ene:gy'distribution for one normal mode in terms of

the m force constants.

5.2 CALCULATIONS AND RESULTS

Tn order to obtain a starting diagonal force -
fiéld, two ééparate calculations were carried out for the
light coﬁpound. One started with the diagonal force con-
stants of the'force field given by Evans and Lo for t-
butyl chloride (164), and the second started with the diag-
onal elements of the force field.given by Huttner and Zeil
(118). 'The methyl torsional force constant was kept equal
to zero for.these preliminary calculations. Although
these ﬁwo force fields are quite different initially,

they converged to the same set of values on refinement by

e e R A R g bk AR

l’.‘-.u1.-,.¢.\¢-.~,~.ya.,,.,.......;..,..._..‘.,..m“ .AA

Nesavmer Gad QamvEtLd



e v 8 e e e e

145,

FPERT. The frequencies calculated from the refined diag-
onal force field differxed considerably from the observed
ones, but the assignments were correct, except for the Al
skeleton deformation and C-Br stfetchipg modes, which were
interchanged. When the methyl torsional foxce constant
was allowed to vary, neither force field converged. There-
fore, in all subsequent caiculations, the methyl torsional
force constant was constrained to a value which was adjus-
ted from run to run to seek the optiﬁum value.

in order to correct the assignment of the Al’
C-C-Br deformaﬁion and C-Br stretching modes, interaction
conétants be;ween the C-Br stretch and C-C-Br angle defor-
mation, FRa and between the C-Br stretch and the C-C
stietches, Frs' were introduced. In addition to these,
the four other interaction constants shown in Table XI
were necessary in orxder to obtain satisfactory agreement
between the observed and the calculated frequencies. With

these interaction constants included in the force field,

. it was found that the agreement between the calculated

and observed frequencies was better if the C-Br stretching

" force constant was constrained to a suitable value than if

it was allowed to refine during the calculation. The value
to which it was constrgined was selected from the results

of a number of runs. Two such calculations, which resulted
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in two distinct force fields, are described below.

The first force field was obtained by constrain-
ing only the methyl torsion and C-Br stretch force con-
stants to the values shown in Table XI. This force field

-1
~gave an average error of 8 cm

or 1.2% between the obser-
ved and calcu;ated frequencies (Tables XII and XIII) which
is regarded as good, in view of the neglect of anharmonic
effects. But the distribution of the potential energy

of the v, and vy modes included a very large contribution
from the interaction constant between the C-Br stretch

and C-C-Br deformations (Tables XIV and XV). This was
felt to be undesirable and attempts were made to seek.a
force field that gave a satisfactory fit to the observed
frequenciés without this disadvantage. The second force
field was obtained by constraining the C-Br stretch and
the C-C-Br and C-C-C deformation force constants and the
two interaction constants involving these coordinates, Frs
and FRa' to the wvalues showniin Table XI. These values
were selected as the best of many sets of values tried.
The average error between the observed and calculated fre-
quencies obtained after refining this force field was 12.0
em L or 2.0%, Tables XII and XIII. It is not as good as
that obtained with the first force field, particularly for

the Vg mode, but the potential energy distribution (Tables

RPN
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Table XII

Comparison of the calculated and observed frequencies

for the fundamental vibrations of t-butyl bromidef-hg.a

Symmetry Mode Observed - Calculated Frequencies

No. Frequencies Force-Fieldb
I II

Al 1 2977 2981 2984
2 2934 2947 2941

3 1480 ‘1464 1463

4 1397 1394 1392

5 1153 ) 1169 1180 -

6 808 809 805

7 524 527 541

8 304 300 259

A, 9 C 2978 2982
10 : 1456 1457

11 1021 1005

12 267 276

E 13 2992 2982 2985
14 2977 2979 2982

15 2953 2946 2940

16 1457c 1462 1462

17 1449 1457 1458

18 1375 1378 1379

19 1238 1257 1249

20 1033 1031 1015

21 930° 930 920

22 396c 396 396

23 285c 283 290

24 272 1 244 251

1

8a11 frequencies are in the units cm

bThe two force fields used in the calculations are given
in Table XI.

CThese frequencies are from the infrared spectrum of the
liquid. All others are from the infrared spectrum of
the gas.
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Comparison of the calculated and observed frequencies

for the fundamental vibrations of t-butyl bromide-dg.a

Symnetry Mode Observed - Calculated Frequencies
No. - Frequencies Force Fieldb
I 1T
Al 1 2221c 2227 2230
2 2118~ 2125 2120
3 1118 1123 1122
4 1062° 11054 1054
5 1011 1002 1026
6 706 687 677
7 463 467 469
8 274 274 240
Az ) 2221 2223
10 1045 1046
11 772 759
12 189 196
E 13 2246 2230 2232
14 2229 2223 T 2226
15 2124 2122 2118
16 1214 1215 1210
17 1052 1051 | 1052
18 1040 1047 1048
19 1040 1035 1035
20 824 788 776
21 742 736 727
22 335 339 339
23 239 242 247
24 206° 182 188

1

PO @ HRTYIR Py

e ey

- 8a11 frequencies are in the units cm~

bThe two. force fields used in the calculations are given

in Table XI,

CThese frequencies are from the spectra of the

liquid. All others are from the infrared spectrum of
the gas. '
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XVI and XVII) does contain much smaller contributions from

the interaction constants than was found for the first

force field. The eigenvectors (Section 1.2.1) obtained

from the two force fields are very sxmllar and are given

in Appendix II. The F matrices descrlblng the two foxce

fields are given in Appendix III.

The choice between these. two force fields depends

on the acceptability of large contributions to the poten-
tial energy of a mode from an interaction constant. It
was not found possible to fit the low fréquency Allmodes

well without this large contribution resulting, and it is

noteworthy that Huttner and Zeil's force field (118) also

gives such a large contribution. This appears to be a

case where the approximations in the theory lead to results

that seem to be out of keeping with the philosophy of a

valence force field.

The assignment of the v,g mode of C4393r and the

Var Viygr Vig and Vig modes of C4D Br discussed in the last
chapter was less clear than for the other nmodes.

Therefore, the frequencies of these modes were weighted

only half as much as those of the remaining modes in the

calculation (24). The calculated values, which agree

reasonably well with the experimental ones, therefore lend

some support to the assignment suggested for these modes.
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Thus two force fields, each consisting of 14 variables,
are able to satisfy 40 observed frequencies with an aver-
age error of 1.2% and 2% respectively. One can, of course,
improve the agreement between the cobserved and calculated
frequencies by introducing more interaction constants,

but it was considered that the agreement:obtained is as
good as can be expected in view of the approximations in
the theory,and that further work was not justified. The

" frequencies of the A, modes obtained froq the two cal-
culations are sufficiently close that they can be used

to calculate the thermodynamic properties of t-butyl bro-

o

mide, . T -

5.3 THERMODYNAMIC FUNCTIONS

Thermodynamic functions for gaseous ~hg and -4
79

9
were calculated, for the '“Br isotope only, using the cal-
culated moments of inertia given in Table 50, the observed
frequencies for the Al and E modes, and the calculated

frequencies for the A2 modes, Tables XII and XIII. A

Fortran computer program was used to calculate the enthalpy

function (Ho—Eg)/T, the Gibbs free energy function (Go-Eg)/T,

the entropy So and heat capacity cp at different tempera-
tures (171). The values of these functions calculated for
the Az mode frequencies obtained from force field I are

shown in Tables XVIII for the light compound and XIX for
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Table XIX

Thermodynamic functions for t-butyl bromide--d9

at 1 atm pressure and for the ideal gaseous state.?

T (°K) (H -EQ) /T (G O-Eg) /T S o
50 " 8.090 44.330 52.421 8.834
100 9,743 50.359 60.103 14.173
150 12,040 54.742 °  66.782 18.895
200 14.272 58,513 72,786 - 23.019
250 16.438 £1.931 78.370 ~ 27.191
300 18.581 65.118 83.699 31.371
350 20.698 68.141 88.839 35.367
400 22.767 71.040 93,808 39.070
450 24.770 73.838 98.609 42.450
500 26.695 76.548 103.244 45.519
a

Using'the observed fregquencies for the Al and E modes

and the frequencies calculated with force field I for

1 1

the Az mode; units are cal mole™ deg_ .



Table XVIII

l6l.

Thermodynamic functions for t-butyl bromide-h9

at 1 atm pressure and for the ideal gaseous state.?

T (°K) (B _-EQ) /T (Go-Eg)/T S, c,
50 7.976 43.533 51.510 8.199
100 8.899 49.265 58.164 12.000
150 10.707 53.202 63,910 16.485
200 12.614 56.545 69.159 20.065
250 14.430 59,556 73.986 23,297
300 16.176 62.342 78.519 26.517
350 17.885 64.964 82.850 29.746
400 19.567 67.462 87.030 32.901
450 21.218 69.862 91.081 35.904
500 22.829 72.181 95.011 38.714

aUsing the observed frequencies for the

Al and E modes

and the frequencies calculated with force field I for

the A, mode; units are cal mo].e--]‘deg'-l
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6. THE SOLID PHASES OF t-BUTYL BROMIDE

The vibrational speé¢tra of the three solid
phases and the X-ray photographs of phase III of t-butyl

- bromide are presented and discussed in this chapter.

6.1 RESULTS

6.1.1 The Vibrational Spectra of the Plastic Phases

The infrared spectra of the intramolecular modes
of t-butyl bromide-h, in phase I at 245°K and phase II at
223°K are shown in Figures 21 and 22, The épectra were
recorded with resolutions of about 1 cm~L above 650 cm t

1 yelow 650 cm L. The nominal sample thickness

and 2 cm
was about 0.05 mm for the light compound andvo.l mm for
the heavy compound. The observed frequeﬁcies of the light
and heavy compounds, respectively, are presented in Tables
XX and XXI with an accuracy of *1 cm-l; The vibrational
frequencies of t-butyl bromide in the liquid and solid
phases I and II are jdentical within experimental error
(cf, Tables VI, VII, XX, and XXI). A small gradual de-
crease in the widths of the absorption lines in the solid
phases is observed with decreasing temperature, Tables
XXII and XXIII. Figures 23 and 24 show the variation of

halfwidth with temperature for some typical bands in the

liquid and solid phases. No abrupt changes in the

T e AR WAL ZA LR LT AR ota mpaam
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the heavy compound. If the A2 mode frequencies for force
field II are used instead, the calculated thermodynamic

functions are within 0.05% of the values shown.
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Figure 22

Infrared spectra of t-butyl bromide-d9 in the solid

phase I at 245°K (lower box) and II at 223°K (upper
box) .
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Table XX - cont'd.

168.

Phase I 245°K Phase II 228°K Assignment
' ) Pure Solid Diluteb
: Solution
IR IR Raman IR

V., Inten- V_1 Inten—| AV 3 v_y
cm slty cm sity cm cm
1144 vs 1144 vs 1142 1144 Vg
1060 1060 W Vg + Vi2
1031 \ 1031 w Voo

930 930 vw Voy

814 sh 814 sh v7 + v8
-804 m 804 m 804 804 Vs

604 vvw 604 vw 2v8

572 W 574 W 2v23

553 w 554 w v23 + v24
817 'S 517 s 516 v7

396 vw 396 . v22

302 s 302 s 300 v8

286 sh 287 sh v23

272 sh 272 . sh . Vou

214 vw 214 vw v7 - v8

3The symbolé are as given under Table IV.

b

5% of C4H Br in C

9

4

DgBr .



Table XX

167.

Frequencies and assignment of the features observed in

the infrared and Raman spectra of t-butyl bromide—h9

in the solid phases I and II.

a

‘Phase I 245°K Phase II 228°K Assignment
S Pure Solid Dpilute’
' Solution
IR IR Raman IR

S [Tt | o |Tmten) M)

2985 s 2985 s 2986 Vi3 '

2968 ‘s 2968 s 2967 Vir Vig

2945 m 2945 m 2943 Vis

2924 s 2924 s 2922 vy

2903 m 2903 m 2903 2”16

2892 sh 2891 sh 2v17

2866 sh 2866 sh v3 + vy

2826 vw 2827 W Vi + Vg

1474 m 1474 m 1474 v3

1457 1456 1457 Vig

1449 sh 1449 sh 1450 V17

1423 w 1423 w Voo + \ZY

1393 w 1393 w Vg

1369 vs 1369 vs 1370 Vig

1324 | ww 1324 VW vg + Vyq

1258 sh 1260 sh Vi1 + V12

1238 s 1238} s 1239 Vig

1200 W 1201 vw Va3 + vy
. . cont'd.
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Table XXI
Frequencies and assignment of the features observed in
the infrared spectra of t-butyl bromide-—d9 in the solid

phases I and 1I.

Phase I 245°K Phase II 228°K Assignment
Pure Solid Dilute® Pure Solid D_il'utea
Solution ’ Solution:
\Y Inten- v_q v_, | Inten- v_
cm L ‘sity cm 1 cm 1 sity cm,:L
2240 vs 2240 2240 vs 2240 Vl3'
2216 vs 2216 2216 vs 2215 Vi, V14
2150 m 2150 m vy + vl7
2130 \ 2130 w 2v,
2116 m 2116 m Vz, Vls
2084 w 2084 w Vit Vig
2070 m 2070 m 2V18
2051 sh 2051 sh zvlg
2047 m 2047 puil V4 + vS
1303 vw 1303 vw V3 + V24
1285 ' 1284 " vy F Yoz
1215 s 1215 1215 s 1215 v16
1190 w 1190 | w V7 + V31
v
1158 w 1158 w Voo * V22
1114 S 1114 s Vs
1092 w 1092 w Vs + V20
1072 w 1072 w Vop t+ Voo
1063 w 1063 w V4
1049 s 1049 1049 s 1049 V17
1038 sh 1037 sh Vigr vl9
L. . cont'd.
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Table XXI - cont'd.

Phase I 245°K Phase II 228°K Assignment
Pure Solid Dilute? Pure Solid Dilute?
Solution Solution

v Inten- v v Inten- v
cm * | “sity cm™t em ! | sity cm™t
1000 vs 1000 1000 vs 1000 vs

939 vw 940 vw VG + v23
904 w 904 w VG + v24
880 vw 880 vw . v6 + 12
837 | sh, vw 837 {sh, vw 3v8

823 w ) 824 w v20.

759 vw 759 vw v

vll+ v
7 22

738 vw 738 vw Voq

709 sh 709 sh v7 + v8
704 s 704 704 703 Ve

521 w 521 | w 2vg

480 sh 480 sh VS + v24
465 sh 465 sh Vo3 + Vou
454 vs 454 454 s 454 V4

336 vw 336 vw V22

274 s 274 Vg

242 W 242 w v23'

210 W : 210 vw Voa

181 vw 181 vw Vo = Vg

358 of t-butyl bromide-dy in t-butyl bromide-hg.

il 4 bR T
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Table XXIXI
Halfwidths of some of the infrared bands of t-butyl

bromide-hy in the liquid and plastic solids.?

Band Liquid Solid I Solid II

270°K 245°K - 223°K
Frequency Mode . Pure = Pure Pure 5% Solution
302 vg 10.5  10.0 9.5 5.0
517 v, 10.5  10.0 9.5 --¢
1144 Ve 12.5  12.0  11.5 6.5
1238 Vig 7.5 7.0 6.0 5.0
1370 Vig 7.5 7.0 6.0 4.0
b
1457 - vy + V34 15,0 14.5 14.0 12.5
1474 V3 8.0 7.5 7.0 5.0
A The frequencies and halfwidths have the units cm-l.

bThe observed halfwidth in the spectra of the pure phases

1
shows a value of Vv, = Vv 5 F 2—(A16 + Al7), where v, and
Ai represent the frequencies and halfwidths of the two
modes. The decrease in halfwidth in going from the pure

phase to the solution gives the change in %‘-(Al6 + Al7).

1

CNot measured due to interference with the 521 cm — band

of c4D9Br.




_1)
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Figure 23

Graph, Halfwidth vs Temperature for Vig band of C,H_ Br in .

479
the infrared spectrum of pure solid.
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in phase II at 228°K was recorded at 1 cm~

175.

halfwidths occur between the liquid, solid I and solid II
phases, but the halfwidths do decrease significantly at
the II to III transition.

The infrared spectra of phases I and II and the

479
C4DgBr in C,HgBr were recorded. Figures 25-27 show the

liquid made from a 5% solution of C4H93r in C,D,Br and of

comparison of the shapes of certain bands in the spectrum
of the solute isotope in the 5% solutions with the shapes
of the same bands in the spectrum of the pure isotope.

Figure 25 shows the comparison in phase i for three bands
of C,DgBT and one band of C,HgBr. Figures 26 and 27 show

°
the results obtained for phase II. The frequencies of

some of the bands of the solute isotope are given in Tables

XX and XXI beside the frequencies of the corresponding
features in the pure solid.

The partial Raman spectrum of the light compound

x resolution.

Only fouﬁ strong bands, vg to vg, were studied and the

observed freguencies are listed in Table XX with an accur-

acy of #1 cmfl. Two of these bands, due to Vo and Vg, are

shown in Figure 28. The halfwidth of the Vg band is about

9 cm ! and that of the vg band is about 7 cn~ L. The cor-

responding bands in the infrared spectrum, in phase II

have halfwidths of 9.5‘cm—1.

e e ey
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Figgre 25

Infrared absorption by t-butyl bromide—d9 (left box) and
t-butyl bromide—h9 (right box) in phase I at 245°K. The
lower spectra indicate the absorption by the pure solid

while the upper spectra show the absorption by 5% C4D9Br

in C4H9Br (left box) and 5% of C4HgBr in C4DgBr.
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Figure 27

Infrared absorption by t-butyl bromide-dq in phase II at
223°K. The lower spectrum shows the absorption by the
pure solid and the upper spectrum show the absorétion by

5% of C4DgBr in C4H9Br..
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The far—infraredVSPectra of t-butyl bromide--h9
and -d9 are shown in Figure 29, for the liquid and for
solid phases I and II. Each spectrum was obtained by
averaging at least 4 spectra, each obtained from a dif-
ferent samplé, and by smoothing features on the averaged
' spectra.that were clearly due to noise. The noise was

' only really significant in the region below 20 em L.

Therefore the exact shape of the spectra below 20 cm-l is
uncertain, but a clear trend towards lower absorption with
decreasing frequéncy was observed. Noise can appear either
as a épike or, more deceptively, as a sinusoidal variation
on a spectrum obtained from an interferometer. This latter
type of noise makes it very <difficult to prove the exis-
tence of weak features on a broad absorétion. No evidence
was found that the bands shown in Figure 29 show any fea-
tures. Therefore it is concluded that t-butyl bromide shows
smooth broad absorption bands with rather broad maxima in
the liquid and plastic solid phases. The frequencies of
the maxima, with an accuracy of *2 cm-l, are given in

Table XXIV. The frequency of maximum absorption clearly
shifts to high frequency with decreasing temperature. The
samples were maintained at~273°K, 245°K, and 22$°K, all

controlled to +3°K for the spectra of the liguid and solids

I and II respectively. The spectrum of the light compound
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Intensity

] L 1 |
530 500 310 280
Figure 28 .

Raman scattering by the Vo (ieft) and Vg (right) modes of
t-butyl bromide-h9 in phase II (bottom), in the liquid
phase under parallel polarization, (middle) and in the

liguid phase without the analyzer (top).
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Far-infrared spéctra of t-butyl bromide—h9 (left boxes)
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in the liquid phase is qualitatively consistent with that

reported by Leroy and Constant (172).

6.1.2 Spectra of Phase III

The infrared spectra of t~butyl bromide;-h9 and
-d9 in phase III, at 195°K and 90°K, are ;hown in Figures
30 and 31 respectively. Each spectrum shown ﬁas obtained
from the same sample over: the whole frequency range,
except for the spectrum of C,H,Br at 90°K, for which the
3000 cm.—l region has been taken from the spectrum of a
thicker sample than was used for the region below 1550 cm .
The sample thickness was nominally 0.05 mm. However a
large rénge of absorbances was obtained for the same band
from different samples of the same nominal thickﬁess, and
therefore the ekact thickness of each sample is unknown:
Figures 32-50 show the intense bands on an expanded fre-
quency scale. The curves shown in these Figurés were sel-
ected for qlear presentation of the fipe‘structure and
were not all obtginéd from a single sample of each isotope.
The transitioﬁ froﬁ phase II to phase III caused the samples
to become.powdered and the scattering of the infrared beam
by these amorphous samples presented difficulties in spec-

tral studies of phase III. Light scattering by ‘the sample

prevented the use of samples thicker than 0.1l mm. The

o R T T T
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Figure 31

Infrared spectra of t-butyl bromide-d, in the solid

9
phase III at 195°K (bottom box) and at 90°K (upper

Box) .
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* Figure 32

Infrared and Raman spectra of phase III of t~butyl bro-

the symbols '90°K' and '195°K' denote the infrared spec-

tra of the pure sclid at 90°K and 195°K respectively while

the symbol

’ mide-hy for the region 320-260 ™. In figures 32~-49

L}
ggfx indicates the infrared spectrum of 5%

solution of C4H93r in C4D9Br or vice versa; and the sym-

R 1 ]
bol ggex
at 90°XK.

denotes the Raman spectrum of the pure solid
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Figure 33

Infrared and Raman spectra of t-butyl brc:mide«-h9

in phase III for the region 1160 - 1100 cm~ L
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Infrared and Raman spectra of v,q (E) fundamental of

t-butyl bromide—h9 in phase III.
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Infrared and Raman spectra of t-butyl br:omide-h9 in

1l

phase III for the region 1380 - 1350 cm” ..
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Infrared and Raman spectra of t-butyl bromide-h9 in

phase III for the region 1490 - 1400 cm™t
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Infrared and Raman spectra of t-butyl bromide-4

in phase III for the region 480 - 420 cm —.
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in phase III for the region 720 - 680 cm
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Infrared spectra of t-butyl bromide--d9 in phase III
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of the le (E) fundamental of t-
9 in phase III.
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198,

Infrared and Raman spectra of t-butyl brcmide-h9

in phase III for the region 530 - 490 cm™t
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Infrared and Raman spectra of t-butyl bromide—h9

in phase. III for the region 830 - 780 cm .

1

et S o A B (PSR R 25 A = T

JRESTPIERO R

IREPTPU S WP FR IR SV NS



200.

) | |
R
90°K
>.
-
v
Z
)
F—
z
90°K
04t -
<
HO
o
A
O o2t .
1 1] 1 1
1040 1020 1040 1020

1//<:m'1

Figure 45

Infrared and Raman spectra of the V,, (E) funda-

mental of t-butyl bromide-hg in phase III.
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Infrared and Raman spectra of t-butyl bromide--d9

in phase III for the region 290 - 230 cn™ L.
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Infrared spectra of the v,, (E) fundamental of
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203.

o b e e R E M A AR T

Rt oA At T

EERORO PR L ERLIUR S}

asiskved i AR

fiAaal

T



3

2
®

3

2

.

-

e it s

204.

30 - -t
zZ
o
N
n
5% 10 - -
z
<
o2
(-
= 195°K
EE 0 -
(9,
o
ws
oo

10 -

1 1 ] 1
2160 2120 2080 2040
' vlcm)
Eigure 49

Infrared spectra of t-butyl bromide-d, in phase

ITI for the region 2170 - 2030 cm ™t

3



INTENSITY

L] ! ! 1

2940 920 410 390
‘ vicm™)

Figure 50

Raman spectrum of Vaq (E) and Voo (E) fundamen-

tals of t-butyl bromide-h, in phase III at 90°K.
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intensity reduction caused by light scattering is appar-
ent in the spectrum of C,DgBr at 90°K shown in Figure 31.
. The details of the very weak features could not be obtained
reliably. The spectra shown in Figures 32-50 have been
traced, smoothing the noise which was 1% or less. All of
the features shown were obtained reproducibly. Some varia-
tions from sample to sample were observed in the relative
intensities of the components of the band near 1140 cm.-l
in the spectrum of the light compound. This band is the
most intense in the spectrum and the variations were pro-
bably due to reflection effects.

The infrared spectra of phase III were recorded
using a resolution of about 1 cmfl. The frequencies of
the features are tabulated in Tables XXV and XXVI for the
light and heavy isotopes respectively. The frequency

accuracy is better than 1 cm-'l for the sharp features.

The separation of close features could be measured to about

+0.1 cm T,

The spectra of phase III at 906K contains a con-
siderable amount of fine structure. At 195°K some of the
fine structure has been lost, particularly in the bands
dué to the degenerate molecular modes, but the spectra are
still much more detailed than those of solid phases I or

II. The transition from phase II to III is slow, but com-
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The frequencies of the features observed are given in Tables
XXV and XXVI for the light and heavy isotopes respectively.

The far-infrared spectra of C4H9Br and C4D93r at

195°K and 90°X are shown in Figure 51. The nominal sam-

ple thickness was 0.2 mm in all cases. The spectra were

recorded in two halves, between 10 and 50 cm—l

20 and 110 cm—l. Four or more spectra were averaged to

and between

reduce the noise level, and averaged spectra were obtained
for the two halves., The agreement between the two halves
in the overlap region was excellent, and enabled the com-
posite spectra shown in the Figure 51 to be drawn essen-
tially without smoothing. The width of the lines in
Figure 51 exceeds the noise level. The spectra were
recorded at a resolution of 1 cm_l for the spectra at 90°K.
The nominal sample thickness was 0.2 mm for all far-infrared
samples. The frequencies of the features are given in
Table XXIV along with the ratios of the frequencies of
corresponding features in the spectra of the light and
heavy isotopes at 90°K. The far-infrared 5pectrum of the
light compound was recorded at several temperatures be-
‘tween 195°K and 90°K. The changes in the spectrum in go-
ing from 195°K to 90°K were gradual and all of the fea-
tures observed at 90°K could be discerned at 120°K.

The far-infrared spectrum of C,HyBr at 83°K has
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pletes in about 30 minutes if the sample is kept at 195°K,
as indicated by the splitting observed in the Ve and Vg
bands of the light compound, Figs. 43-and 44. On the
other hand, the reverse transition, III to II, is fast and
is complete in less than 5 minutes. The‘samples were al-
ways kept at 195°K for at least half an hour before recoxd-
ing the spectra of phase III. For the light compound,
spectra were also recorded at several temperatures between
195°K and 90°K. It was found that the ;esolution of the
bands into components improved steadily,:with ho abiupt
chanées, as the temperature was lowered.

The infrared specﬁra of phase III formed from a
5% solution of C4H93r in C4DgBr and of C4D9Br in C4H93r
were also recorded. Only the.more intense bands of the
guest isotope which do not overlap with host lattice absorp-
tions could be studied. These are shown in Figures 32-42
along with the corresponding bands in the pure solid. To
study the spectra of these mixed crystals the Samples had
to be thicker than for the study of the pure isotopés. In
spite of this added difficulty, the bands of interest, that
is the strong bands of the solute isotope, were recorded
with spproximately the same noise level and resolution as
for the pure compound, although significant light scatter-

ing was evident from the low background transmission.

T T e L AR B e T T

e

Civbaiierais bl B

PERTIErY:

EEART S P ST



219.

] ) ] 1] 1] ) 1 1 ] 1
26 | -
18 ~
10F -
02F -
.y
2
(V]
(@)
L 24} i
16+ -
08 | —
ot -
1 1 1 1 1 1 1 1 1 1
80 40 0 80 40 0
wknf‘

Figure 51

Far-infrared spectra of t-butyl bromide—h9 (left
boxes) and -—d9 (right boxes) in phase III; at 90°K

(lower boxes) and 195°K (upper boxes) .
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been reported earlier by Durig et al (113). They report
only two features, in contrast to eight features reported
in this present work (see Figure 51, and Table XXIV).

The four low ftequency features occur below 34 cm"l and

were not accessible to Durig et al. The other two fea-
tures not previously reported were clearly visible on all
spectra recorded on'the interferometer and have been con-

firmed by recording the interferogram using different

beam splitters and two kinds of mirror drives (Section

3.2).

The Raman spectra of C,HgBr and C,DyBr at 90°K

are shown on expanded frequency scales in Figures 32--39,
42-47, and 50 along with the corresponding bands in the

the infrared. Since the different Raman bands shown in

the above Figures were obtained under different conditions,

relative band intensities cannot be obtained from the

Figures. Approximate relative intensities of the strong-

est peaks in each band were obtained from separate spectra

in thch several bands were recorded under identical condi-

tions. The relative intensities are given in Tables XXV

and XXVI. The bands of C4H93r due to vy (Figure 36), Vig

(Figure 35), Vig (Figure 34),’\)20 (Figure 45), Viq and Voo

(Figure 50) and v, of C,DyBr (Figure 38) were recorded at

high gain settings and high resolution was not obtained.
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These bands were recorded at 2.cm.—l resolution and have

been smoothed to show only the reproducible features. All
of the other bands, shown in Figures 32 to 50, were

recorded at a resolution of 1 cm_l. The frequencies of

the observed features in the Raman spectra are given in
Tables XXV and XXVI. The relative intensities of the

features in the bands due to the Ver Vs and_v8 modes of

C4HQBr (Figures 44, 43 and 32) and Vg and v, modes of
C4DgBr (Figures 38 and 37) in the Raman spectrg are very
éimilar tq those seen in the infrared spectra. For most
other modes they are quite different.

The Raman spectrum of the light compound below
100 cm_l largely confirms the results of Durig et al (113),

except that a very strong indication of an additional

feature at 34 cm-l was obtained. This region of the spec-

trum is not reproduced in this thesis., Only one feature,

at 50 #2 cm™* could be located in the Raman spectrum of

C4D9Br at 90?K below 100 cm-l. However the fluorescence

problem for C,DgBr was much more severe in this region

than for C4H9Br.

6.1.3 X-Ray Measurements on Phase III

The crystal structures of t-butyl bromide—h9 and
-d9 were studied at 120 *10°K using powder methods. Both

isotopes were maintained at 195°K for at least forty min-
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utes before being cooled to 120°K, to ensure that the II
to ITI transition was complete. No evidence of residual
phase II was ever observed on the photographs.

Table XXVII contains the interplanar spacings
(d-values) calculated from the measurements of the observed
lines in the X-ray powder photographs of t-butyl brom,ide-h9
at 120 *10°K, as well as the approximate relative inten-
sities of these lines. These d-values are designated the
1observed' values in the Table and are the averages of the
values obtained from several photographs taken using cop-
pervana cobalt X-ray lines. The number of measurements
included in the average is shown in the Table for each line,
along with the mean deviation from the average.

One photograph of t-butyl bromide-d9 was also
taken and it was found to be identical with those obtained
for the light compound, which confirms that the two iso-
topes crystallize in the same structure.

The Hesse-Lipson procedure was used to deduce
the unit cell dimensions (173). All>of the lines could
be indexed on an orthorhombic unit cell very similar to
the one specified at the bottom of Table XXVII. The
indices for each line are given in Table XXVII. The unit
cell parameters were réfined by least squares. The compu-

ter program used in the refinement minimized the sum of
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. correct (174).

.given under Table XXVII is 1208.9 53,
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the squares of the deviations of the calculated and -
observed d-spacings, assuminé the indices supplied to be

The problem converged quickly to yield the

unit cell parameters listed at the bottom of the Table

XXVII. The calculated d-values and their differences from

the observed values are shown in Tabie XXVII. The agree-
ment between the calculated and ‘observed d-values is as

good as can be expected from the present data. Thus the

unit cell parameters given in the Table satlsfactorlly

explain the observed diffraction pattern.

Schwartz et al'(128) determined the unit cell
dimensions of t-butyl bromide at 238°K in phase I. Accord-
ing to their data there are four molecules per unit cell

o
with a unit cell volume of 676.8 a3, The unit cell volume

of't-butyl bromide at 120°K obtained from the parameters
This corresponds to
7.2 molecules:per unit cell if'one assumes that there is
no change in the density on cooling from 238°K to 120°K.
Because disorder-to-order transitions are normally accom-
Panied by an increase in density, it seems reasonable to
assume that there are 8 molecules pPer unit cell at 120°K.
The increase in density obtained for t-butyl bromide under
this assumption is 10% and is consistent with values found

for other cases by Rudman and Post (175). an inspection
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The spectra of solid phases I and II (Figures
21 and 22) do not show any fine structure due to intia—
molecular coupling. This cduld resul£ simply from the
lack of translational symmetry in the plastic phases, but
it undoubtedly also results from the rapid molecular
reorientation. The breadth of the bands due to the intra-
molecular modes can be attributed, in general, to a com-
bination of the three factors discussed in Section 1.2.3.
Briefly these are (a) coupling between the vibrations of
neighbouring molecules (intermolecular coupling), (b)
variation in the local fields experienced by the mélecules
(site effects), and (c) the reorientational motions of the
molecules. The spectral results reported in this thesis
do not prdvide a quantitative measure of the broadening
caused by these three factors, but they do permit a qual-
itative discussion to be presented. The following discus-
sion assumes that the infrared halfwidths can be compared
with the Raman halfwidths to obtain meaningful information
about the range of vibrational frequencies which arises
from each intramolecular mode, because of the site and
intermolecular coupling effects, and about the influence of
orientational motion. This assumption implies that, in
the absence of reorientational contributions, the shapes

and widths of the infrared and Raman bands are the same,
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since they are determined only by the number of vibrations
at a particular frequency. It is supported by the fact
- that the magnitude of the splittings observed in the spec-

tra of the ordered phases of t-butyl bromide-h. and -d. is

9 9
the same in the infrared and the Raman spectra. The reor-
ientational contributions to the Raman_bandwidth are dif-
ferent from those to the infrared bandwidth and are there-
fore not compared. | _ .
Figures 23 and 24 show the halfwidths of some of
the strong, well-separated, infrared bands of the liquid
and solid phases, plotted against temperature. In.the
liquid and high temperature solid phases the halfwidths
show a gradual decrease with decreasing temperature, with
no sharp changes at the L to I and I to II transitions,
but they do decrease sharply at the II to III transition.
The gradual decrease must result from smaller contribu-
tions from molecular reorientation, as well as smaller
‘effects due to the decreasing influence of anharmonicity
at lower temperatures. The last effect also occurs in
ordered crystals (176, 177) , but is usually small and
will be neglected. Since the inte:molecular distances in
solids are not strongly temperature—~dependent, the line-

width contributions due to intermolecular coupling and

site effects are not expected to vary significantly over
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of the indices of the observed lines shows that there are
no systematic absences, which indicates that the unit cell
is not centered and the crystal does not contain any glide
planes or screw axes (47). The lattice is orthorhombic
and these data therefore indicate that phase III of t-
butyl bromide cfystallizes in one of the three space

1 1 1
groups P222—D2, Pmm2-C2v, or Pmmm-D,; .

6.2 DISCUSSION OF THE SPECTRA.OF THE PLASTIC PHASES

6.2.1 INTRAMOLECULAR MODES

The existing literature on the solid state of t-
butyl bromide, as summarized in Section 1.3.2, indicates
that the solid phases I and II are orientationally dis-
ordered; and that the molecules reorienﬁ at frequencies
-1

greater than 109 sec in these phases and in the liquid.

The only difference between the two plastic phases and the
liquid is that in the solids the molecules occupy regu=
larly—épaced lattice sites, while in the liquid they are
randomly arranged with no long range order in their posi-
tions. They can presumably undergo translational diffu-
sion in the liquid more readily than in the plastic sol-
ids. The similarity between the mid-infrared spectra of
the liquid and those of the solid phases I and II indicates
that translational diffusion does not have a pronounced

effect on the mid-infrared spectra.
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the temperature‘rapge employed in the experiments reported
here. The temperature dependence of the linewidths is
therefore ascribed to the contribution from molecular
reorientation.

Approxi@ate but independent support for the above
conclusion is obtained from the study of the bandwidths
of two Al modes,-v7 and Vg of C4HgBr, in-the Raman spectra
of the liquid and solid phase II. The halfwidths of these
bands were found to be essentially the same in the Raman
spectra of the liquid recorded without a:polarizer and in
that recorded with a polarizer parallel to the direction
of incident polarization, Figufe 28, This arises because
these two bands are strongly polarized, their depolariza-
tion ratios being 0.1 and 0.15 respectively. These obser-
vations imply thatAthe Vo and Vg bands are determined
mainly by the isotropic Raman scattering (81-82) which is
not affected by molecular reorientation. Therefore the
observed halfwidths of these Raman bahds'arise principally
from intermolecular coupling of the vibrations and site
effects. "It was found that the bandwidths of the v, and

1

Vg Raman bands remain constant, at values of 9.0 cm — and

7.0 em * respectively, in going from the liquid phase, at

25°C, to the solid at -45°C, while the corresponding infra-

1

red bands decrease in halfwidth by 1.0 cm over this tem-
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perature range.

It must be emphasized that the above arguments
based on the Raman spectra are only qualitative. Bartoli
and Litovitz (81) have pointed out that the observed band-

widths should be corrected for the influence of the fin-

ite slit widths before any conclusions are drawn. They

also point out that the anisotropic scattering does con-
tribute to the observed bandwidths, even for polarized

Raman bands. But in the present case the slit width was

1 cm ' compared to band halfwidths of 9 em™} and 7 em™t

for these two strongly polarized bands. Hence it seems
certain that the conclusions drawn would not be signifi-
cantly altered by the above corrections. The halfwidéh
of the infréred bands at 273°K are 10.5 em™t for both v,
and vg, compared to 9 and 7 ecm™t for the Raman bands.
From the arguments presented, the differences, 1.5 and
3.5 cm T for v, and vg respectively, must be the widths
contributed by the molecular reorientation to the ipfra—
red bands.

Comparison of the bandwidths in the spectra of
the 5% soluﬁions of C,H4Br in C,DgBT and of C,DyBr in
C4H9Br with those of the pure isotopes gives an indication

of the importance of the intermolecular coupling contribu-

tions. In the dilute solutions, each solute molecule is

Lo tim o sl LA R A e
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surrounded by solvent molecules; consequently, those vibra-
tions of the solute molecule whose frequencies are well
removed from frequencies of the solvent, do not couple
significantly with vibrations of neighbouring molecules.
Intermolecular coupling will therefore ndt effect the shape
and breadth of the absorption bands due to these modes in
the dilute solution. Figures 25-27 show the bands of the
solute molecules in phases I and II, and their halfwidths
are listed in Tables XXII and XXIII, which contain data
only for the stronger, non-overlapping baﬁds. The band-
widths are smaller in the spectra of the solution than in
those of the pure phase. In general, this proves that
intermolecular coupling does contribute significantly to
the observed band width. The difference between the half-
width of a band in the spectrum of the pure phase and in

5% solution is a measure of the line broadening caused by
intermolecular coupling. It can be seen that this differ-

ence in widths is not constant for all bands, but ranges

1

from about 1 cm © to 4 cm . In most cases the larger

value is associated with bands which occur in regions of
quite extensive absorption by combination and overtone
bands, in addition to the fundamentals.

All three sources of line broadening can contrib-

ute to the observed bandwidth in the infrared spectrum of
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The above discussion shows that intermolecular

coupling, site-effects and molecular reorientations, all

contribute significantly to the observed 1inewidths in the

infrared spectra of the liguid and the plastic crystal
phases of t-butyl bromide. Furthermore, the small_gradual
decreases in the halfwidths, with decreasing temperature,
observed in the liquid and plastic crystal phases are
mainly caused by the decreased contributions of the
reorientational motions.

No differences in the structuxes of phase I énd
11 are apparent from:the spectral studies reported here.
A first order phase transition separates these phases’and
previous studies have given very 1ittle information about
the differences between them. The infrared spectra do
not improve this situation because the spectra of the

phases are essentially ideniical.

6.2.2 FAR-INFRARED.

The similarity.between the far-infrared spectra
of the two plaétic phases and the liquid phase of t-butyl
bromide is consistent with observations on other systems
(94-96) . These similarities indicate that the transla-
tional diffusion of the molecules has jittle influence upon
the spectrum, and that the spectrum arises from the same

or similar processes in both ligquid and plastic phases.
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a pure phase, while only site effects and molecular reori-
entation can contribute to the obsexrved bandwidth in the
infrared spectrum of a dilute solution, and only inter-

molecular coupling and site effects contribute to the width

of the isotropic Raman scattering (81, 82). If one assumes

that the contributions of the three sources to the line-
width are linearly additive, one can estimaﬁe the individ-
ual contributions from the values of the halfwidths in
the infrared spectra of the pure phase and of the dilute
solution, and from the halfwidth of the band due to iso-

tropic Raman scattering by the pure phase. Such complete

data is available for the Vg node of C4H9Br from the re-
sults reported in this thesis. The halfwidths of the vg4
bands are 9.5 cm L 1

and 5.0 cm — in the infrared spectra

of phase II, Table XXII, while the halfwidth of the band

in the Raman spectrum is 7.0 cm-l. Therefore the contri-

bution due to intermolecular coupling is 4.5 cm-l, the
contribution from site effects is 2.5 cm Y, and that due

to molecular reorientation is 2.5 cmfl. These values are

undoubtedly approximate because, as Bartoli and Litovitz
(81) have pointed out, the various contributions to the
width are not strictly additive and the line shapes from

each term should be convoluted to derive the actual spec-—

trum.
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It was shown in Chapters 4 and 5 that intramol-
ecular vibrations occur at frequencies greater than 180
em ! both for t-butyl bromide-h, and -d,. Hence the far-
infrared absorption cannot be attributed to any intramol-
ecular vibration. This absorption canno£ be attributed
to difference bands arising from intramolecular energy
levels because the absorption intensity does not decrease
with decrease in temperature as the intensity of a dif-
ference band would. Furthermore, the frequency of maximum
absorption increases with decreasing teméerature (Figure
29) while the frequency of a difference band would be es—
sentially temperature-independent. Thus it is clear that

the observed far-infrared absorption cannot arise from

‘intramolecular vibrations.

T-butyl bromide and t-butyl chloride are very
similar molecules and show similar far-infrared spectra in
their liquid and plastic solid phases. The reported (106)
far-infrared spectra of solutions of t-butyl chloride in
nonabsorbing solvents are similar to the spectrum of the
pure liquid. One can therefore rule out intermolecular
complex formation as a source of far-infrared absorption.
It seems reasonable to assume that no significant inter-
molecular bonding exists in t-butyl bromide. Consequently

the far-infrared absorption in the plastic solid and
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liquid éhases of t-butyl bromide can only arise from inter-
molecular relaxation processes and intermolecular resonance
processes.

- Specific evidence has been obtained in this work
to indicate that the absorption maximum is determined by
resonance processes for wnich the force field is supplied
by the intermolecular forces. Tn the language of the
quasi—harmonic treatment of lattice vibrations and poten-
tials, the intermolecular forces increase in strength as
the temperature decreases, and therefore the freguencies
of resonance processes, which are controlled by the inter-

molecular forces, increase as the temperature decreases

- (63) . Relaxation processes, and free molecular rotation

cause the frequency of maximum absoiption to decrease as
the temperature decreases (3). The frequency of maxi- .
mum absorption in the ligquid and plastic phases of t-butyl
bromide increases as the temperature decreases (Figure 29)
and therefore the absorption must arise from resonance
processes controlled by the intermolecular forces, that
is, from rotational viﬁrations and translational vibra-
tions. .

Relaxation processes probably also contribute
to the far-infrared absorption, but they cannot control

the frequency of maximum absorption, and therefore the
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is approximately proportional to the square of the molecu-
lar dipole moment, which indicates that the intensity
arises from rotational vibrations. Earlier, Kroon and
Van Der Elsken (182) also attributed the temperature
dependence of the absorption maximum to the absorption by
the translational vibrations. These workers incorrectly
assumed that rotational vibrations do not increase in
frequency as the temperature decreases, whereas it is well
known from studies of ordered solids that both rotational
and translational vibrations increase their frequency as
the temperature is lowered (63-65).

Although the intensity of the absorption orig-
inates predominantly from the rotational vibrations of
the molecules, it does seem certain that the translational
vibrations influence the distribution of the far-infrared
absorption in plastic crystals and liquids. Rptational
and translational vibrations in condensed phases can
couple and borrow intensity from one another if they have
similar frequencies, unless the coupling is forbidden by
symmetry. Symmetry forbids coupling between vibrations
belonging to different irreducible representations of the
féctor_group, as is the case for the rotational and trans-
lational vibrations of benzene (Figure 3). In plastic

crystals and liquids, however, there are no elements of
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absorption by relaxation processes must be weaker, or much
broader, than that by the vibrations. Several workers
have applied the Debye theory for orientatiopal rela#ation,
modified to take accoun£ of inertial effects, to the far-
infrared and microwave absorption in liquids and plastic
crystals (106, 108, 178-18l1) and have shown that the
theory can reproduce the microwave absorption, énd the
far-infrared absorption up to about 10 cm %, rather well.
It seems probable, therefore, that the relaxation pro-
cess determines the shape of the absorption at these low
frequencies. At higher frequencies the calculations based
on this modified Debye model underestimate the intensity
of the absorption band. .

On the basis of these calculations, it seems ap-
parent that the far-infrared absorption invqlves some inter-
molecular vibration_or resonance process (102-105). Some
workers have studied the temperature aependence of thes
frequency of maximum absorption (96, 180, 182-183) and
found that the frequency of the maximum absorption increases
with decreasing temperature,as is observed for t-butyl
bromide (see Table XXIV). Jain and Walker (183) used this

temperature dependence to deduce that translational vibra-

. tions determine the frequency of maximum absorption, even

though they also proved that the intensity of absorption
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symmetry and therefore no symmetry restrictions on.the
coupling. The translational and rotational vibrations
can couple and both are expected to influence the shape
Qf'the far-infrared absorption. Support for this conclu-
sion comes from the spectra of phase III of t-butyl bro-
mide in which both the rotational and the translational
vibrations are found to occﬁr at similar frequenéies and
have comparable intensities (see Section 6.3;3).
One can éonclude from the above discussion that

-both rotational and tramnslational vibrations, as well as

the relaxation processes, contribute to the far-infrared
absorption in plastic crystals and the liquid. The inten-
sity and the frequency_of thé maximum absorption are deter-
‘mined by the intermolecular vibrations, while the relaxa-

tion processes contribute mainly to the absorption at

frequencies below about 10 cm *

6.3 DISCUSSION OF THE SPECTRA AND STRUCTURE OF PHASE III

6.3.1 GENERAL

Dielectric relaxation studies of phase III of t-
butyl bromide clearly show that the molecular dipoles are

fixed in this phase (4, 129-130). Calorimetric (129-130),
dielectric relaxation (4, 129-130), and PMR studies (5)

have shown that no phase transition occurs between 77°K
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and 209°K, but the PMR studies indicate that the degree
of molecular mobility does change in this temperature
range. PMR second moment calculations (5) indicate that
at 77°K the molecules are essentially static but, on ‘
warming, first the methyl groups reorient about the C-C
bonds, and then the whole C-C, unit reorients about the

c-Br bond. The rates of these reorientations are not

known, but far-infrared spectra at 195°K provide some evi-

dénce that the molecular rotation about the C-Br bond is

not very fast. A broad band with four définite features

upon it is seen in the far-infrared spectrum of phase IiI
at 195°K, Figure 51. This is characteristic cf the far-

infrared spectra of orientationally disordered solids in

which molecular reorientation is slow, while a broad

featureless band would be expected for very fast reorien-

tation.

The vibrational spectra and the X-ray studies in

the present work indicate that the molecules in phase III
are ordered at temperatures below about 120°X. Although
many of the features seen in the spectra at 90°K have
nalfwidths of about 3 cm =, it is clear that this half-

width is due to the superposition of unresolved lines of

smaller halfwidth, because, in several instances, features

one to two cm_liapart are clearly resolved. Furthermore,
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some of the bands of the pure t-butyl bromide in phase III
at 90°K differ significantly from the corresponding bands
in the corresponding phase made from an isotopically dilute
solution. Both of these observations are typical of
ordered solids, but not of disordered ones., The far-infra-
red spectra at 90°K consist of basically sharp line absoip—
tions. The absorption near 65 cm"l is not particularly
sharp but the features to low frequency of it have half-
widths typical of those found in ordered solids at 90°K
(63-64, 91). The X-ray powder photographs at 120°K show a
large number of distinct lines. Such behaviour is far
more consistent with an ordered arrangement of the atoms
than with a disordered oné, although disorder in the hy-
drogen atom positions would probably not have influenced
the X-ray pﬁotographs.

The above discussion shows that the C-Br bonds
become fixed and ordered at the transition from phase II
to phase III, because, (a) the C-Br bonas ('molecular
dipoles') are fixed below the II to III transition, (b)
the structure is ordered below 120°K, and (c) "there is
no transition between 209°K and 77°K.

The infrared absorption bands due to the degen-
erate, E, intramolecular modes change more than those due

to the totally symmetric Al modes as the sample tempera-
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ture is raised from 90°K to 195°K. The fine structure
chserved in the spectrum of an ordered solid is expected
to become less distinct as the sample tempefature is
raised from 90°K to 195°K, because anharmonic effects con-
tribute significantly to the lineﬁidths ét higher tempera-
tures (176-177). The small changes observed in the bands
due to the A; modes (Figures 32, 33, 37, 43, 44 and 47)
are consistent with those expected in the spectrum of an
ordered solid for such an increase in temperature. But
the changes in the bands due to the E moées are much
greater than would be expected from the effect of anhar-
monicity alone. This is particularly,mérked in the bands
due to Voo the degenerate methyl rocking modes, of C4H93r
(Figure 45) and C4D93r, (Figure 48), but is also observed
in the bands due to Vi3 (Figure 46), Vig (Figure 35) and

Vig (Figure 34) bands of C,HyBr and the v, (Figure 41)

band of C4DgBr.

The greater loss of fine structure by the bands
due to the degenerate modes, between 90°K and 195°K, is
consistent with the conclusions drawn earlier, that the
C-Br bonds of the molecules are fixed in an ordered
arrangement at all temperatures in phase III but the mole-
cules can reorient around them at the higher temperaturés,

if it is assumed that the reorientation introduces orien-
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tational disorder into the érystal; In an isolated t-
butyl bromide molecule the transition moment for an Al
mode is parallel to the C-Br bond, while that for an E
mode is perpendicular to this bond. The symmetry of the
molecules in‘the solid phase III is certainly less than

" the C3v symmetry of an isolated molecule, as discussed
latei, but to a first approximation, the direction of the
transition moment of an intramolecular mode of a molecule

in phase III should be essentially the same as for a free

molecule (100). This arises because the reduced symmetry

is caused by the intermolecular forces which are much
weaker than the intramolecular forces. Therefore, the
transition mdments on different molecules should trans-
form as one of the irreducible representations of the

space group during a crystal vibration in which each mole-
cule executes the same, Al' intramolecular vibration. This
means that crystal vibrations based on 2, intramolecular
&ibrations should approximatelj obey the factor group
selection rules at the higher temperatures, even though

the crystal is disordered by the rotation about the C-Br:
bond. This result assumes that the Al intramolecular
modes cannot couple with the E intramolecular modes during

a cryétal vibration. The transition moments for the E

modes are perpendicular to the C-Br bonds, and their direc-
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tions in the crystal depend on the orientations of the
molecules about the C-Br bond, and these orientations are

disordered at the higher temperatures. Therefore, the

transition moments on different molecules are disordered

during a crystal vibration based on a degenerate mode of

the free molecule. The factor group selection rules do

not apply in this case, and all such crystal modes should
be infrared active, yielding'broaq absorption. - The abo§e
discussion rationalizes the difference in the behaviour
of the bands due to two types of intramolecular modes on
warming phase.IIi,and provides evidence that the C-Br
bonds are fixed in an ordered manner in phase III, but
the atomic arrangement about the C-Br bond is ordered

only at low temperatures.

6.3.2 X-RAY RESULTS

The X-ray powder pattern of phase III was in-

dexed on an orthorhombic lattice with 8 molecules per

unit cell, The three possible space groups indicated by

the X-ray powder pattern of t-butyl bromide at about 123°K

1 1 1 : .
are P222-D2, PmmZ—CZV, or Pmmm—DZh. In an ordered solid,

the site group of a molecule must be a sub-group of the
molecular point group and of the space group of the solid.

The molecular point group foxr t—bﬁtyl bromide is Csay which
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has C3, Cs, or the trivial Cl’ as its subgroups. None of
the possible space groups contains sites of symmetry C3v
or C3. The spacelgroup D% does not contain sites of sym-
metry Cs, so the molecules must be on general positiops
(sites of syﬁmetry Cl) in this space group. The number

of equivalent general positions in this space group is
four and, since the unit cell contains 8 molecules, two
distinct sets or two orbits (41) gf site symmetry C, must
be occupied. The space groups C%v and D;h contain sites
of symmetry Cl as well as Cs’ There are 8 equivalent
sites of symmetry C; and 4 equivalent sites of symmetry

Cs in space’group Déh' Therefore, molecules can either
occupy one orbit of general sites or two orbits of sites

of symmetry Cs‘ In space group C;V, the number of equiva-
lent sites is four for general positions and two for sites
of symmetry C.. Thus there are three combinations of
occupied sites possible in the space group C%V,as shown

in Table XXVIII, p. 259. The X-ray data alone therefore
yiélds six combinations of site and space groups. The ana-
lysis of the vibrational spectra of phase III at 90°K can
supply evidence which may allow certain of these possible
structures to be ruled out. This'analysis is presented next,
but it should be pointed out that the spectra were recorded

at 90°K while the X-ray data were collected.at 129°K. The
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two sets of data can be considered to relate to the same
structure because all of the spectral features observed

at 90°K were also visible at 120°K.

’

6.3.3‘ VIBRATIONAL SPECTRA AT 90°K

All molecular vibrational modes belonging to the
same symmetry species in the isclated molecule must show
the same pattern of unit cell group splittings and of site
group splittings in an ordered solid. Therefore, the Al
molecular modes of t-~butyl bromide should all show the
same pattern of splittings in the spectra of phase III at
90°K. The magnitude of the splittings may vary from mode
to mode but the pattern should not, if all of the features
are resolved. Similarly, all of the degenerate molecular
modes should show the same pattern of splittings, but these
should differ from those of the A, modes. The first task

1
is to identify these characteristic splittings in the spec-

tra, and to separate them from features which may be due

to combination or overtone transitions. The site group
splittings are considered first, by studying the spectra

of the isotopically dilute samples of phase III (Section
6.1.2).

(A) Infrared Spectra of Isotopically Dilute Solutions

The bands due to the guest molecule are only useful
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for the identification of the site group splitting pattern
if they occur at frequencies which are removed from host
absorption bands. & fur;hér practical limitation was that
| only the intense bands of theléuest could be studied,
because the sample thickness required to study the weaker
bands was sufficient to cause excessive loss of eneng by
scattering from the finely-dividéd samples of phase II1I.
Therefore it was only pbssible to study a few of the bands
of the guest molecules. 1In the analysis below, certain
bands are included, even though they are quite close to
bands of the host molecules, because their shape is simple

and interaction with the host would be expected to compli-~

cate their shape.

The Al modes of C4H9Br in C4D9Br are considered

first. The band due to the Vg mode (Figure 32) .is a single,

asymmetric band with a halfwidth of 4 cm-l Both the half-

.

width and the asymmetry indicate that more than one line

contributes to the band. The band due to Vg (Figure 33),

consists of a peak at 1143 em ! with a shoulder to low

frequency of it as well as a weaker peak at 1145 em~t

The v, mode, (Figure 36) shows a peak with a slight but

definite, indication of asymmetry or a low frequency shoul-
der, as well as a very weak shoulder to high frequency.

The bands due to Al modes of C4DgBr, in its 5% solution in
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C4H9Br, show similar characteristics and variations. The

band due to v, (Figure 37), shows a peak with a halfwidth

1

of about 3.5 cm ~, with a weaker peak about 7 cm — to high

frequency. The band due to V., (Figure 38), appears as a

single, asymmetric peak with a halfwidth of about 3 em L,

1

and a very weak shoulder at about 6 cm to high frequency

of thg peak. The Vg band, Figure 39, shows two peaks 2 cm-'l
apart and a third, weaker peak 3 cm ! away on the high
frequency side, while vy (Figure 42) shows a single asym-
metric peak, with a halfwidth of about 3‘em +, with weak
features about 8 cm © away.

The very weak shoulders seen for some of the
bands are assigned to some phenomenon other than site
group splitting. Site group splitting can be seen for non-
degenerate modes only if the molecules occupy more than

one orbit, and the intensity of each component oOf the site

~group multiplet is, to a first approximation, proportional

to the multiplicity of the site occupied. Thus very weak
features would have to be regarded as due to molecules on
sites with a multiplicity that is about one tenth of that
of the sites causing the main peaks. This is impossible
because there are only 8 molecules per unit cell and the
minimum multiplicity of any site is 2 (Table XXVIII).

Further, the band due to the Vg mode of C4D93r (Figure 39)
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must be treated with caution, because there are many fun-
damentals in this region and they have not been assigned
unambiguously (Section 4.5). The halfwidth of this pand |
is about 8 cm~t while those of most of the other bands
discussed above are between 3 and 4 cmfl, and this suggests
that this band is complicated by factors other than site
group effects. The presence of C4DéHBr impurity in the
C4DQBr could also cauée complications for the bands due
to the Vg and Ve modes of C4D9Br. The frequency of these
modes is shifted by about 10 cm~ ! by the replacement of
one deuterium witﬁ one hydrogen atom, and this perhaps
explains the weak features seen at 6 to 7 em™t above the
main absorption. Therefore the only common factor in the
bands due to the A, modes in the spectra of the isotopi-

cally dilute solutions is that the bands have a halfwidth

of about 3 cm_l, and are asymmetric. This indicates that

. the site group splitting of the A&, modes yields at least

two bands which are not weil resolved.

It is necessary to explain the appearance of two
side peaks of significant intensity. The peak at 1145 om t
in the spectrum of 5% C4HQBr (Figﬁre 33) is extremely close
to a weak feature at 1148 cm~t in the spectrum of C,DgBr

and, because similar features are not reliably seen in the

othexr bands, it is pelieved to arise from interaction with
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this transition of the host lattice. The peak at 454 emt
in the spectrum of 5% C4D9Br (Figure 37) is assigned to
the combination band Vog + Yoy

The degenerate modes show more complex site split-
ting than that found for the Al modes. In the spectrum of
5% C4D9Br in‘C4HQBr there are two definite features due to
thé Vi3 degenerate mode (Figure 42) while there are 4 def-
inite features in the Vig band (Figure 41). In the spec-
trum of 5% C4H9Br in C4DgBr, there are three definite fea-
tures in the band due to Vi9 (Figure 34) while the Vig and
Vy9 bands (Figure 36) and Vig band (Figure 35) show two
features. The weak shoulder at 1439 cm™t is seen in the
liquid and plastic phases and is assigned to the combina-
tion Vg + Vg and is, therefore, not due to vy7e The appear-
ance of the bands duvue to Vigr V177 and Vig suggests that not
all of the components have been resolved. For example, the |
Vv, band has a halfwidth of 6 cm 1 and the resolved fea-
tures are 2 cm"l apart. If the resolved features were
single bands their halfwidths would be 4 cm-l, but then
they would not have been resolved. Therefore it appears
that at least four site group components exist for each

degenerate mode, and. there could eésily be more than four.

(B) - Infrared Spectra of Pure Solid

The analysis of the spectra of the pure solids
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can yield the factor group splitting pattern. Again, the

bands due to Ay modes in the infrared spectrum of C4ﬂgBr

are considered first. The band due to Vg (Figure 32) shows

two, distinct, strong,features; It is believed that each
of them corresponds to more than one line since the overall
halfwidth of the band is about 9 cm-l. The weak shoulder
seen on the low frequency side of the strong peak is as-
signed to Vy3s @S discussed in Section 4.3, Similar be-
haviour is seen in the Vg band (Figure 43) which has two,
strong, distinct features, each with a halfwidth of about

3 cmfl. The extremely weak feature, 7 cm_l lower than

the main peak, may be due to the overtone, 2v12; The band
.due to V3 shows two weak but separate peaks between 1470
and 1480 cm ™ * (Figure 36). The band due to v, (Figure 44)
shows two strong distinct peaks, which are accompanied by
another pair of peaks to high frequency. These latter
peaks can definitely be assigned to the combinatioh transi-
tion §7 + vs,because a shoulder is seen on the high fre-
quency side of the Ve band in the spectra of the liquid and
plastic solids. The intensity of the pair of peaks due to
the combination transition is probably due to interaction
with the fundamental through Fermi resonance (15). Simi-
lar effects due to Fermi resonance are seen in the spectrum

of solid methyl iodide (184). Each of the two peaks as~-
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signed to Vg is quite broad, and the overall halfwidth of

the ban& is about 9 cm-l, so it seems clear that more than

two components contribute to this band. The absorption

by vy is very Weak, but two features were seen (Table XXV).
The intense band due to Vg shows four features (Figure 33)
which can be grouped into two pairs. In addition there are
thrée shoulders on its low frequency side which probably
arise from the combination v, + v,. One expects a similar

6 8

splitting pattern for the A, modes in the infrared spectrum

of pure C4D93r. V3 to Ve have different atomic displace-

- ments in the heavy and light compounds (Appendix II) and

consequently the magnitude of the splittings may be differ-
ent from that seen for the light compound. The band due

to Vg in C4D9Br (Figuie 47) shows the same pattern as seen
for vé in C H Br (Figure 32). The band due to v, is shown
in Figure 37. The two,.weak, high frequency features are
assigned to the combination Yoz + Vouy because a shoulder
is also observed in the spectra of the liguid and plastic
phases., The reméining two peaks are strong and distinct,
very similar to those seen for v, of C,HyBr. The Vs band
at about 1000 cm"l (Figure 39) is similar to that seen for
Vg of the light compound. The bands due to Vs and Ve (Fig-
ures 40, 38) are similar to each other but quite different

from those seen for the corresponding modes of the light
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compound. This is not really understood but could be
related to the different intramolecular displacemenﬁs
which occur in these modes for the two molecules. Thus
the analysis of the bands due to v3, Vyr Ves v6, v7, and
vg of C4H9Br‘and to Vgs Vg, and vg of C4DgBr shows that
factor group splitting yields two bands_for each mode

and each of these bands contains at least two components
Therefore, at least four factor group components are

seen in the infrared spectra for the A ﬁodes. The bands

1
A due to 21 and v, o§'C4ﬂgBr and to Vir Yy and Vg of C4D9Br
have not been discussed because they occur in regions
which contain compiicated absorption due to several fun-
damentals, overtones and combinations. The probable
assignment of the different features in'these modes is
_given in Tables XXV and XXVI, ana they do not add to the
conclusion derived from the A; modes discussed above.

The bands due to the E modes are more complex
than those of the Al modes. Thus in C,H B;, Y50 (Figure

479
45) shows five definite peaks while the band due to v

18
(Figure 35) shows four features. The very weak feature
at 1359 et in Figure 35 is probably due to the combina-
tion vy + v ,. The band due to V;¢ (Figure 36, Table

XXV) also shows four features which are assigned to fac-

tor .group components. But the strongest features in
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the v;¢ and v,, bands have halfwidths of about 3 cm T
ana therefore are probably due to more than one line.
The bands due to Vig (Figure 34) and 524 (Figure 32)
show three features each. But the features are not very
sharp and each :feature can contain more than one line,

In the infrared spectrum of C4DQBr Voo (Figure 48) shows

four distinct peaks. The bands due to Y16 and Vo3 show

three features each and, again, the features are not
sharp and could contain more than one line. The analysis
of the absorption by the remaining E modes is not dis-
cussed here, because they are either very weak in the
infrared spectrum or occur in a region which is compli-
cated by the presence of other'fundamentals_or combina-~-
tion bands. The probable assignment of the features in
these bands is given in Tables XXV and XXVI and. they do
not add to the information obtained from the bands dis-

cussed above. From this data it is concluded that each

degenerate molecular mode causes at least five lines in

the infrared spectra of phase III.

(C) Raman Spectra

The Raman spectra of C4HgBr show all of the fea-

tures seen in the infrared spectra (Tables XXV and XXVI
Figures 32-39 and 42-47). The apparent exceptions arise

because the Raman spectra were recorded at lower resolu-

tion due to experimental difficulties. On the other hang,
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4
and to Voor Table XXVI, of C4D9Br each showed three defin-

" the Raman bands due to Voy and Yoy of C HgBr, Figure 50,

ite features which could not be resolved in the infrared

spectrum. The band due to v8.of C4DgBr éhows three feat-

ures in the Raman while only two were seen in the infra-
red (Figure:47). The Raman spectrum of this:band ﬁas
recorded at a resolution of less than 1 cm-l, while for

the infrared spectrum the resolution was slightly greater

than 1 cm-l. At lower resolution, the Raman spectrum

also shows only the two features seen in the infrared.

The two strong peaks at 272 cm T 1

and 270 cm — in the Raman

correspond to the strong band at 271 cm-l in the infrared.
This supports the earlier conclusion that each of the two
features seen in the bands due to the A, modes arises from

1
two or more unresolved lines.

(D) Far-Infrared Spectra

The far—infrared spectra of an ordered solid show
absoiption due to the intermolecular vibrations or lattice
modes. The ratio of the frequencies of a lattice mode in
the spectra of two isotopic molecules can be used to assign
it as a rotational or a translational vibration, or some

mixture of ‘the two. Theoretically, the isotopic frequency
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ratio for a pure translational vibration is given by the

square root of the reciprocal of the ratio of the molecu-

lar weights, that is
, = 1/2
v /vy = (4y/M)) | 36

where V; and M, are the frequency and molecular weight of

the ith isotope. The isotopic frequency ratio for a pure

" rotational vibration is given by the square root of the

inverse ratio of the appropriate moments of inertia. Us-
ing the moments of inertia of t-butyl bromide-h9 and —d9

given in Table V, and their masses, one obtains

(vH/vb)Ri = 1.081

and (\)H/\)D)R” = l.146

where vy and Vp refer to the vibrational frequencies in
C4H9Br and C4D93r respectively, the symbol T stands for
the translational vibrations, and R} and R || stand for

the rotatibnal.vibrations with the axis of rotation per-

pendicular and parallel to the three-fold axis of the

molecule, respectively. Comparing these calculated values

with the experimental values one is led to the assignment

~given in Table XXIV. Thus the features at 16.8, 24.1,
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1l

31.3, and 52.2 cm — in C,HyBr and at 16.3, 23.5, 30.3, and

50.7 cm.-l in C4DgBr can be assigned to translational vibra-
tions. The features at 58.5 and 73.5 cm * in C,HBr and
at 55.0 and 69.6 em ! in C4DgBr can be a;signed to rota-
tional vibrations about the axes perpendicular to the
threefold axis of the molecule, and the features at 68.5

cm t in C,HgBr and at 62.1 cm ™t

in CyDgBr are assigned to
rotational vibrations about the symmetry axis. The fea-
ture at 34.0 cm * in the light and 32.6 cm © in the heavy
compound has a frequency ratio of about £.04, slightly

higher than is expected for a pure translational vibration.

It can be assigned to a mixed rotational and translational

vibration,

6.3.4 STRUCTURE OF PHASE III AT 90°K

The information obtained from the spectfa can
now be used,along with packing considerations and the X-
ray resuLtSfto attempt to determine the most probable
structure for phase III. The X-ray powder data shows very
definitely that the symmetry of the lattice is not higher
than orthorhombic, but one cannot be completely certain
that the symmetry is not lower than orthorhombic with a
smaller unit cell. One can, however, put a limit on this
uncertainty from the information obtained from the vibra-

tional spectra., The bands due to the Al molecular modes
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can only be explained by postulating that at least four

factor group components occur. This indicates that at

least four molecules occur in the unit cell. The degen-
erate molecular modes yield at least five factor group
components, so that at least three, or more probably four,
molecules are in each unit cell. The cell deduced from
the X-ray data contains eight molecules. The observed
Spectra can be consistent with this unit cell and the
following discussion is based on the'assumption that the
Space groups and the number of molecules per unit cell
indiéated by the X-ray data are correct, The conclusions
reached in this section must be treated with caution until
a complete structure-analysis is carried out.

Figure 52 shows the correlation diagrams for a
molecule with c3v symmetry on sites of symmetry Cl and Cq
for the three space groups deduced from the X-ray data.
The number of infrared and Raman active factor group com-
ponents, and the infrared active site group components
‘and lattice modes are given in Table XXVIII for the six
possible combinations of site groups and space groups.

One cannot eliminate any of the six possible structures on

the basis of the far-infrared evidence, because the number-

of bands predicted by theory is greater than the number of

observed features (Tables XXIV and XXVIII). The structure
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Figure 52

The correlation diagrams for the six possible combinations

of the space' groups and site groups indicated by X-ray data.

s el s e, gt U
i A A AR S AN,

it st iba g ecemied

gt iks S 3 2 3. b SN R R L




e e U] ORI PR FIRGE R GRS

262,

with eight molecules on Cl sites in the space group D%h
can definitely be ruled out on the basis of the spectra
of the intramolecular modes. If this structure were cor-
rect, the spectra of the dilute isotopic solutions should
show one line for the A, modes and two lines for the E
modes, while at least two components are observed for the
Al modes and at least four fof the E modes. Further, this
structure predicts that three factor group components
should be seen for each A, mode in the infrared spectrum
of the pure solid,while at least four are seen. The coin-
cidence of the f?equencies of the bands in the Raman and
infrared spectra argues against both of the structures in
the centro-symmetric space group D;h‘ A further argument
against these two structures, and against the structure
with all the molecules on Cl sites in the space group Cév,
is that in these structures the bromine atoms would be
next to other brpﬁine atoms, which is unlikely due to the
electric dipolar repulsion forces. The proximity of the
bromine atoms in the above three structures is required
by the orthogonal mirror planes.

There remain three possible structures: space
groué C%v with four orbits of Cg sites occupied; space
group C%v with two orbits of Cg sites and on& orbit of Cy

sites occupied; and space group D% with two orbits of C,y
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sites occupied. The number of factor group components
predicted for each of these three structures is greater
than the minimum number indicated by the spectra. There-
fore the observed factor group components sheds no new
light on the structural possibilities. The site group
splitting does lead to a unique choice of structure if
the assumption is made that all of the site group compon-
ents. were seen in the spéctra of the isotopic solutions.
Two components from the Al modes and four components from
the E modes are needed to explain the observed bands.
These are exactly the numbers Predicted for the structure

% with two orbits of cl sites occupied

in space group D
(Table XXVIII),
The reliability of this structure must now be
briefly discussed. Of the three possible structures pos-
tulated above, this one involves the smallest number of
occupied orbits. This is sometimes considered to be a
favourable criterion for structures of molecular crystals,
but this need not élways be true, because the low tempera-
ture phases of carbon tetrabromide (185) and carbon tetra-
chloride (175) are known to crystallize with 32 molecules
in a mohoclinic unit cell, and at least 8 orbits must be
occupied. The factor group spliﬁtipg observed in the

infrared spectra of the pure solids is consistent with
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this structure but does not positively argue in favour of

it. Similar comments apply to the comparison of the infra-

red and Raman spectra. The totally symmetric modes under
D, are inactive in the infrared and active in the Raman
spectra. Thé bands due to the Al molecular modes show
essentially identical relative intensities and frequencies
in the two types of spectra while those due to the E mol-
ecular modes show the same frequencies, but do show dif-
ferences in the relative intensities, in the two types of
spectra. The bands observed are, in general, rather broad
for factor group components in a solid at 90°K, (53, 176);
so these results are consistent with the proposed struc-
ture if one assumes that the frequencies of the totally
symmetric crystal modes lie very close to those of the
unresolved infrared active modes.

In summary, the X-ray studies and the site group
splitting observed in the infrared spectra indicate that
phase III of t-butyl bromide crystallizes in space group

1

Dy with eight molecules on two orbits of general positions.
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APPENDIX IX

A. Eigenvectors for t-butyl bromide-hg'using force

S v A A AT d e reraaireiled fh s o g LS b i e e hs S

field 1.2
:
Sym- -Frequency 3
metry ~ Eigenvector 3
FREQUENCY =2680.6 CM=-1 °
1&1 0.0032 ~0.0012 =0.,0012 =0.0012 0e39S6 —0e2467 —~0,23867 004956 ~0.2867 ~0e2467

. 04956 -0e2867 =002367 —0.,0381 =~0.0331 —-0.0381 0.0817 ~0.0409 «0.0409 0.0817
~0+0609 =0.0309 0.0817 —0.0409 —C.0409 —0.0581 0.0292 0.0292 —-0.0581 0.0292
040292 =040581 0,0292 0.0252 0.0331 0.0381 0.0381 0.0 ‘0.0 Ce0
FREOQUENCY =2647.5 CM-1 . ’

040010 =0.C€313 ~0.0313 —0.0313 003354 03371 Ce3371 003254 03371 03371
043354 043371 063371 =0.0007 ~=0.0007 —0.0007 —0.0316 -0.0312 —=0.0312 —0.0316
-0.0312 =0.0312 ~0.0316 —0.0312 ~0.0312 0.0306 060317 040317 0.0306 0.0317 *

0.0217 0.0306 000317 0.0317 000007 00007 040007 0.0 0.0 Q.0
FREQUENCY =1463+7 CN—-1

et s

B3

10.0365 ~0.0137 —0.0137 =0.0137 000085 —0,0047 —0.6047 0.0085 =0.0037 —~0+0047 4
00085 —0.0047 —0.0047 =C.0084 =0.0044 —0.0044 =0.6776 0.3383 0.3383 ~0.6776 3

O 3383 0.3383 ~0.6776 0.32383 0.3383 —0.2187 0.1099 0.1C99 =0.2187 0.1099 - 3

0.1069 —0.2167 01099 0,1099 0.0044 000044 0,003 0.0 0.0 0.0 i

FREQUENCY =1393.9 CM-1 3

ak

-0.00C8 —0.0801 ~0.0801 —0.0801 -0.0081 ~0+0079 —0.0079 =0.0081 =0.0079 —0.0C79
~0.0081 =0.,0079 =0.C079 ~0.0009 —0.6009 —0.0009 —0.3314 =0e3347 —043347 ~0.331%
=0.3347 =Ce3347 =0.3314 =0.3347 ~043347 Ce3325 0.33%1 0.3341 043325 Ge3341
0.3341 043325 0.3331 0.33%1 0.0009 0.00C9 0.0009 0.0 0.0 0.0
FREQUENCY =1168¢6 CM—1 .
001556 —0.€720 =0.0720 =0.0720 -0.0147 0.00S4 Ce005¢ ~0.0147 0+0054 0.005%
«0.0157 046054 0.0084 —0.1399 -0.1399 =0.1359 0.1543 ~0.0896 =0.,0896 041943
«0.0896 —0.0896 0.1943 =0.0896 ~0.0856 —04233 0.2GCa1 02081 —044233 Ce2041
0.2041 =044233 0.2081 0.2041 041396 061399 001359 0.0 0.0 0.0
FREQUENCY = 809.2 CM-1
0.0909 =0.1551 =0+1551 =0.15S1 ~0.0017 =0.0043 '=0.0043 -0.0017 ~0.0043 ~0+0043
~00017 =0.0043 =0.0043 =0.0460 ~0+0360 =0+0460 =0.0079 0.0373 0.0373 —=0.0079
0.0373 0.0373 -0.,0879 040373 0.0373 0.0828 =0.0747 ~0.0737 0.0828 =0.0747
=0.0787 0.0828 =0.0747 =0.0747 0.0460 0.C450 0.0460 0.0 00 0+0
FREQUENCY = S26.8 CM-1 .
0.2326 =040032 —0.0032 —0.0032 0.0005 0.00€8 C.0003 0.000S 0.0008 0.0008
0.0005 0.00C3 0.00C8 =0.1280 ~0.1280 =041280 —0.032% ~0+0021 ~0.0021 =0.0323,
~0.0021 =0.0021 —0.0324 —0.0021 —0.0C21 046718 —0.0176 —0.0176 0.0718 ~0.C176
~0e0175 0.0718 =0.0176 ~0.0176 ©.1280 001280 0.1280 0«0 0.0 Q.0
FREQUENCY = 300.4 CM=-1 .
~0.0875 0.0139 0.0139 0.0139 -0.0012 0.0006 0.0006 -0.0012 0.0006 Q.0006
—0.0012 0.0006 ©0,C006 —~0.0583 -0.0583 ~0.C583 ~0.0081 0.0078 0.0078 —0,0081
000078 . 0.0078 =0.0081 0.0078 040078 C.01C9 —0.0092 —=0.0092 000109 =0.0092
«0.0092 040109 =0,0092 =0.0092 0.0583 0.0583 0.0583 0.0 0.0 Q0.0

FREQUENCY =2978.2 CM—-1
A,y

0.0 0.0 0.0 0.0 0.0 0.4286 —0.4286 0.0 0.4286 —0.,4286
0.0  0.4286 =0.3286 0+0. 0.0 0.0 0.0 0.0700 —0.0700 0.0 5
0.0700 =0.0700 0.0 0.0700 —0.0700 0.0  =0.0a78 020876 0.0 -0.0478 2
0.0473 0.0  =0.0478 0.0478 0.0 c.0 0.0 0.0381 0.0381 0.0381
FREQUENCY =1456¢3 CM-1 -
0.Q 0.0 0.0 0.0 0.0 000084 =0+0084 0.0 0.0084 ~0.0084 .
.0 0.008s —0.0083 040 0.0 0.0 0.0  =0e5566 0.5966 0.0
—0.5566 - 0.5966 0.0  =0.5566 0.5666 0.0  —0.1579 0.1579 0.0  —0.1579
0.1579 - 0.0  =0.1579 041579 0.0 0.0 0.0  —000200 —0,0200 —=0.0200
FREQUENCY =1021.0 CM-1
0.0 0.0 6.0 0.0 0.0 0.0085 —0.0085 0.0 0.0085 —0.0085
e.0 0.0085 ~0.0085 0.0 0.0 0.0 0.0  —0.1272 0.1272 0.0
~0.1272 - 0.1272 0.0  =0.1272 0.1272 0.0 0.3608 —0.3508 0.0 043608
~0.3608 040 0.3608 —0.3608 0.0 0.0 0.0  =0.0507 ~0.0507 =0.0507
FREQUENCY = 2667 CH-1 .
0.0 0.0 0.0 0.0 0.0 0.0001 —0,0003 00 0.0001 —0.0001
0.0 0.0001 —0.0001 0.0 0.0 0.0 0.0 0.0009 —0.0009 0G40
0.0009 =0.0009 0.0 0 0009 —0.0009 0.0  —0.0012 0.0012 0.0  —0.0012
0.0012 0.0  —0.0012 000012 0.0 0.0 0.0  —0.9711 =0.9711 =0.9711

. » «» cont'd.




290.
A. Eigenvectors for t~butyl bromlde-h9 using
force field I -~ cont'd,
Sym- Frequency
metry Elgenvector
FREQUENCY £2981.7 CM~1 R
}3 (Ei) 0.0 =040032 C.0016 0.0016 0.2750 =01344 <0.1348 =0,1375 (0.55CS =J.4161
N =0e1375 =0.616! 0.5595 =0.0178 0.0C89 0,0089 0.,0453 =0,0230 ~=0.0230 ~0.0226

00918 ~0.0689 ~0.022€ ~0.06E89 0.0518 —0es0301 ©0.0153 0.01S3 0.01S0 —=0.0643

040450 040150 0.03G0 =0.0643 =0.083€ 040418 0.0418 0.0 0e0499 =0.0459
FREQUENCY =2979.1 CM-1 . o

Oe0 0.0022 ~0.0011 =0.0011 06431 —043237 =0.3237 ~0.3215 ~0.0426 03668
~00321S 003665 =0.04829 —0.0481 040231 00241 0.1059 =0.0528 =0.,0528 ~0.,0530
«0e0072 040599 =0.0530 0.0559 =0.0072 =0.0728 0.0362 "0e0362 0+.0364 0.0060
=0.0422 00364 ~0.0422 000060 040081 =0.0040 —0,0040C 0.0 -0.022S 0.022S5
FREQUENCY =2946.3 Cu=1 -

0.0 =0+04S6 0e0228 040228 0e47€7 0.47S5 Ced755 =0.2383 =0.2405 =0.2350
=042283 =042350 —0.2405 000023 ~040011 =0.0011 —0.0430 =0e03432 =0.0432 0.021S

040211 000221 040215 060221 04021 040439 0.0628 0.0428 ~0.,0219 =0.0229
=0eC199 =00219 =040199 -0.0229 ~0.0025 0.0012 0.0012 0.0 0.0062 =0.0C62
FREQUENCY =1862.6 CM-1

Oe0 =04047S 040237 0.0237 =0.0041 (0.0003 0.0003 0.0020 00087 ~=0.0050

CsC020 =040060 0G.GO087 0e6235 «~0.0117 =0.0117 042452 ~0.1335 =0.1335 =0.,1226
=0e6237 0e7572 ~0e1226 047572 =0.6237 0.0$2S5 —-0.0354 «0.0354 =0.0862 ~0.2033

02387 =0+0462 0.2387 ~042033 ~0.0041 00,0021 0.002% 0.0 0.0616 —-0.0616

. FREQUENCY =1457.,4 CM-—-}

0.0 000067 ~0.0034 ~0,0034 ©0+0128 ~0.0067 —0.0067 —0.0069 QsCC68 —0.C0012
=0.C069 =0.0001 0.0068 0.0217 ~0+0209 ~0.01C5% —0.9376 0.470S QCe&7CE  0.4688
~0e4335 =040370 0.4588 =040370 =0.4335 =0.24E6 0.1226 0.1226 041243 —0.1C47
=0e0179 001243 =0e0179 ~0s1047 0.0309 =0.01S4 =0.0154 0.0 =0.0197 0.0197
FREQUENCY =1377.8 C¥=1

0.0 =0+1185 0.0592 0.0S92 =0.0097 =0.01C2 ~0.0182 0.0049 0.0041 0.0061

040049 0.0061 0.0541 040123 ~0.0061 —=0.0061 —0.4837 ~0.4651 =0.4661 C.2319

002542 042120 042419 0602120 0025482 0e&7C6 044097 0o46S7 =0.2383 ~=C.Z2492
~0e2207 =0e23S3 =0.2207 =0.2491 ~0+0176 0.0088° 0.0088 0.0 00358 =0.0358
FREGUENCY =1257.2 CM=-1

. 0.0 =0.2613 0.1306 0e1306 —=Ce0C09 —0.0065 ~0.0065 00,0005 =0.0059 0.0164

040005 0.0163 ~0.0099 0e1651 =040831 =0.0&31 =0.0541 G.0769 0.0769 0.0270

041390 ~0e2158 Ce0270 —0+215S8 01350 040793 —0.0895 ~0.089S ~0.0396 '=0.2752

0e3647 «0.0356 0.3687 =0.27S2 =0e2525 0412582 061262 0.0 04953 ~0.4963

FREQUENCY =1030.S5 CM=1

0.0 040140 ~0.0070 —0.0070 ~0.0140 00074 0.C074 0.0070 =0.0074 C.0001

0+0070 0.0001 ~0.0078 =0.,0709 040354 040354 001927 =0.0974 =0.0978 =G.0S64

040877 0Qe00S7 «~0.CGES 0.0097 Co0E77 ~0.5€35 042828 0.2628 02818 ~C.27C6
=0e0122 062818 =040122 =0e27C5 =060571 0eCZE5 0.0285 0.0 0.0003 —=0.,0003
FREQUENCY = 9293 CHM=1

00 =0e2009 041005 0a1005.—-0.00€1 =0.0022 =0.0022 00,0030 C.0068 -0.0046

06,0030 ~040046 040068 0.07056 ~040353 —040353 0.0507 =0.0135 =0.90135 ~0.,0253
~0e0832 0e0967 ~0.0253 0.0967 =0.0832 =0+1404 O0.CS884 0.0584 0,072 0.2554
“0e3138 0.0702 ~0.3138 02554 040332 0.0216 0.0216 0.0 02123 =0.2123

* FREQUENCY = 3595.8 CM~1

0.0 =0e046C 040230 000230 ~0.0001 =0+0011 =0.0011 0.0000 0.0024 -G.0013

040000 ~040013 0.0028 =0.0348 0.0174 040174 0.,0067 =0.0017 =0.0017 -0.0033

0.0210 -0,0194 ~0.0033 ~0.C194 0.0210 —0.0067 0.0017 0.0017 0.0034 —-0.033
_9-0316. 040024 0.0316 ~0.0334 Qe - =0e - : .

* FREQUENCY = 282.6 cH-y 2021 ~0.1011 —o.1011 0.0 0+4287  0.4287

0.0 Ce0115 =0,0058 -0.0053 040012 ~0.0003 =0.00 ~0. -
«000006 =0.0003 0.0006 041183 =0.,0562 =0.0592 o.oogi —g-gggg -g:gggg —:.gggg

g.ggzg —g.ggé: =0.0045 ~0.003° 00,0060 =04012S 0.0068 040068 0.0064 -O:OCGG

-0e . ~0+0001 =0.,006 - - -

FREQUENCY = aonsaleol 0068 0.0540 =0.0270 ~0.0270 0.0 0.8698 —0.8658

0.0 0.0095 =0.0C47 =0.0047 0.00C9 ~0e00C2 ~0.,0002 ~ -
=0.0004 0.000f 0.0002 0.1183 ~0.05%1 =0.0591 0.0067 -:.g:g; -3.2335 _g'ggg:

0.0018 0.0018 —0.0033 0.0018 0.9018 =C.0056 0.0051 0.0051 010008 —C.0013
=0.0038 0.0048 ~0.0038 =0+0013 ~0.0046, 0.0023 00023 0.0 ~0.734S 0.734S

. . cont'd.
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291.
A. Eigenvectors for t-butyl bro:m:.de-h9 using
force field I -~ cont'd.
Sym- Fregquency
metry Eigenvector
E (b) FREQUENCY =2981.7 CM-1 -
0.0 0.0 -0.0028 0.0028 0.0 «0.5580 005580 02333 0.1825 «=C3555
=0e2283 0¢39S5 —0.1625 0.0 =0.0154 0.0154 C.0 —0.0528 0.0926 0.0363
00265 =0.0663 =0.0393 040663 =0.0265 0.0 Ce 0656 =0.0658 =0.0260 =-0.0194
0e 0860 00260 ~0.04860 040154 0.0 =0.0724 040724 —-0.0577 0.0288 0.0288
FREQUENCY =2979.1 CM-1
0.0 0.0 =0.0019 00,0019 0.0 =0e23ES 02365 —0.5569 0.3985 01620
005569 —041620 =0.398S 0.0 0.0417 =0.0417 0.0 ~0,0387 0.0387 ~0.0917
040651 ©0e0263 000917 ~0.0263 =0.0651 0.0 040278 ~3.0278 C.0631 =040453
"=0e0175 —0.0631 0.0175 0.0453 0.0 =0e0070 000070 —0+.0260 040130 0.0130
FREQUENCY =2546.4 CM=1 .
0.0 0.0 0.0365 -0.036S 0.0 =040032 0.0032 —-0.4128 -0.,4102 =0.813%
004128 0441364 04102 0.0 ~0.0020 0.0020 0.0 =0s0006 0.0006 040372
060377 040371 =0.0372 ~0.0371 ~0.0377 00 —0+0017 0.0017 —0.0380 —-0.0362
~0.0379 0.0380 0.0379 0.0362 0.0 040021 =0.0021 0.0072 =0.0026 ~0.0035
FREQUENCY =1462.6 CM-1 .
0.0 0.0 -C.0411 0.0411 0.0 =00102 040102 ~0.0035 0.0054 —-0.0048
00035 0.0048 —0.00S8 0.0 00203 ~0.0203 0.0 07572 —0.7972 0.2126
~0e5142 0.2830 =-0.2124 —0.2830 0.5142 0.0 0.2551 -0.25S51 0.0801 ~C.1582

000969 =0.0801 —=0.0969 0.1582 0.0 «~040036 040036 =0.0711 0.,0356 0.0356
FREQUENCY =1457.4 CM-1

0.0 0.0 «=0sC0S8 0.00S8 0.0 0.0040 ~0+0040 =0.0120 0.0038 0.£078
00120 =0,0078 —0.0038 0.0 =0.0188 0.0188 0.0 —0.2289 0.2289 0.8120
-002929 =0.5219 =0.8120 0.5219 02929 0.0 ~0.0501 0.0501 0.21S2 =C.0£12
=0e1313 =002152 041313 0.0812 0.0 —00267 040267 ~0.0228 0.0114 0.0114
FREQUENCY =1377.8 CM-1 .
0.0 0.0 041026 =0.1026 0.0 ~040011 00011 0.0084 0.0094 0.0083
=0.0084 =0.00863 —0.0094 0.0 =-0.0106 0.0106 0.0 0.0284 =0.0244 Q0.4189
0e3915 064159 —044189 =0e4159 =Ce3915 0.0 ~0.0164 Ce0164 —0.4127 =0.3686
-044150 Ce4127 0.4150 0.3$86 0.0 040152 ~0+01S2 0.0413 ~0.0206 =0.0206
FRECUENCY =1257.2 CM~1
0.0 0e0 =0.2263 02263 0.0 040162 ~0.0152 =Cu G008 ~0.0132 0.0020
0.0008 =0.0020° 0.0132 0.0 01439 =041439. 0.0 ~0.2049 0.2049 =0.0463
041690 ~0.0358 0404568 060358 ~0.1690 0.0 063695 =0.3655 0.0687 —Ce.2622
041072 —0.0687 —0.1072 042622 0.0 =0e2187 042187 —=0.5730 042865 0.286S
FREQUENCY =1030.5 CM=1
0.0 0e0 0.0121 =0.2121 0.0 0.0043 ~C.0043 =0.0121 0.0042 0.00€S
00121 =0.0085 =0.0042 0.0 =0.0614 0.0614 0.0 ~0+0551 0.0451 041669
=0.0618 ~0e1069 -0o1669 041669 0.C518 0.0 001492 +0.1452 —0,4880 C.1703

0.3195 044880 =0.3165 ~0.17C3 0.0 ~040458 0.0493 —=0.0008 0.2002 Q.0002
FREQUENCY = 929.8 CM-1

0.0 0e0 -0+1740 0.1740 0.0 ~0s0066 0+.0066 ~0.0052 0.0014 ~C.0052
000052 040052 ~0.0014 0.0 0«0612 =0.0612 0.0 01038 ~0.1038 00439
=0.0636 0.0602 =0.0439 ~0.0402 0.0636 0.0 =0.3286 0.3286 ~0.1216 C.2148

~0¢1138 0.1216 061138 =0.2138 0.0 =0.0374 0.0374 —0.2451 0.1225 0.1225
FREOQUENCY = 395.8 CM~1 . :

0.0 0.0 ~0.0399 0.0399 0.0 ~0.0021 0.0021 =0.0001 0.9001 ~0.0020

0.0001 0JUD20 0.0001 0.0 ~0+0302 0.0302 0.0 =040233 0.0233 0.00S8

040102 ~0.0131 ~0.0058 0.0131 =0.0102 0.0 0.0375 =0.0375 —0.0058 ~C.0173

0.0203 0.0058 ~Ce0203 0.0173 0.0 041751 =0e2751 044951 —0.2475 —0.2475
FRECUENCY = 282.6 CM-1 )

0.0 0.0 000100 =0.0100 0.0 ~0e00(5 040005 0.0010 =0.0000 =0.000S
=0.0010 0.0005 0.0000 0.0 0.1025 —=0.1025 0.0 “0.C041 0.0041 0.0078
~0+0022 —0.0063 ~0,0078 0.0063 0.0022 0.0 . 040039 —0.0039 =0.0111 0.0048

00078 000111 =0.0078 —0.0040 0.0 040468 =0.0468 ~1.0043 0.5021 0.5021
FREQUENCY = 248.4 CM-1

0.0 0.0 0.0082 ~0,0082 0.0 ~0.00C1 0.0001 0.0008 —0.0002 -0.6002
~0+0008 0.0002 00002 0.0 0+1024 —0.1024 0.C 0.0000 ~0.0000 0.0058
~040032 =0.0032 ~0.00S8 040032 0.0032 0.0 ~0.0014 040014 =0.,0083 0.00S1

040037 0.0083 =0.0037 =0.0051 0.0 =0+0040 0.0040 0.3481 =0.4241 =0.4241

2The 40 entries for each frequency, k, give the Lik values
(equation 37) in the same order of internal coordinates

as in Table IX.
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B. Eigenvectors for t-butyl bromide-—d9 using

force field I.2
i

Sym- Frequency
metry Elgenvector ;
A FREQUENCY £2227.4 CN-1 5 . -
l 000085 ~0.0033 =040033 ~0.0033 0e3IE7S —~0.1828 —0.1824 0.3675 =0.1824 =0.1820
Ce3675 =041828 =0.1828 ~0.0556 =0.0556 ~C.05S6 041108 =0,0558 =0.0558 C.1108 -'“

—=0s0558 ~0.0558 Ce1108 =0.0558 ~0.0558 =0.0831 0.0420 0.0420 =0.0831 0.0320
© 0.0420 =0.0831 0.0420 040420 0.0556 0.0556 0.0S56 0.0 0.0 .0 X
FRECUENCY =2125.2 CM~1 .. I
0.003% =0.0455 —0s04S5 =0.0455 . 0e2352 042415 0e2415 042392 042415 042415 ’ )
02392 042515 02415 =~0.0023 ~0+0022 ~0.0023 =0+0450 =0.0483 —0.0483 =0.0490
=0.0483 ~0.0483 ~0.0450 =0.0283 ~0.0483 0.0461 0.04SS 0.0458 0.0461 0.0458
000458 040361 040898 040458 040023 040023 0.0023 0.0 0.0 ©0s0
FREQUENCY =112248 CM-1 B : ’
«=0e0627 0e1383 041383 Co1383 0.0208 0.0146 0.0186 0.0204 0.0146 C.0146
00208 040146 000146 00458 0.0858 Co08S8 Gue2600 042197 0.2197 0.2600
02187 042197 042600 042157 002197 ~041454 =0.2770 —=0.2770 =0.1458 ~C.2770
=0e2779 —=001458 =0,2770 —0e2770 —0+0458 —0.0458 =0.0458 0.0 0.0 0.0
FREQUENCY =10S4.3 CM=-1
00700 —0e0113 =040118 —040118 0.01C7 ~0.0034 —0.C038 0.,0107 =~0.,0034 ~0.,0034
000107 —0+0038 =000034 =0.0248 =0+0248 ~0.0248 ~0.4267 0.2738 042738 =0.4267
002733 02738 =0e4267 042738 042733 ~0.2167 0.0479 0.0479 =0.2167 040379
060479 =0.2167 0.0879 0.0879 0.0248 0.0248 0.0248 0.0 0.0 0.0
FREQUENCY =2001+8 CM-1
041875 =0.0564 =0.0564 —=0.0564 ~0e0215 00116 0.C116 ~0.0215 0.0116 0.0116
040215 0.011& 040116 «~0+1580 ~0+1S80 =0e1580 Co2678 ~0.0319 =0+0319 0.2678
~0+0319 —=0.0319 0.2678 =0.0319 =040319 ~0+3S37 C.0748 0.0748 =0.3537 0.0738
0+0748 =0e3S537 0.0748 0.0748 0.1580 O0.1S580 0.1580 0.0 0.0 0.0
FREQUENCY = 687.2 CM—-1 .
0e0492 =0.1093 =0.1093 —=041093 0+0007 ~Ce0061 =0.0061 0.0007 =0+0061 =0.0061
040007 —0.0061 ~040061 =040107 ~Ce01C7 =Ce0107 0.0372 0.0709 0.0708 000372
040709 00709 0.0372 0C.0709 0.0709 00630 -0.1210 ~0.1210 0.0630 ~0.1210
=0e1210 040630 —~01210 =0s1210 ©0e0107 0e0107 0.0107 0.0 0.0 040
FREQUENCY = &467.5 CM-1 - .
002133 =0.0072 =0.C072 =0.0072 0+0021 0.00C3 C.0C03 0.0021 0.00C3 0.0003
040021 0.00C3 0+0003 —0.0921 ~G+0921 =0.C921 ~0.0366 —0.0037 =0.0087 .~C.0369
«0+0067 ~0.C087 =040369 ~0.0087 =0¢0087 0+0S52 ~0.0205 =0.0205 0.0952 ~0.020S
=040205 00952 ~Ce0205 —=0s0205 00921 00921 0.0921 0.0 0.0 0.0
FREGUENCY = 273.6 CM=1
000642 —0+0111 =040111 =0e0111 0+0016 —0.0009 —=0.0009 C.0016 =0.0009 =0.0009
0e0016 ~0.0009 =0.0009 O0e05SS7 0e0597 0.0557 0.Cl48 —=0.0094 =0.0094 0.0148
~0+0054 —040098 00,0148 —0.0054 ~0.0054 ~0.02C9 0.0125 0.0125 ~0.0209 0.0125

00125 =0.0209 0.0125 0.012S ~0.0598 ~0.0568 =0.0598 0.0 .0.0 0.0
A -FREQUENCY =2220.9 CM=1 _ _ -
2 0.0 0.0 0.0 0.0 0.0 043178 =0.3178 0.0 043178 ~C.3178
0.0 03178 =0.3178 0.0 0.0 .0 " 0.0 0.0944 ~0.0943 0.0
0.0944 =0.0944 040 0.0948 ~0.0944 040 ~0.0655 0.0655 0.0 ~0.0655
0.0655 0.0 -0.0655 0.0655 0.0 0.0 0.0 040526 0.0524 0.0S24
FREQUENCY =1044.9 CM-1 i
0e0 0.0 0.0 0.0 0.0 ~0.0122 0.0122 0.0 ~0.0122 0.0122
0.0 -0.0122 0.0122 0.0 0.0 0.0 0.0 0a4370 =044370 0.0
004370 +0.4370 0.0 004370 =0.4370 0.0 000797 ~0.0797 040 0.0797
=0.0797 0.0 0.0797 =0.0797 0.0 0.0- 0.0 C.0281 0.0231 0.0281
FREQUENCY = 772.2 CM-1 ‘ '
0.0 0.0 0.0 0.0 0.0 0.01C9 =0.0109 0.0 0.01CS —0.0109
0.0 00109 =0.,0109 0.0 0.0 0.0 0.0 ~0.0655 0.0655 0.0
~0.0655 0.0655 0.0 ~0.0655 C.0655 0.0 Ce2786 -0.2786 0.0 0.2786 A
-0.2786 0.0 002786 “10.2786 040 0.0 0.0 ~0.0556 =0.0556 ~0.0556 o
FREQUENCY = 189.1 CM=—1 o
0.0 0.0 0.0 - 0.0 0.0 -0.0001 0.0001 0.0 ~0.0001 0.0003
0.0 -0.0001 ©0.0001 0.0 0.0 0.0 0.0 -0.0010 0.0010 0.0
-0+0010 0.0010 0.0 -0.0010 040010 0e0 . 0.0013 =0.0013 0.0 0.c013
«0+0013 0.0 0.0013 -0.0013 0.0 0.0 0.0 0.6886 0.6886 0.6886

« « o cont'd.
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B. Eigenvectors for t-butyl brom:.de—d9 using
force field I - cont'd.
|
Sym- ’ Frequency 3
metry Eigenvector i
E (a) FREQUENCY =2230¢1 CM~1 ,g
0.0 ~0.0097 0.0049 0.0049 001859 —0.C888 —0.0888 «0s0930 004081 =-0.3183 3
=000930 =0e3193 0.4081 —0.0188 0.0054 0.0094 040553 ~0.0291 —0.0291 ~0.0277 k-
01258 —0.0S67 =0.0277 ~0.0967 041258 =0.C359 Ca01S6 0.,0153 0.0179 =0.0521 4
00727 040179 0.0727 =0.0921 —0.12C9 0.06C4 0.0604 0.0 0.0800 —0.0800 3
FRECUENCY =2223.3 CM-1 .
0.0 ~000060 0.0030 00,0030 =0+4E36 002485 Ce26445 0.25418 040150 -0.255S {
02418 ~042595 0.0150 0.065S —=0.0348 =0e0348 =041460 060721 0.0721 0.0730
0.0049 —0.0770 0.0730 —=0.0770 0.0C3S 0.1029 —0+05C5 —=0+0505 —~0.0514 -0.,0062 . E
0.0568 =0.0514 00568 =0.0062 =0:3090 0.00485 0.0035 0.0 0+0341 ~0.0341 _ﬁ
FREQUENCY =2122.0 CH—1 . S . -
0.0 ~0.07S5 040377 040377 043418 03369 023359 ~Ce1709 ~0.1743 —~0.1656 P
041709 ~0.1656 —=0e1743 0.0078 —=0.0039 ~0.0039 ~0006S0 ~0.0656 =0.0656 0.032S 3
" 040316 0.0340 0.0325 000340 040316 040679 0.0842 0.0642 =0.0340 -040375 *'
«0e0267 ~0+03240 ~0.G267 —0.0375 ~0.0087 0.00484 0.0034 0e0 00215 =0.0215 3
FREQUENCY =1215.0 CM-1 ’ : :
0.0 03274 =0.1637 ~0.1637 0.0175 0.0221 0.0221 -0.0088 0.0051 =0.0272

—0.0088 —0.0272 0.0051 —0.1687 000843 040843 041199 0.1537 041537 =0.C6C0
—0e0756 =0.C788 =040600 —0.0784 =0.0754 —042252 ~0.C551 —0.0991 0.1146 0.2594
=0.1603 0.1146 ~0.1603 0.2564 0.2315 —0.11S7 =0.1157 0.0 =0.4898 0.4898
FREQUENCY =1050e5 CM=1

0.0 00020 =0,0010 —=0.0010 0.0102 —0.0044 —040044 =0.0051 0.0182 -0.0138
—0.0051 ~0.0138 0.0182 000190 =0.0095 —0.C6065 ~0.2816 0.1579 0.1579 C.1409
~0.5687 0.41C8 0.1409 0.4108 =0.5687 -0,0554 C.0107 0.0107  0.0277 ~0.0834
0.0727 00277 000727 —0.0834 0+0646 —0.0323 -0.0323 0.0 ~0.0321 0.0321
FREQUENCY =1087.2 CM=-1

0.0 00168 =0.0084 =0.0088 =0.,0129 000133 0.0133 0.0065 =0.0029 -0.01048
0.0065 =0.0104 —0,0029 =0.0147 0.0074 000074 0€.7323 =0.1882 «0.1882 ~043661
~0.1035 0.2917 ~0.3661 0.2917 =0.1035 C.00C2 =0.1730 —=C.1780 =0.0001 0.0236

0.153%& =0.0001 0.1544 0.0236 —0.0223 0.0112 0.0112 .0 0.0394 =0.0394
FRECUENCY =1034.8 CM~-1
0.0 0.0008 =0.0004 =0.0004 —0,0178 ~0.005€°=0,0058 0.0089 0.0136 -0.0C78

0.0089 ~0.0078 00136 —0.0827 0.0813 000413 =0.0851 =0.4150 ~0.4150 0.042S
0.1067 0.3084 0.0425 0.2084 041067 02990 043081 63081 —0.149S ~0.0467
002618 =0e1465 =0e2614 —0.0467 0.1125 —0.0562 =0.0562 0.0 ~0¢2184 0.2184
FRECUENCY = 78844 CM-1 i
0.0 - =0.0231 0e0116 040116 0.0178 ~0.0057 =0,C097 =0.0089 0.0114 —=0.0016
~0s0089 -=0.0016 0.0114 0.0752 =0.0396 =0.0356 —0.0733 0.0510 0.0510 0.0269
=0e0403 =0.0107 000369 —0.0107 =0.04C03 €+a1(2 =C.2192 ~0.2192 —=0.2051 0.2395
~0e0202 —0+2051 —0.0203 0.2395 0.0702 —00351 =0.0351 0.0 0.0011 —0.0011
FRECUENCY = 736.4 CM-1 ’
~ Ce0 ~0.1196 040598 0.0598 ~0.0090 =0.00C2 =0.0002 040045 0.0C97 =0.0056
" 040045 ~0.0096 0.0097 0.0181 =0.,0091 =0.0051 0.0807 000218 0.0218 ~0.0403
«0¢0583 " '0.0365 ~040403 0,0365 —0.0583 =0,2063 0.0410 0.0410 0,1031 0.2237

«0e2647 041031 ~0.2647 0.2237 0.C197 =0.,0068 -0.0098 040 040737 =0.0737
FREGUENCY = 33846 CM-1 .
0«0 00361 —=0.0180 ~0.0180 0©.0002 0.0014 0.C014 =0.0001 ~0.0027 0.0014

—0.0001 0.0014 ~0.0027 0.0400 ~0.02C0 =0.02C0 —0.0133 —=0.0038 -0.0038 0.0067

00237 0.0275 00067 040275 —~0e0237 0.0129 040041 0000581 =0.0064 Q.0812

~0e03852 =0.0068 ~0e0452 00412 =0.1674 00837 0.0837 0.0 03126 ~0.3126
FREQUENCY = 241.,9 Ck-1
0.0 040123 ~0.0063 —0.0061 0.0019 —C+0005 —0.C005 =0.0010 0.0009 ~0.00048

=0e0010 ~0.0008 Coe00C9 041386 —0.0663 —0.0663 0.0132 -0.0100 —-0.0100 —0.0066
00098 0.0001 =0.0066 0.0001 0.00%8 —C+0200 C.0134 0.0134 0.0100 -0.0108
+~0e0029 0+0100 ~0.0029 —0.0105 0.0426 =0.0213 ~0.0213 0.0 043€30 ~0.3630
FREQUENCY = 181.7 CV=-1 .
0.0 0.0022 «0,0011 =0.0011 040004 —0.0001 =0.0C01 =0.0002
~0640002 040001 0.0000 04,0466 =0+0233 ~0.0233 0.0630 -0,0021 =0.0021 -0.001S
00003 0.0018 =0.,0015 0.0018 0.0003 —~0.0044 0.0028 0.0028 0.0022 0.0001
=0,0029 060022 =0s0029 040001 =0.0131 040066 0.0066 0.0 ~0e7357 007357

0.0000 ©€.0001

« » o cont'd,
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294. 3
B. Eigenvectors for t-butyl brom;de—d9 using
force field I - cont'd. :
3
Sym- Frequency 3
metry : Eigenvector ‘
FREQUENCY =2230.1 CM~1 - . ks
E (1)) 0.0 0.0 -~0.0084 0.0088 0.0 ~0+4199 04199 0.1611 0.1331 —0.2869 ! B
~0.1611 0.2869 -0.1331 0.0 =0e0163 040163 0.0 ~0a12%8 04123 Ce0479 oy
0.0390 ~0.08S4 —0.,0479 0.,0893 —0.033%0 0.0 0.0951 —~0.05$51 —0.0311 =0.0208 * 3
0.0643 0.0311 =0.0643 <¢.0308 0.0 =0410387 001087 =0.0524 0.0862 040462
FRECUENCY =2223+3 Cu-1
0e0 0.0 0.0052 -0.0052 0.0 0+1585 —0.1585 04188 —0.2910 =0.1325
=0e4188 041325 0.2910 0.0 —040602 0+06C2 0.0 . 00473 =0.0473 061264
=0.0861 =0.0338 —0.1264 0.0388 0.0861 0.0 —0.0364 0.02€4 —0.0891 C.C620
0.0256 0.0891 ~0.0256 —0.0620 0.0 040078 ~0.0078 00396 =0e0197 —0401597
FREQUENCY =2122.0 Cu~-1 . .
0.0 - Qe 00654 ~0.0654 0.0 =0.0050 0.0050 =Ce2960 —0.2918 —~0.2565
0.2960 0.2969 0.2918 0.0 =0.0068 0.0068 0.0 ~0.0014 0.0018 0.0563
040576 0+0561 ~0.0563 —-0.0S561 =0.0576 0.0 =0.0063 0,0063 ~0.0588 ~0.C52S
=0.0587 0.05€88 0.0587 0.0525 0.0 ' 0.0076 ~0.0076 0.0249 —0.0124 —=0.0124
FREQUENCY =1215.0 CM~—1 X
0.0 0.0 0e2835 —0.2835 0.0 «0.0187 0.0187 0.0152 0.0285 <C.C098
=0.0152 ~0.0058 ~0.0285 0.0 =0e1461 0.14861 0.0 =0.0017 0.0017 01039
0e1380 041323 ~0+1039 =041323 =0.1340 0.0 ~0.2423 0.2423 —-0.1585 0.0353
=0e2070 001S85 0.2070 =0.0353 0.0 0.20C5 =0.2005 0.5656 —0.2828 —0.2528 §
FREQUENCY =10S0.5 CN-1 B
0.0 Oe0 -0.0018 0.0018 0.0 0.0185 ~0.0185 ~0.0C89 =~0.0054 C.0131 iz
0.0089 =0.03131 0.0054 0.0 ~=0.0165 0.0165 G.0 ~0+SEE3 045653 0.244S =
"0e1458 ~0.8196 —0.2885 Ce4196 —0.2458 0.0 ~0.0901 0.0901 0.0430 (.0357 :
~0.0544 ~0.0830 ©0.0544 —0.0357 0.0 ~0.0559 0.0559 ~0.037F 0.0185 C.018&5 ;
FREQUENCY =1047.3 CM—-1
0.0 0.0 ~0.0145 000145 0.C 0.0048 —0.0044 Ce0112 =0.0137 —0.0093 B
=0.0112 0.00S3 0.0137 0.0 0.0127 =0.0127 0.0 ~0e2286 0.2286 —=0.6340 :
Ce2772 040486 0.6340 —0.0486 —0.2772 0.0 =0.0757 0.0757 -0.0001 0.1520
0411648 0400C1 =0.1168 =0.1520 0.0 040193 —0.0193 0.045SS +~0.0227 —~0.0227
FREQUENCY =1034.,8 CM-1
0.0 0.0 000007 =0.0007 063 =0.C123 - 0.,0123 ~0.0154 0.0011 =0.0112
0¢0154 00112 -0.,0011 0.0 =0.0716 0.0716 0.0 0e136S =0.1165 —0.C236
=0e8177 =0e3012 0.0725 0.30912 0048177 0.0 ~0e1239 041239 0.2590 043267
042048 =062590 —0e2048 —0.3287 0.0 00573 =040974 0e2522 =061261 ~0.1261
. FREQUENCY = 788.4 CM—-1 ;
0.0 0.0 0e02C0 —~0.0200 0.0 0.0C7S =0.0075 ~0.0154 0.0047 0.0122
0.0154 -0,0122 =0.0047 0.0 ~0.0686 0.0686 0.0 =040171 0.0171 0.0639
~0e0356 =C.0527 ~0.0639 0.0527 040356 0.0 0«15S00 =0.1500 —Ce35S2 C.1148
042648 043552 =0.2648 =Ce1148 0.0 ~0.06C8 0o0608 0.0012 —0+0006 —~0.0006
FREQUENCY = 736.4 CM-1 4
0.0 0.0 01035 =0.1035 0.0 0.0111 =0,0111 0.0078 =0.0054 ©€.0057
~0e0078 ~0.0057 00054 0.0 —0.0157 Ca0157 0.0 ~0e0547 040547 ~0.0699
0.0085 =0.0462 0.0699 0.0862 ~0.0085 0.0 0.262C.-0.2820 0.1736 =~0.1765
061055 ~0.1786 =0.1055 01765 0.0 =0e017C 0e0170 040551 =0.0525 =0.0425
FREQUENCY = 338.6 CM~-1
0.0 0.0 0.0312 -0.0312 0.0 0.0024 =0.0024 0.0002 =0.0000 0.0024
- ~040002 ~0.00258 0.0000 0.0 040347 —040347 040 0.0255 —0.0255 =0.0116

-0.0181 ©0.0114 0.0116 ~0.0114 0.01E&1 0.0 =0.0459 0.0499 C.0112 0.028S

=0.0214 =0.0112 0.0214 «0.0285 0.0 +0e1450 041450 ~0.3€10 0.18C5S 3.1805
FREQUENCY = 241.9 CM=-1

0.0 0.0 0¢01C6 =0.0306 0e0 —=0+00CS 0.0008 0.,0017 -0.0000 -0.00C8
=Ce0017 0.0008 0.0000 0.0 041201 —0.1201 0.0 ~0.0056 0.00S56 (C.0114
=0.C058 ~Ce0114 =0.0114 00,0114 0,0058 0.0 000484 ~0.0044 =0.0173 0.00S4

0.01358 060173 ~0.6138 ~-0.0063% 0.0 00369 ~0.0269 —0.4191 0.2096 0.2096
FREQUENCY = 1817 CM~-1

0.0 0.0 0.0019 -0.0019 0.0 - G+0C01 ~0.0001 0.0004 —0.0001 —=0.,0001
=0+.0004 0.0001 ©0.0001F 0.0 0.0403 ~C.0403 0.0 0.0009 =0.0009 0.0026
=0+0023 ~0.0014 —0,0026 0.0014 0.0C23 0.0 ~0.0018 0.,0018 ~0.0038 0.0033

0.0016 ©0.0038 -0.0016 =0.0033 0.0 =0e01148 0.0114 0.8541 ~0.9271 =C.4271

Qrhe 40 entries for each frequency, k, give the I.ik values

(equation 37) in the same order of internal coordinates

as in Table IX.
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Eigenvectors for t-butyl bromide—h9 using

force field II.2

Sym- Frequency
metry Eigenvector
a FREQUENCY =2984,0 CM-1
1 0eCO33 =0e0018 —=0.0013 —0s0014 004956 —=0.28467 ~0.2467 0.49S6 —0.2467 —~0.2867
008956 =042467 =0e2467 =0.0384 =0.0384 —=0.0384 0.0819 —0.0310 =0.0610 0.0819
—0404810 =0.0410 0,C819 —~0.0410 —0.0410 ~0.CS82 0.0292 0.0292 —0.0582 0.0292
0.0202 -0.0582 0.0292 0.0252 0.0384 0.0384 0.038% 0.0 Ce0 0.0
FRECUENCY =2941+2 CM-1 . i
0.0013 -0,0312 ~0.0312 ~0.0312 0.33S4 0.3371 0.3271 0.33S% 0.3371 0.3271
 0e335&4 043371 0.3371 ~0.0008 =0.0008 —0.00C8 —0.0314 =0.,0311 —0.0311 ~0.0314
“0.0312 =0.0311 —0.0314 —=0.0311 ~0.0311 0.0303 0.0317 0.0317 0.0304 0.0317
040317 040303 000317 0.0317 0.00G8 0.00(3 0.0008 0.0 0.0 0.0
FREQUENCY =1463.3 CM-1
00323 ~0.0136 —0.0136 —0.0136 0.0088 ~0.0049 =~0.6049 0.0088 ~0.0049 ~0.0049
0.0088 ~0.0049 =0.0049 —0.0025 ~0,0025 —0+0325 ~0.6335 0.2378 0.3378 ~0.6835
0.3378 0.3378 —0.6835 0.3378 0.3378 —0.2080 0.1079 0.1079 ~0.2080 0.1079
0e1G79 =0.2080 041079 041079 060025 0.0025 0.0025 0.0 0.0 0.0
FREQUENCY =1361.7 CRk-1
040035 =0.0796 =0.0796 —=0.0796 =0.,0081 =0.0076 —0.0076 —0.0081 —0.0076 —~0.0076
=0.0081 =0+0076 =0.9076 —=0.0036 ~0+0036 —0.0036 —0.3250 ~0.3383 ~0.3383 ~0.3250
| =0e3393 =0.3283 =0.3250 =Cuo3383 =C.3383 0.3293 0.3261 0.3361 0.3293 0.3261
0.3361 043293 03361 0.3361 0.00356 0.0036 0.0036 0.0 0.0 0.0
FREQUENCY =1179.,8 CM=1
01740 =0.0793 =0.0793 —0.0793 —0,0150 0.0053 0.0053 -0.01S0 0.,0053 0.00S53
~0.0150 0.0053 040053 —=0.1894 ~0.1394 =0.1453 C.1829 —0+07?3 —0.0773 0.1829
~0.0773 =0.0773 0.1829 =0.0773 —040773 —0.4213 0.1565 0.196S —0.4213 0.196S
001965 =0.4213 0.1565 0.1965 0.1494 0.149¢ 0.14958 0.0 0.0 0.0
FREQUENCY = 80446 CN-1 - .
0:3109 ~0.1S3! ~0.1501 ~0.1501 —0.0012 —0.0041 —0.0C41 —0.0012 —0.0031 —0.0041
=0.0012 ~0.0041 =0.0041 =0.0530 =0.0540 =0.0540 =0.0220 0.G375 0.037S ~0.0220
00375 040375 —0.0220 0.0375 C.0375 0.1203 —0.CE67 —0.0E67 0.1203 —=0.0867
=0.0867 0.1203 =0.0867 ~0.0867 C.0S40 0.0530. 0.0530 0.0 0.0 0.0
FREGUENCY = S41.5 CM~1
0.1950 0.0238 0,0238 0.0238 0.0003 0.0013: 0.0013 0.0003 0.0013 0.0013
‘040003 0.0013 - 0,0013 —0.1193 —0.11$3 =0.1163 —0.034% 0.0021 0.0021 =0.0339
. 0.002%1 0.0021 -0.0349 0.0021 0.0021 0.0775 ~=0.0234 —0.0234 0.0775 —0.0233%
—0.0234 040775 =0.0234 ~0.0234 001193 041193 0.1193 0.0 0.0 0.0
FREQUENCY = 256.,0 CM-1
=0.1115 0.0116 0.0116 0.0116 -~0.0009 0.,0003 0.0008 —0.,0009 0.0004 0.000%
“040009 040006 0.0CCsH =0.0445 —0.0345 ~0.0445 —0.0035 ©.0060 0.0060 =0.0049
040060 0+0060 =0.0089 06,0060 0.0060 0.0CE6 —0.3068 —0.0068 0.0064 ~0.0C68
~0.0068 0.0064 =0.,0068 —0.0068 0.0335 0.0445 0.084S 0.0 0.0 0.0
FREQUENCY =2981+5 CN=1
1%2 0.0 0.0 0.0 0.0 0.0 0.4285-+-0.4286 0e0 0.4286 ~0.4286
0.0 0.4286 ~0.4286 0.0 0.0 0e0 0.0 0.0702 =0.0702 0.0
0.0702 =0+0702 0.0 0.0702 =0.0702 0.0 =0.0475 000475 040 ~ —=0.0475
0.047S 0.0 =0.0875 0.0375 0.0 0e0 0.0 0.0381 0.0381 0.0381
FREQUENCY =1456.9 CM-1 :
0.0 0.0 0.0 0.0 0.0 000086 —0.0086 0.0 0.0086 —0.0086
0.0 0.0086 —0+0086 00 0.0 0.0 0.0 =0.5583 0.5583 0.0
-0.5983 0.5983 0.0 ~0,5983 0.5983 0.0 -0.1527 041527 0.0 -0.1527
041527 0.0 ~0.1527 001527 0.0 0.0 0.0 —0.0208 —0.0208 —0+0208
FREQUENCY =1005+0 CM-1
0.0 0.0 0.0 0.0 0.0 0.0081 —0.008F 0+0. 0.0081 —0.0081
0.0 0.0681 =0.C081 0.0 0.0 0.0 - 0.0 ~0e1187 0.1187 040
-0.1187 0.1187 0.0 -0.1187 0.1187 0.0 0.3630 =5.3630 0.0 043630
~0.3630 0.0 ° 0.3630 =043630 0.0 0.0 0.0 —0.0509 —0.05C9 —C.0509
FREQUENCY = 276.8 CM-1
0.0 0.0 0.0 0.0 0.0 0.0001 —0.0003 0.0 0.0001 —GC,0001
0.0 0.0001 =0.0001 0.0 0.0 0.0 0.0 0.0010 —0.0010 0.0
0.0010 =0.C010 0.0 0.0010 —0.0010 0.0 ~0.0013 0.0013 0.0 ~0.0013
0.0013 0.0 -0.00313 0.0013 0.0 0.0 0.0 —0e9711 ~0.9711 —0.9711
« « o cont'd.
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Cc. Eigenvectors for t-butyl brom:.de-h9 using
force field II - cont'd.
Sym- Frequency
metry Eigenvector
B (a) FREOUENCY 29869 CM-1 -
0.0 . «0.0031 0.0016 0.0016 0.2793 =0e1373 —=041373 01396 0.5504 ~0.4131
~0.1396 =0.4131 0.5504 =0.0182 040091 040091 0.0462 =0e02346 =0.02348 «0.0231
0.C919 =0.0686 =060231 -0.0686 0.0919 ~C.0305 0.0155 0.0155 0.6152 =0.0¢38
0.0483 0.0152 0.0483 =0.0638 «0.0834 040417 000317 0.0 0.0496 —0.0496
FREQUENCY =29B82¢4 CM-1
0.0 =0.0021 040011 000011 —-0.6414 0.3223 0.3223 0.3207 0.0471 -0e3694
0e3207 —003694 0.0571 00480 —0.0240 =0.0240 —0.1058 0.0527 0.0527 00529
00078 =0.0606 00529 —~0.0606 0.0078 0.0722 =040359 —0.03S59 -0.0361 —0.CC64
0.0423 =0.0361 0.0423 «0.0064 =040087 0.0043 040043 0.0 0.0229 =0.0229
FREGUENCY =2940.3 CM=-1 .
0.0 ~0.0456 000228 00228 044765 003756 0.4756 =0.2382 —0.2400 ~-042357
«0e2382 =0.2357 —0.2400 060023 —0.0011 ~0.0011 =0.0431 =0.0433 ~0.0432 0.0215
0.02313 0.0220 00216 0.0220 0.0213 0.0440 0.0829 0.6429 —0.0220 «0.0230
=0e0199 =000220 —0.0199 ~040230 ~0.0025 0.0013 0.0013 0.0 0.0063 =060063
FRECUENCY =1462.% Cu~-1
0.0 0.0417 —0.02C9 —0.0209 0.0036 ~0.0003 —0.0003 =-0.0018 ~0.006a8 00067
=0+0018 00057 =0.0094 =00207 040103 0.01C3 —~042107 041156 061156 0.1053
046452 ~0.7608 0.10E3 =0.7608 0.6452 =0.C785 040290 0.0290 0.0392 0.1563
-0.2258 0.03%2 ~0e2258 001968 —0.0033 0.0016 0.0016 0.0 ~040469 0.0459
FREQUENCY =1458+2 CM-1
Ce0 0.0079 ~0.0039 —0.0039 0.0144 ~0e 0069 —~0.0089 ~0.0072 0.0066 060003
«0.0072 040003 0.0066 ©0.0222 ~C.0111 —0.0111 =0.9496 04768 044768 004743
~0.4091 ~Ce0677 0.4748 —-0e0677 =042091 ~Ge2438 041167 041197 041217 =0.0$37
~0.0259 0.1217 -0.9259 =0.0937 0.0311 —0.0156 —0.0156 0.0 =0.0210 0.0210
EREQUENCY =1379+5 CM-1
0.0 ~041187 040593 040563 ~0.0068 «0.0102 =0.03102 040049 0.0042 0.0061
0.0049 0.0061 0.0042 000123 —~0.0062 =0.0062 =0+4829 —0.4666 =0+4666 002415
0.2525 0021430 0.2315 02140 Ce2525 048767 048657 0.4697 ~02384 =0.2490
«-0.2206 —-0.2384 «0.2206 ~0.2490 -0.0175 0.0083 0. G083 0.0 0.0360 =0.0360
FREQUENCY =1248+8 CM-1 .
0.0 «0.2660 ©€+1330 041330 —0.0011 ~0.0065 —0.0065 0.0005 —=0.0093 0.01S8
0.0005 000153 ~0.0063 0.1687 —-0.0843 =0.C843 -0.0459 0.0726 0.0724 0.0229
041216 ~0.1539 00229 =0.1939 01216 040816 -0.0902 —0.0902 —0.0408 -Ce2747
0.3650 =0.0408 043650 —0.2747 =042526 0e12€68 041268 0.0 0.5047 =0.5047
FREQUENCY =1014.8 Cr—-1 .
0.0 Ue0143 =Go0G72 ~0.0072 =0.0134 0.0071 0.0071 0.0067 =0.0072 0.0C01
0.0067 0.0001 —0.0072 =0.0707 0.0354 0.0354 0.1756 =0.05Cs =0.0908 -0.,0€93
0.0822 0.0082 -0.0853 0.0082 0.0822 =0.5658 042840 0.2840 0,2829 =0.2746
—0.0093 0.2829 =0.0093 —0.2746 -0.0575 0.0288 0.0238 0.0 0.0005 —=C+000S
FREQUENCY = S19.7 CM-1 .
0.0 -0+165S 0.0677 0.0977 =0.0059 ~0.0021 =0+0021 0.0030 0.0067 —0.0046
00030 =00066 0.0067 049673 «~0.0336 -0.0336 0.0503 —0.,0133 -0.0133 ~G.0252
=0.07S$9 040832 -0.0252 0.0532 -0.0759 =0.1467 0.0615 0.0615 0.0734 042608
-0.3223 0.073% 03223 0.26C8 =0.0388 040154 0.019% 0«0 02043 ~Ce2043
EREQUENCY = 39645 CM-1
0.0 ~0e0471 0.0236 0.0236 ~0.0001 =0.0011 -0,0011 000001 ©0.0023 ~0.0013
0.0001 =0.0013 0.0023 ~0.0361 0.0181 0.0181 0.0065 —0.001S =0.0015 =0s0032
0.02C8 =0.0153 -0.0032 -0.0163 0.0208 —-0.0067 0.3016 040016 040033 ~0.0348%
0.0329 0.0033 0.0329 —0.0345 0.1999 =0.0999 ~0.0999 0.0 -0+4542 Coo542
FREOQUENCY = 289.9 CM~1 e
0.0 0.0111 =0.005S —0.0055 0.0012 -0.0003 —~C.0003 ~0+0006 000007 ~0.0003 .
. =0.0006 =0+0003 0.0007 001112 —0.0556 =0.0556 0.0091 —0.0049 ~0.0089 ~C.0086
0.0065 ~0.001S ~0.0086 —0.0015 0.0065 —0.013S 0.0072 0.0072 0.0063 =0.0078
0.0006 0.0068 0.0006 —0.0078 0.0597 ~0.0268 =0,0298 0.0 08904 —~C.8904
FREQUENCY = 251.2 CM-1
0.0 0.0107 -0.0052 =0.0053 0.0010 =0.0002 ~0.0002 ~0.000S 0.0002 046000
«0.0005 ©0.0000 0.0002 041236 —~0.06156 =0.0618 0.0073 =0.0040 ~0.0040 =0.0037
0.0021 0.0020 ~0.C037 0.0020 040021 =040110 0.0059 0.0059 0.0055 ~0.0316
;-0.0063 00055 —0e0043 00016 =0.0035 00037 000017 0.0 ~0.6905 046905

. cont'd.

vesis 44

s AR AR by e desat

PReray DOST STV

5 }.&’Ji‘a‘{*ﬁ)w;‘umw‘w-:uu iy

AV

&

=

—




b
i
1
!
i
1
H
4
2
3
i
297. }
i
C. Eigenvectors for t-butyl bromide--h9 using- 3
e
H
force field II. - cont'd. 3
3
3
Sym~ © Frequency 3
metry Eigenvector ]
E (1)) FREQUENCY =2984.9 CM~1 ~ ﬁ
0.0 0.0 =0+.0027 0.0027 0.0 —0e55€3 005563 0426819 0.1592 ~0.3571 %
=0+241C 043971 —0.1562 0.0 -0.,0158 0.0158 0.0 ~0e0927 0.0927. 0.C30C0 :3
0.0261.~0.0666 =0.C400 0.0666 —~0.0261 0.0 0.0688 ~0.0£48 =0.0264 ~040199 %
0.0458 0.0268 —0.0458 0.0190 0.0 =0.0722 0.0722 =0,0573 0.0287 0.0287 -é
FREQUENCY =2962.4 CM—-1 5
0.0 0.0 0.C019 =0.0019 0.0 0.2806 —0.2486 0.5554 ~0.3994 —C.1589 :ﬁ
=0.5554 041589 0.395% 0.0 =0+0415 0.0415 0.0 040395 ~0.0395 040916 %
—~0.0658 —0.0259 «0.0916 0.0259 0.0654 0.0 ~0.0Z281 0.0281 =0.0625 0.0452 ﬁ
0.0171 0.0625 —0.0171 —0.0852 0.0 00075 ~0.0C75 0.0264 —0.0132 ~0.0132
FREQUENCY =2940.3 CM~-1
0.0 0.0 040395 ~0.0395 0.0 - =0.0025 0.0025 -0e4127 —0441C7 ~0.4131

0.4127 0.4131 0.4107 0.0 =0.0020 0.0020 0.0

0.0377 040373 =0.0373 -0.0373 -0.0377 0.0
—0,0380 0.0381 0.0380 0.0362 0.0
FREQUENCY =1662+4 CM~-1

0.0 0.0 0.0361 =0.0361 0.0 00111 ~0.0131 0.0031 =0.0058 0.0053
«0.0031 =0.0053 G.00S8 0.0 =0.0179 0.0179 0.0 ~0.8117 0.8117 —0.1827

05061 —0.3056 0.1827 €.3056 =0.5061 0.0 ~0.2430 002540 ~0.0680 0.1471

«0.0968 0.0680 0.0968 —0.1471 0.0 ~0.0028 0.0C28 0.0S77 —-0.0288 —0.0288
FREQUENCY =1458.2 Cv~-1

=0.0005 0.0005 0.0373
~0.0018 0.0018 —0.0381 ~0.0362
00022 —0.0822 0.0073 =0.0036 —0.0036

0.0 0.0 -0.0068 0.0068 0.0 040037 =0.0037 ~0.0125 0.0042 0.0078

0.0125 ~0.0078 —0.0042 0.0 -0.0192 0.0192 C.0 ~041974 0.1974 046223
03142 =0.5116 ~0.8223 0.5116 003142 0.0 ~0.0392 040392 0.2108 =0.0£40
=0.1233 =0.,2108 0.31233 0.0830 0.0 -0.0269 0.0269 -0.0242 0.0121 0.0121
FREQUENCY =1379.5 CM—1

0.0 0.0 0.1028 =0.1028 0.0 ~0.0011 0.0011 0.0085 0.,0094 00034
~0.0085 —0.0088 —0.0093 0.0 -0.01C7 040107 0.0 0.0222 =0.0222 0Q.4182

003930 0.4152 —0.46182 —0.4152 =Ce3S3C 0.0
=0.8149 044129 0.4149 0.3985 0.0
FREOQUENCY =1248.8 ChW=1

—0.0164 0.0164 —0+4129 —0.3535
040152 =0.0152 0.0416 ~0.0208 -0.0208

0.0 0.0 «0.2303 0.2303 0.0 0.0145 ~0.0145 =0.0009 =0.0129 00016
00009 -0.0016 ¢€.0129 0.0 041461 =0.1461 0.0 ~0.1822 0.1822 =0.0357 .
0.1538 =0.0284 0.0357 000284 —0.1538 0.0 0.3693 =0.3693 ©0.0707 —0.2628
061065 =0.0707 —0+1065 002628 040 «0e2197 .0.2197 —-0.5828 042914 042914
FREQUENCY =1014,8 CM~1
0.0 0.0 0.0124 =0.0128 0.0 040042 =0+0042 ~0+0116 000040 0.0CE3
0.0116 = +0083 —0.0040 0.0 «0.0613 000613 0.0 ~0.0427 0.0427 041547
«0e0569 =00995 =0.1547 000996 00565 0.8 0.1532 =0.1532 =0.4500 0,163

043225 004900 =0.3225 —0+1663 0.0
FREQUENCY = 919.,7 CP-1

0.0 0.0 =0e1653 001653 0.0 ~0.0065 000065 ~0.0051 0,0015 =0.,0051

040051 0,0051-=0.0015 Q.0 040583 =0:0583 040 050999 =0.0299 00436
~0.0615 0.0384 —0.0436 —0.0334 0.0615 0.0 —0e3367 043367 —~0.1271 ' 0.2216

«0.1151 001271 0.1151 =0.2216 040 ~0e0336 040336 ~0.2359 0.1180 Ce1180 ;
FREQUENCY = 3965 CM=1

~0.0498 0+0498 ~0.0006 0.0003 0.0003

. 0.0 0.0 —-0.04C8 0.0408 0.0 —-0.0021 0.0021 =0.0001 0.0002 ~0+0020
. 040001 _0.0020 ~0.0001 0.0 -0.0313 0.0313 0.0 -0.0231 0.0231 0.00S6
00103 =0.0128 =0.0056 0.0128 —0.01C3 0.0 0.0389 —=0+0389 ~0.0C58 ~0.0181 -
00203 0.0058 —0.062¢8 0.0131 0.0 001731 —0e1731 05245 —0.2623 —Ce2623 4
FREQUENCY = 289.9 CM~-1
0.0 0.0 00096 —0.0096 0.0 =~0.0006 0.0006 000010 0.0000 ~0+,0006

-0.0010 0.0006 —0.0000 0.0 040963 =0.0963 0.0

-0.0046 0.0046 000079
«040020 =0.0066 —0.0079 00066 0.0020 0.0

00049 =0+0049 =C.0117 0.0038

0.0086 000117 =~0.0086 —0.0038 0.0 040517 =0s0517 —=1.0281 0.5140 0.5140 *
FREQUENCY = 251.2 CM-1 -
Oe0 0.0 040092 —0.0092 0.0 ~0.0001 0.0001 040006 ~0.0002 =0+0003

«0.0000 0.0003 0.0002 0.0 01070 ~0.1070 0.0
«0o0035 =0.0035 =0.0063 0.0035 0.0035 0.0
040043 0.0095 —0.0083 —=0,0058 0.0

~0.,0001 0.0001 0.0053
«0.,0015 0.0015 ~0.0095 0.00S8
~0e40030 040030 047974 ~0.3987 =Ce3987

Aphe 40 entries for each frequency, k,_give the Lik values
(equation 37) in the same order of internal coordinates

as in Table IX.
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D. Eigenvectors for t-butyl bromide-d9 using

‘force field II - cont'd.

Sym- Frequency
metry - Erlgenvector
E (a) FREQUENCY =2232.3 CM=-1

0.0 =040094 0.0037 0.0047 0.1893 ~0.C9CPO ~0.5909 =0.0947 0.4081 =0.3172
=0+0947 =0:3172 044081 ~0.0195 0.00S7 0.0057 0.0566 —0,0296 —0.0296 ~0.0283

001259 ~040963 =0+C283 ~0.0663 01259 ~0.0366 0.0156 C.0196 0.0183 ~0.0G14

0eC718 €.0183 0.0718 =0.0914 =0.1205 0.0603 0.0603 0.0 0.0793 =0.07$3
FRECUENCY =2225.7 CM=1

0.0 ~0.0060 0.0030 0.0030 =0e4824 0Ce2427 0.2437 0.2412 0.0181 =0.2618

002412 =042618 040181 0.0653 ~0.0247 —0.0347 =0.1458 0.0720 0.0720 0.0729

040058 ~0s0778 040729 =0.0778 0.0058 0.1021 =04CS5C2 ~0.0502 ~0.0510 ~0.G069

0.0S70 ~0.0510 0.0S70 ~0.0069 =0.0059 0.0049 0.0C3Y 0.0 0.0337 -0.0347
FREQUENCY =2117.7 CM~1

0.0 =0407S5 040377 0.0377 0.3417 03369 0e3399 ~0.1708 =0.1740 <Ce1659
~001708 =041659 =0.1730 0.0078 —0+0039 —0.0039 ~0.0652 ~0.0658 ~0.0658 0.0326

000318 0.0340 - 0.0326 040340 0.6318 0.0681 0.0643 0.0643 =0,0348 ~C.0376
~0.0267 =0+0350 —0.0267 —0.0376 —0.0088 0.0048 0.00458 0.0 0.021S ~0.0215
FREQUENCY =1210.3 Cu-1 .

0.0 043283 —0.1581 —0.1€41 0.0176 040223 0.0223 -0.0038 0.00466 —0.0269
—0+0088 -0s0269 0.0046 =0.1623 0.0842 0.0842 041271 0Ce1579 0.1579 ~0.0636
=0+0811 —-0.0769 =0,0636 =0+0769 =040811 ~0+2325 —041050 =0.1050 0.13164 0.2577
~0e1526 01164 =0.1526 002577 02303 =0.1151 =0=1151 0.0 -0.4851 0.48%51
FREQUENCY =1052+1 CM-1

0.0 ~0.0011 0sC0CS 0.0005 0.0103 —0.00S5S =0.0GSS =0.5052 0.C191 =0.0136
=0+0052 ~0.0136 0.0191 0.0183 =0.0092 =0.0092 =0.3205 0.1514 O0.1514 0.1604
~0+5569 044075 0.1608 0.4075 ~0e5589 ~0.04C5 046293 0.0298 0.0204 =0.0E46

0.0S51 ©0.0204 0.,0551 —0.0846 0.0689 —0.0345 ~0.0345 C.C ~0.0389 0.02&9
FREQUENCY =1048.3 CM=1

0.0 040127 —0.0064 ~0.0064 =0+0145 0.0126 0.0126 0.0072 —0.00C9 ~0.0116

040072 ~0+0116 —0.0009 —0+0194 0e0097 0e0097 0.7083 —0.21E8 ~0.2158 ~0.3544
~041193 - 043360 ~0.3544 03360 ~0.11S3 0.02C3 —0.1478 ~0.1473 ~0.0102 0.0130

001348 ~0.0102 0.134€ 040130 ~0.0127 0.0064 040066 0.0 0.0253 -0,0253
FREGCUENCY =1035.0 Cm~1

0.0 040051 =0.0026 ~0.0026 =0.0170 =0.0064 —0.0064 0,0085 0.0129 —0.0(54

0+COES =0.0064 040129 —0.0851 040426 040426 ~0.1218 ~0.4023 =0.6022 0,0659

0e1370 042653 0.06S9 0.2653 041370 0e26E0 Co2203 Ce3203 =0.1480 ~0.0444
=002759 =0e1480 =0.2759 =0.0444 041143 =0.0572 —0.0S72 0.0 ~0.2284 C.22€4
FREQUENCY = 776.4 CM=1

0.0 ‘=0+0239 000119 0.0119 060165 —0.0054 ~040058 ~0.0085 0.0111 ~0.0018
=0.0085 040018 0.0111 0.0789 =0403S4 —0+0354 =0.0653 0.0465 0.0465 0.0327
~040369 -040095 040327 =0.0056 —0+0369 0e4091 —0.21E4 ~0.2184 ~0.2045 0.2435

" =0e0251 =042045 =0.0251 042435 0.0714 —0.0357 =C.0357 0.0 0.0004 =.00C4
FREQUENCY = 72647 CM=1

0.0 ~0e1171 0.0586 0.0586 =0.0089 ~0.0CCl ~C.0001 0.0044 0.0094 —0.0093

0.0C44 ~0.0053 0.0094 040153 =0.0076 =0.0076 0.0772 0.0202 0C.6202 ~0.0386
=0+05460 040338 ~0.0386 0.0333 =0.0540 —0e2111 040463 0.0468 0.1656 (2221
=0.2689 041056 =0¢2689 062221 0.0215 =0+0108 —0«0108 0.0 0.0682 -0.0682

FREQUENCY = 338.8 CM-1

0.0 040369 —0.01S4 =0.0184 0.0003 0.0014 0.001& =0.0G01 —0.0C27 0.0013
=Ce0001 040013 =0.0027 00416 —0e02C8 —0.02¢€8 =0+0130 =0.0042 ~0.0062 0.0065
~0.0232 .-0.0274 0.GC65 040274 =0.0232 0.0126 040044 0.0064 —Ge$363 0.0427
=040471 ~0eC063 =0.C471 0.04627 ~0.1655 Ge0828 0.0528 0.0 043237 =0.3237
FRECUENCY = 246.8 CM-1

0.0 0+0126 =000063 —0.0C63 0.0020 ~0.0G(5 ~Co0005 =0.5010 040009 ~0.G6GS
=0.0010 =0.0005 0.0009 01364 —0e0662 =~0.0682 0.0137 ~0.0103 ~=0.0103 ~0.0069

000104 =040001 =0.0069 ~0e0001 040104 ~00218 0.0143 0.0143 0.0109 —-0.0118
=0.0025 040109 —0.0025 ~0.0118 0.0461 —0.0231 —0.0231 0.0 023658 =Ce3658
FREQUENCY = 187.8 CM~1 : .o

0.0 0.0026 ~0.0013 —=0.0013 0.0005S ~Ce0001 ~C.0001 ~0.0002 0.0000 C.0001
=040002 0.0301 0+0000 0.0488 ~040244 —0.0248 0.,0C33 =0.0023 —040023 —0.0617
040003 0.0020 =0.0017 0.0020 0+00C3 =0400S1 0.0032 00032 0.6025 C€.6062
=0+0034 040025 =0,0034 0.0002 ~0+0141 0.0071 0.067F 0.0 —0.7318 0.7318

« « o cont'd.



R

298. ‘ 3

D. Eigenvectors for. t-butyl bromic:le-d9 using

FOTRYTRY LY

. a
force field II. :
Sym-— Frequency 3
metry Elgenvector 3
FREQUENRCY =2230«1 CH-}
2&1 Qe010T ~0e0039 —0e0G39 ~0e0039 03676 =0.1822 =0.1822 03676 =0.1822 ~-0.1822
Ce3676 =0a1222 ~041822 ~=0.0565 =0.0565 ~=0.0565 ©0.1109 =0.0560 =0.,0560 0.1109

~0.0S60 ~0eCS50 - 041109 —0.0S60 ~0.0S60 ~0.0837 0.C424 040424 ~0.0837 0.0424

0.082% =0.0837 0.0424 0.0424 0.0565 0.0SE5 0.0565 0.0 0.0 0.0
FREQUENCY =212040 CHM-1

0.0043 ~0.04852 =0+0852 —0.0452 042389 0.2417 0.2817 0.2389 0.2617 0.2417

0023689 002417 042417 —0,0027 —0+0027 ~0+0027 =0+0487 =0.0478 ~0.0478 —0.0487
~0.0878 =0.0878 —0.0887 —0.0878 —0.0478 0.04S2 0.0496 0.0486 0.0452 0.04S6

0.0866 0.0852 0.0496 0.0496 0.0027 0.0027 0.0027 0.0 0.0 0.0
FREQUENCY =1122.2 CM-1
—0.1033 . 0.1654 041454 0.1458 0.0231 0.0121 0.0121 0.02351 0.0121 0.0121

040231 000121 000121 0.0749 0.0749 0.0749 0.2424 002062 0.2062 0.2824

C.2C62 0.2062 0.2428 042062 0.2062 =0.08616 —0,2866 =0.2866 —0.0816 ~0.2666
—0,2866 =0+0816 ~0e2866 =0e2866 ~0+0749 ~0+0745 =0.0749 0.0 0.0 0.0
FREQUSNCY =1063.6 CM-1 '
© 0e07C7 =0.0061 =0.0061 —0+0061 0.0111 —0+0025 =0+0625 0+C111 —0.0025 ~0.0025

0.0123 ~0.0025 ~0.0025 —0.0259 —0.0259 —0.0259 —0.4C45 0.2875 0.2875 ~0.404S
(062875 02875 —0¢4045 0.2675- 0.2675 =0.2300 0.C29€ 0.0258 —0.2300 0.0298

0.0293 —0.23C0 000298 0.0258 0.0259 0.0259 0,0259 0.0 040 040
FREQUENCY =1026+3 CM-1 )

001843 -0,0363 —0.0363 —0.0363 —0.0200 0,0135 0.0135 =0.0200 0.0135 0.013S
~000230 00135  0e0135 ~0.1536 —0+1E36 =0.1536 0.3153 =0.0026 =0.0026 0.2153
—0+0026 =0.0026 03153 ~0.0026 ~0.0026 —0.3566 0.0232 0.0222 ~0.35656 0.0232

QeC232 =042566 0.0232 0.0232 0.1536. 0.1S36. 0.1536 0.0 0.0 0.0
FREGUENCY = 6769 CM-1 .

0.0576 =0.1076 =0.1076 =0.1076 0.0014 =0.C060 =0.0060 0.0014 —0.0060 —=0.0060

0.001% ~0s0C60 =0.0060 —0+0109 —0.01C9 —0.01C9 0.0248 0.0650 0.0650 0.0248

0.0650 0.0550 000248 O0.06S0 C.0650 0.0937 =0.1243 ~0.1243 040937 =C.1243
“041243_ 0.0937 ~0.1233 =0+1243 0.0109 0.0109 0.0109 0.0 0.0 0.0
FREOUENCY = 469.2 CM~-1 : .

0e1835 000130 0.0130 340130 0.0017 C.0009 0C.0909 0.0017 0.0009 0.GG09

040017 0.0009 0.0009 —0.0877 ~0.0677 ~0.0877 ~0.0532 —0.0044 =0.0064 ~0.6432
=0.C04& ~0.00&% =Co0432 =0.0044 —0.0084 0421050 =0.0265 =0.0265 041050 ~0.0265
~0.0265 001050 ~0+0265 —040265 040877 0.0877 0.0877 0.0 0.0 0.0
FREQUENCY = 240.2 CM=1 .

060983 =0<0105 ~0.010S —=0.0105 0€.0013 ~0.0007 =0.0007. 0.0013 —~0.0007 —0.0007

040013 =0.0007 =0.0007 0.0852 0.04€2 0.0452 0.0095 —0.0077 =0.0077 0.009S
—~0+0077 =0s40077 0.0CS5 ~0s0077 —0.0077 =0.0125 0.0054 0.009% ~0.2129 0,006

0v0093 —0.0129 0.5C94 0.0094 =0.0452 =0.0452 =0,0452 0.0 . 0.0 0.0
FREQUENCY =2223,2 CM-1
152 0.0 0.0 0.0 0.0 c.0 043178 =C.3178 0.0 0.3178 -¢.3178
_0.0 043178 =0.3178 0.0 0.0 0.0 0.0 0.0945 ~0.0945 0.0
0.0945 ~0.0945 0.0 040945 ~0.0945 0.0 =0.C652 0.0652 0.0 ~040652 :
040652 0.0 - =0.0652 0.0652 0.0 040 0.0 0.0523 0.0523 0.0523" :
FREQUENCY =1046.3 CM—1 : :
0.0 0.0 0.0 0.0 o.c =0.0125 0.0125 0.0 -0.0125 0.0125 ;
0.0 ~0.0125 0.0125 0.0 c.0 0.0 0.0 044377 =0.4377 0.0 3
©.a4377 =0.4377 0.0 0.4377 =0.4377 0.0 040764 =0.07¢4 G0 0.0768
~0.0764 0.0 0.0763 =0.0764 0.0 ' 0.0 0.0 0.0288 0.0288 0.0268
FREQUENCY = 759.5 CM=1
0.0 0.0 0.0 0.0 0.0 0.01€4 =0.0103 0.0 0.0104 =0.0104
0.0 0.01C6 —040104 0.0 0.0 0.0 0.0 ~0.06063 0.0603 0.0
—0.0603 0.0603 0.0 =0.0603 0.0603 0.0 0.2796 —0.2796 0.0 0.2796
~0.2766 0.0 0.2796 =0+2796 0.0 0.0 0.0 ~0.0S57 —0.0557 —Ce0557
FREQUEKCY = 196.0 CM~1 .
0.0 0.0 0.0 0.0 0.0 ~0.0001 0.000F 0.0 -0.0001 €.0001
0.0 —0.0001 0.0001 0.0  * 0.9 0.0 0.0 -0.0010 0.0010 0.0 :
—0.0010 0.0010 0.0 ~0.0010 0.0010 0.0 0.0014 —0.0014 0.0 0.5614 i
-0.0024 0.0 0.0014 =-0.0014 0.0 0.0 0.2 0.6885 0.6885 0.688S

. « » cont'd.
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300.
D. Eigenvectors for t-butyl bromide—d9 using
force field II ~ cont'd.
Sym- . Frequency 3
metry : Eigenvector - 3
E (b) FREQUENCY =2232¢3 CM-1 g
0.0 0.0 -0e0082 00082 0.0 =0e48188 0.38188 001639 0.1308 —0.2880 g
-=0.1639 0.2880 —0.13¢8 0.0 -0.0168 0.0168 0.0 01283 041283 000490 %
000385 —0.08%98 =0.,0490 040898 =0+0385 Q.0 0.0942 =0.0942 =0.0317 ~Ce0301 5
0.0641 060317 =0e064&1 00301 0.0 =0.1048 0.1044 ~0.,0516 0.04858 0+0458 %
FREQUENCY =2225.7 CM=1
O 0.0 040052 =0.0052 0.0 0.1615 =Ce1615 0.4178 «0e2619 =Ca13C3 %
04178 001303 0.2919 0.0 «0.0600 0.06C0 0.0 Ge 0483 =0,0383 0e1263 ‘é
—0.0865 =0.0382 =0412€63 00382 0.0855 0.0 -0.0369 0.0369 —0.0€8% 00619 $
0.0250 000888 —0.0250 =0.0619 0.0 040085 —0.0085 0.0400 =0.02C0 =C.0200 33
FREQUENCY =2117.7 CM-1 s
040 0«0 000653 —=0.0653 0.0 ~0e0046 040046 =0.2959 —0.2921 =0.2967 2
062559 042967 0.2921 0.0 —~0s0067 0.0067 0.0 -0.0013 0.0013 0.056S
00576 040563 =0.0565 —0.0563 =0.0576 [ ) ~0e0063 0.00&3 —=0.0590 -Ce 0526
00589 0.0590 000589 00526 0.0 040076 =0.0076 0.0248 -0.0124 =0.0124
FREQUENCY =1210.3 C¥~1 . .
0.0 0«0 002843 -0.2843 0.0 -0.0181 0.018F 0.01S3 0.0284 00,0102
—=0.0153 =0.0102 —0.0284 0.0 =0e1358 0+1458 060 0.0024 —0.0024 C.11l01
0.1356 0.1380 —0.11C1 ~0e1380 =0¢1356 C.0 ~0e2369 02369 =0.2017 00275
-0.2094 0,2017 -0.209% -0.0275 0.0 061994 =041994 005647 -0.2824 =0.2824
FRECUENCY =1052«1 CM=-1 .
0.0 Oe.C 0.0010 =0.0010 0.0 00185 —040189 =0.0C89 -0.,0047 0.0142
©.0089 ~0.0142 0.0047 0.0 ~0+0159 040159 0.0 =0.5578 045578 0.2731
0.1477 =0.,481C =0.2781 04101 —=0e1477 0.0 -0.0806 0.0806 0.0353 (C.0148
«0.0659 —=0.0358 0e0659 -0.0148 0.0 —-0e0567 000597 —0.0449 0.0225 040225
FREQUENCY =1048.3 CM=1
.0 0.0 ~0.0110 ©0.0110 0.0 0.0062 =0.0C62 0.0125 -0.0140 ~0+0078
=0.0125 0.0078 0.0130 0.0 00168 —0.0168 0.0 =0.2631 002631 =0.6137
0.3192 0.0561 0.6137 —0.0561 =0,3162 0.0 ~0.0704 ©C.0704 —0.0176 Q.1632
0.0928 0.0176 =0.0528 ~0e.1632 0.0 0.0110 =6.0G110 0.C292 =0,0146 =0.0146
FREQUENCY =1035.0 CM~1 .
0.0 0.0 040043 —0.0044 0.0 -0.0111 0.0111 -0.0147 =0.0000 ~0s0111
0.0147 0.0111 0e 0000 0.0 «0e0737 0.0737 0.0 0.0741 —0.0741 =0,1142
-0+3855 ~=0.3114 0.1142 Oe3114 03855 C.0 «0e1336 041336 0.25€3 043842
042105 ~062563 =0.210S —0e34842 0.0 0.0990 —0.0990 042637 —0¢1319 ~0.1319
FREQUENCY = 77644 CM~-1
0.0 0.0 00207 —0.,0207 0.0 040078 —0.0074 —=0.0147 0.0044 0.0118
0401647 —0.0118 =0.004¢ Ce O «0.0683 0.0683 0.0 ~0.0158 0.C158 0.0566
-0.0324 -0.0682‘—0.0566 0.0482 040324 060 041551 =0.15S1 =0.3543 Cs1116
02667 043543 =0.2667 -0e1116 0.0 —-0.0619 0.C619 0.0€05 =0.0002 =0.0002
FREQUENCY = 7267 CM~-1
0.0 0e0 001014 =0.1014 0.0 0.01C8 =0.01C8 0.0077 =0s0053 . £.0055
=0e 0077 =0.0055 040083 Qe0 =0s0132 0.0132 0.0 «0e0507 00507 -0.0669
00078 =0.0428 040669 000428 =06.0078 0.0 0e2835 —0.2335 ©,1829 =0.1822
“ 061012 —0.1829 —~0,1012 0.1822 0.0 =0.0187 040187 C€.0787 ~0.02934 =0.,0394
FREQUENCY = 338.8 CM=-1
0.0 00 0+0320 =0.0320 0.0 040023 ~0.0023 0.0C03 00200 00023
° 0. 0003 =0.0023 =0.0000 0.0 040360 —00360 0.0 00292 =0.0292 -0.0112
-0,0182 0.,0110 0.01:12 -0.0110 040182 0.0 -0.0518 0.0518 0.0109 00297
«0eG221 ~0.0109 0Oe0C221 —0.0257 0.0 -0e1433 041433 —-0.3733 0.1869 01869
FREQUENCY = 246.8 CM=1 .
0.0 Ce.0 0.01C9 —040109 0e0 -0.00L8 0.0008 040017 =0.0000 ~C.0008
=0e 0017 ©0.0008 0.0000 0.0 0.118! ~0-1181 0.0 ~0.0061 0.0061 0.0119
~040059 —0.,0120 =0.0119 00120 00059 Q.0 0.00546 =0.0054 —=0+01589 040097
040151 040189 =0.0151 =0.0097 0.0 0.0400 =0.0400 —004223 0.2112 002112
FREQUENCY = 187.8 CM-1 ) -
0.0 0.0 000022 —0.0022 0.0 040001 =0.0001 0.00C4 —0.0002 -0.0001 M
-0.0008 0.0001 00002 0.0 0.0423 —0.0423 0.0 00010 —=0.0010 0.0C29 i

—0.0025 =0.0016 =0.0029 0.0016 0.0025 0.0 «0.0020 00020

-0.0044 0.0035
000018 040044 —0.0018 =0.0038 0.0 =0e0122 00122

0e8450 =0e4225 ~0.4225

arne 40 entries for each frequency, k, give the L;, values ‘

(equation 37) in the same order of internal coorxdinates

as in Table IX.
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