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Abstract

The intrared Jbsofption bands duc to the oD
stretching vibrations of D,0 and HDO and to the. rotational
D20 vibrations in ordered ices, 1ces 11 and 1X, dispoersed
1n a 3-methylpentane glass were recorded at témpor.zurus
of 100, 60 and 10 K. cCalculations of the frequencices

and relative‘infrared intensities of the k=0 (D,0)

Y oD

vibrations in the harmonic and bond moment approximation

AD,0) band

are reported and explain the features of the Vp

of ice IX very well and are in r?asonable agrecment with
those of ice II; The features are, however, less well
resolved than 1f they were due solely to thc k=0

j
vOD(DZO) vibrations. The breadth of the #eatures is
interpreted as due to the enhancement of khe ihtensity
of overtone and cqmbination transitions by Fermi resonan?e
between the fundamental VoD levels and the iscencrgetic
continuuni of overtone and combination levels.

The mid-~infrared spectra of" cyclopropane étructure I
clathrate hydrate dispersed in mﬁlling agents at 90 K aﬁd
in potassium bromide pellets at 45 to 155 K and of ethylene
oxide clathrate hydrate disﬁersed'in potassium bromide
peliets ét 45 to 155 K were recorded. The water absorp-
tion bands of cyclopropane structure I hydrate are assigned

by comparison with the spectra of 6ther clathrate hydrates

and ice I and the spectral similarities are discussed.



iR

The vODﬂﬁDO) and \OH(HDO) bands ot cyclopropane structure
1. hydrate differ markedly from those of the Structure I
hydrates of ethylene oxide and oxetane. This difference
1s attributed to the interaétion of the guest dipole
moment with the water lattice. - |

The: assignment of the guest absorption bands of
cyclopropane structﬁre I hydrate follows from that of
gaseéus cyclopropane. The gisting assignment of the guest

absorption bands of ethylene oxide hydrate has been

modified. The dlfferences\betWeen the frequencies of the

.encaged molecules of the structure I deuterates of ethylene

oxide and cyclopropane‘and the corresponding frequencieq

in the gas phase were interpreted using the loose cage-tight
Cage ideas of Pimentel and Charles. The :elétive sizes of
the guest molecules of these clathfaté deuterates and

of oxetane structure I deuterate are clearly reflected in

/‘

;he”gﬁerage frequency shifts on clathration and in the

number of.gas phase infrared inactive fundamentals ®
observed. |

The frequency shifts with temperature of the guest
absorption kands of etﬁylene oxide hydrate and cyclopropane
structure I hydrate indicate that the guest molecules
generally experience a looser cage environment at lower
temperatures. For ethylene oxide hydrate the dominant
temperature dependent contribution to the bandwidths of

the guest bands appears to be due to the reorientation of

vi



the guéét molecules, while for cyclopropane structure I
hydrate it appears to be due to' the different potential
" minima occupied by the guest molecules within the céqcs
rd

at different temperatures.

The guest absorption bands due to v7(A"), a CH2

o

rock, and vll(E'), thé'rjng deformation, of cyclopropane
and to v3(Al),4the ring breathing vibration, of cthylene
oxide are split into doublets at low temperatures and
this is attributed to guest molécules 5ccupying two
nohequivalen£ sets of preferred orientations within the

-

cages.

vii
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Chapter One. Introduction

1.1 General

This thesis presents fwo indenendent but closely re
lated projects. The first prOJect 1s the re-examination of
the mid-infrared Spectra of ices IT and IX and thelr inter-
pretation. The second project is concern-& with thoe mid-
infrared spectra of Cyclopropane structure I clathrate gy—
arate, Cyclopropane Structyre L] clathratehyarate and oxirane
Structure I clathrate hydrate (hereafter called cyclopropane
hydrate I, cyclopropane hydrate II and ethylene Qxide
hydrate), and continues pPrevious infrared studies of the
clathrate hydrates in this laboratory (1,2). °

General introductidns to the polymorphs of ice and the
clathrate’ hydrates are presented in Sectlons 1.2 andg 1.3,
regpectively. 1In Sectlon 1.4, the basic principles of vi-
brations in solids are discussed with particular refefence‘
to ices II and IX. Previous work on the vibrational spectra
Of the ices and the clathrate ‘hydrates is ‘discussed in
Sections 1.5 and 1.6, respectively, and the previous studies
of the vib:r atlonal spectra of cyclopropane are briefly dis-

cussec .n Sectlon 1. 7 The objectives of this work are

discussed in Section 1.8.

1.2 The Po vm~ I Ice
A brief -: c: on to the polymorphs of ice is pre-
sented in this .ac The'reader is referred to a, number

of review arti-les T a —ore ~omplete discussion.



Ice is known to exist in at least eleven different
crystalline solid phases (3,5,10), and although there is
great diVérSity in the structures of these phases (3,10,11),
they are all composed of discrctc, hydrogen-bonded water
molecules. Each water molecule forms four hydrogen bonds

5

which are approximately tetrahedrally directed. 1In two of
tﬁese hydrogen bonés the water molecule donatcs its hy@rogen
atoms, and in the other two it Qqupts a hydrogen atom from
two other water molecules. There are, thus, six possible
orientations which occur with equal probability when the
average coordination of the water moleculeé is tetrahedral,
as shown by diffraction_experiménts. Consideration of the
positions of the hydrogén atoms results in an important
classification of the different ice phases. Water molecules
that are in the same pésitions in different unit cells are
translationally equivalent. If the orientations of trans-
lationally equivalent.water molecules are the same in all
unit cells, the ice is ordered, and if the orientatipﬁs

vary randomly from celluﬁo cell, the ice is orientationally
disordered. If some sets of transiationaliy equiva;ept
water molecules have eséentially the same orientatioﬁ‘in all

“ -

unit cells whereas other sets do not, the ice is partially

ordered. For all of the ice phases there is, of ‘course,

some short range correlation in the orientations of neigh-
bouring molecules, such that there remain discrete water

molecules and only one hydrogen atom between each pair of

' nearest neighbour oxygen atois.

The phase diagram of ice is shown in Fig. 1.1. This

o
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Figure 1.1. Phase diagram of ice. The solid and long-
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respectively. Reproduced from reference 9.
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has been determined by measuring the volume as a function
of applied pressure at different temperatures. From such
measurements it is also pOséible>to determine the entropy
changes occurring at the phase tfansitionsjiZ), and these
entropy changes éré:due mainly to changes in the config&rar
tional entropy (9) and, thus, have yielded information on
the order or disorder of the hydrogen atoms.

Many other techniques have been employed to study the
ice‘phases and the structures of most of them have been de-
termined by X-ray diffraction (3,10(11). This technique
yields information primarily on the OXygen atom positions,
although constraints can be imposed by the crystallographic
symmetry which allows one to deduce that the prgtons are
~disordered (10). To determine the hydrogen atom positions,
neutron diffraction has been used (13-18). Dielectric
measurements of the ices (19424)‘provide information on the
re&fientational processes of the water molecules, and these
méasurementhindicate whether ®r not the ice is.orientation—
ally disordered. In the presence of an applied field,
molecules can only reorient if there is more than one p05~
sible orlentatlon of similar energy, and thus dlelectrlc
relaxation or absorption is only observed for the disordered
Or partially ordered ice phases. The infrared and Raman
bspectrabof the ices have also indicated which phases are :
ordered or disordere \section 1.5), |

He%agonal or ordinaryiice, ice Ih, is the form of jice

stable at normal pressures. Two other forms of ice, ‘a cubic



form, ice Ic, and a vitreous or amorphous phase also exist
metastably in the low temperature field of stability of ice
Ih (3,4). Vitreous ice is not a true polymorph of ice (25),

and so it is not considered furtper,' The structures of ice

- Ih..(26,27) and ice Ic (28) are very similar.- They are both

orientationally disordered (27,29) and every water molecule

" 1s tetrahedrally hydrogen bonded tp its four nearest neigh-

bours. The lattices are formed by: puckered layers composed
of hexagonal rings of water molecules which have the chair
éonformation. The lattices differ only in the stacking of
these puckered layers. 1In ice Ic; éhe Hekagonal rings
formed by three oxygen atoms of one layer and the three
Ooxygen atoms in' an adjacent layer have the chair conform-
ation, whereas they have the boat COnformation in ice Ih.

The remaining ice phases are formed at high pressure
and can be studied either in their field of ;tability or, if
thgy exist metastably at low temperature, as quenched phases
at atmospheric presspré and low temperature.

The presence of high pressure forms of ice was firét
demonstrated by Tammann in 1900 (30)®who formed ices II dnd
ITI. The phase diagram was later extended by Bridgman
(31-33) Qho discovered ices IV, V, VI and VII. More recent-
ly 'two more phases, ice VIII (23) and ice IX (24), have been
identified. The fi;st attempts to determine tﬁe stfuctures
of the high pressure ices were by McFarlan ¢34,35) who re-
ported the X-ray powder diffraction patterns of ices II and

IX. His work did not, however, agree with later studies by
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Bertie, Calvert and Whalley (36).

Ice II was first recognized as béing ordered by its
infrared spectrum (37). The Structure of ice II was initi-
ally determined by a single crystal X-ray diffraction study
(38), and an ordered arrangement of the hydrogen atoms was
found to give the best agreement with the X-ray data. This
ordered arrangement has been confirmed by neutron diffrac-
tion studies of the powdered samples of the deuterated ice
by Finch et al. (17) and also of single crystal samples of
‘the deuterated ice by Kamb et al. (1e6). The ordered
structure was also confirmed by dielectric (20) and entropy
(12) measurements. A neutron diffraction study has also
shown that the crystal structure obtainedtfor ice II in its

f
field of stability is the same as that of the quenched form

(39).

Dielectric studies of icés'III, V and VI above 228 K
and in their field of stability (20) have shown that these
phases are orientationally disordered. Ice IV exists only
metastably in the field of ice Vv and 1is difficult.to study.

‘Entropy considerations (40) have indicated that it is also
probably disordered and this has been confirmed recently by
a single crystal X-ray diffraction study (41).

The phase obtained by cooling ice: ITI to 100 K was
first fecognized as being ordered by its infrared spectrum
(37)T Later, dielectric measurements indicated that a.dis—
brder to order transition occurs at about 170 K (24). This

ordered phase is now designated ice IX, but prior to 1968

o



it was called ice [II. Kamb and Datta (42) reported a pro-
liminary structure for ice IX, and a more complete single

' crystal X-ray diffraction determination was later reported
by Kamb and Prakash (43) . They were, however, unable to . >

distinguish between a proton ordered or disordered structure.

Neutron diffraction studies of powdered samples of the deut-

erated ice by Rabideau et al. '8) and also of single
crystal samples of th. deuterated ice by Hamilton et al. (13)
showed that ice IX isg ordered. Later a more detailed

neutron diffraction study (15) of the deuterated ice showed
that the deuterium atoms occﬁpy “he Eﬁo'possiﬁle positions
between hydrogen-bonded oxygen atoms with probabilities of
0.96+0.01 and 0.04:0.01, tompared with 1.0 and 0.0 for a
fully ordered structure and 0.5 and 0.5 for a fully dis-
ordered one. This partialidisorder has been tonfirmed by
Nishibata and Whalley (44) who have stud;ed the heat of
transformation of ice III to ice IX. Neutron diffraction
studies of féés"III and IX under pressure .ve also been
reported (39). The space grqﬁp ié‘the S. - TOor both phases,
but the transition changes the c/a ratio of the t tragonal
cell from 1.044:.017 for icé IIT to 1.ooo¢.oo; fof ice IX.
Proton and déﬁteron nuclear magnetic fesonance studies of
ices II:and IX have élso been reported (45).
Ice VII, like ice III,“has been found to undergo a dis-
. order to order transition near 273 K to form ice VIII (23).

The occurrence of this transition was first suggested by

Whalley and Davidson (12) from entropy considerations. More



(v

precise catropy calculutiuns basced on g Telledsutrenent Wt
phase diagram (46) and dlelectric measurement.; 1)
indicated that ice VIII 1s ordered and a neutron dirtfraction
study (47) and the Raman spectrum (48) oif ice VITI have copn-
firmed this.

Kamb (5,10) has Proposed the existence of two nore forms
of ice, ice X, a parcially ordered low—teméerature form of
lce VI, and ice XI, a partiaily ordered low—témperaturclform

ice V. Dieleccric‘measurements (21) have indicated that

of
ice VI 1s not completely disordered at any temperatur., and
that there is a transition near 123 K. X-ray diffraction

studies of ice VI in 1£s field of stability (49) and M-ray-
¢ neutron diffraction Studies of the quenched form (50,51
nave indicated that the Space groups of these two forms are
different (10). The difference between thg two phases 1is

¢

unclear at present.

The =2vidence for the new bhase, ice XI, is not as con-
clusive as for ice X.. Entropy (32) and dielectric (20)
measurements at high temperature have shown that ice V isg
disordered, while the neutron diffraction study b% Hamilton
et al. (13) of the quenched phase at 110 X indicated that
there is significant proton order. Attempts to detect an
ordering transition in ice V. at low tem: ~+ture have been
unsuccessful since it transforms to ice I below about
227 K (21).

The high pressure ices are much more compact than?ices

Ih and Ic. This higher density is not the result of shorter



O-h...0 distances, but is duc to smaller second-—-and higher-
nearest neighbour distances. For 1ce Ih.the\W—H...O and
second-nearest neighbour distances are 2.74 and 4.5 X,
respectively, while for ices 11, V, VI and IX these distances
are 2.75 to 2.87 A and 3.24 to 3.51 R, respectively (4,10).
For i1ce VII both distances arc about 2.96 i (5). Ice VIII
1s guite unusual in that its U-il...0 distances arc 2.96 A )
while the necarest non-bonded Jdistances are 3.15 and 2.80 A
(5), so that some of the non-bonded distances are shorter
than the hydrogen-bondéd distances. The small second-
nearest necighbour distances for the densest ices, ices.VI,
VII, and VIII, are the result of thé interesting feature |
that they are composcd o©f two ident:cal interpenetrating;
but not interconnecting lattices. Kamb has used the term
sulf—cléthratc to describe these ices (10).

In ices 11, V, VI, VIII and IX, the changes in the 0-0
distances are accompanied by‘distortions from the ideal
tetrahedgal geometry found in ices Ih, Ic and VII. These
distortions are believed to result in the proton ofder found
in the high pressure ices at low temperature. Presumabiy,
the>water moleculés orient themselves so that the H—O—H
angles are most closely matched to the available O...Q...0
angles (10).. Considerations of this type in fact led p
Whalley et al. (24) to predict the corfect orientations of
the ~rater molecules in ice IX before they were determined

from neutron diffraction studies.
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1.3 fThe Clath£3££“qu£gtcs

A brict introduction to tne clathrate hydrates is pro-
3

sented in this section, with particular reference to the
Clatnrate hvdrates of éyclopropane, cthvlene oxide. and .
Ooxetane. The reader ig referrced to a number of review
articles IOr a more complete discussion (52-54) and to prﬁ-
vious theses (1,2) for more complete accounts of the dis-
covery and properties of ethylene oxide and the oxetane
hydrates. a

The clathrate hydrates are crystalline compounds in
which hydrogen-bonded water molecules form a host lattice
containing cage—iike cavities in which small guest molecul
are encaged. A large number of clathrate hydrates exist,
and most of them conform to one of two structures which are
termed.structure I and structure II (52). The structu:e of
the structure I hydrate has been defined by single crystal
X-ray diffraction study of etnylene oxide hydrate at 248 K
(55) and neutron diffraction Study of ethylenc oxide deuter-
ate at 80 K (56), while that of the structure II hydrate
has been defined by a single crystal X-ray dlffractlon
study of the double hydrate of tetrahydrofuran and hydrogen
sul de at 253 K (57).

The clathrate hydrates are sometimes con51dered to be
ferms of ice (58), since.each water molecule is hydrogen
bonded tc four nearést neighboufs. Three of the hydrogen

bonds formed by each water molecule form the edges of a

Cage, while the fourth is ‘directed outwards from the cage.



The Ifour types of cages rfound in the structure © oand

structure I1 hydrates, are shown in Fig. 1.2, as viewed
along thelr axes of highest symmetry (59). Some of the
geometric parameters associated with the structures are

given in Table 1.1 (56,60).

~hrate hydrates have the space group

The structure 1T

3 _ . , .
Pm3n, O (55,56), with 4 .-or molecules per unit cell.

h
The oxygen atoms are at the vertices of 6 tetrakaidecéhedra
(l4-hedra) and 2 pehtaéonai dodecahedra (l2-hedra). The
l12-hedra (Fiy. 1.2a) are composed of pentagonalvfacés, are
"situated at the vertices and centre of the unit cell, and
have a free- inside diameter of about 4.9 £ ( 35). The 14-
hedra (Fiy. 1.2b) are composed of two d%posite hexagonal
faces and 12 pentagb;al faces and have an approximately
ellipsoidal free volume with free inside diameters of about
5.2 g along the 4 axis in the digection perpendicular to
the hexagonal rings and 5.0 to 6.3 R in the equa?orial
directiOns‘(56).

The structure iI clathra£e hydrates have the.space
group Fd3m, Og (57) with 136Awater holecules pér face-
centred unit cell. The oxygen atoms are at the vertices of
16 pentagonal dodecahedra (l2-hedra) and 8 hexakaidécahedra
(16-hedra). The l2-hedra (Fig. 1,627 are very similar to
those of the structure I hydrate and have a ffee inside
diameter of about 5.0 &. The lé-hedra (Fig. 1.2d) are

composed of four tetrahédrally arranged hexagonal faces and

12 pentagonal faces and are almost spherical with free in-



-«. Cages of the structure I {a,b)
(c,d) clathrate hydrates viewed alo

Symmetry. Literal identification of the sites follows
the notation of The International Tables for X-ray
Crystallography. Reproduced from reference 59.

and structure
ng axes of highest
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side diameters of 6. (57).
The strhcture I and structure II clathrate hydrates
.are formea by ‘a wide variety of guest molecules (52). The
most important §riterion for which structure ;s formed ‘is
the size and shépe of the guest molecule. In general,
those guést molecules with van der Waals diameters less ghan»
5.5 R form structure I hydrates and those with van der~Waads'
diameters between 5.5 and 6.7 A form the structure II hyd-
rates (2). Thus, ethylene oxide has’a largest van der
Waalsldiameter of 5.2 K (61),'and forms a structure I
hydraté with alls of the large cages occupied but only 19 to
40 percent of the smaller cages occupied (55,62). Tetra- ‘
hydrofuran hés a largest van dir Waals diameter of 5.9 £”(6l),
and forms thé\Struéturé II hydréte with the l6-hedra fully
occupied and the 12-hedra empty (63), or, in the double
hydrate of tetrahydrofuran and hydrogen'sulphide, the 12-
hedra par£ial;y occupied by hydrogen sulphide (57)f
Oxetane and cyclopropane are unique. Oxetanejhaé
largest van der Waals diametefskof 5.5 and 6.2 A a d-‘
cyclopropane has a'largest van der Waal;,diameter of 5.4 A
“(2), and these twé molecules form both structure I and

‘structure II clathrate hydrates (2,64,65). No other com-

pounds are known to form hydrates of both structures without

\
\

the help of a.éecond type of guest molecule (61).
he éormation of cyclopfopane hydrate I was first
established by Miller (66) and Barduhn et al. (67). The

formation of cyclopropane hydrate II was later established



\ 1t

by Hafemann and Miller (65). " The phase diagrams of the
cyclopropane hydrates and deutvrates are shown in . . 1.3
and‘l.4, respectively, and were determined from the -1 ;-

L}

sociation pressures of the hydrates or deuterates as .
function of temperaturc (65,689 . Cyclopropane hydrate |1}
and deuterate II are only stable from 257.2 to 274.7 K and
from 249.9 to 278.7 K, respectively (65) and at cyclopropane
pressures less than the decomposition éressure”of the.
structure I hydrate or deuterate (68). :}n both structures
cyclopropane, like oxetane (2), Occupies all of the large
cages anﬁ\sone of the small cages (65,68).

The clathrate hydrates have been exXtensively studied
by dielectric (69,70,71) and nuclear magnetic resonance
techniques (72-74). These techniques yield information
concerning the reorientational processes of the guest and
water molecules

Dielectric absorption due to molecular reorientation
usually occurs at frequencies below about 30 GHz (l). For
the clathrate hydrates two dielectric relaxation processes
are observed, one at low frequency due to the reorientation

of the water molecules and .one at high frequency due to the

reorientation of dipolar guest molecules. The observation

of dielectric relaxation Clearly shows that the molecules
are Oorientationally disordered. Tue frequency of maximum
dielectric absorption 1s usually eguated with the rate of
molecular reorientation (75), and its temperature depeudence_

is usually described by an Arrhenlus rate equation (70).
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The reorientatiQQ rates of the water molecules are
highly sensitive to the nature of the guest molecules and
are slower for nondipolar guest molecules than for dipolar
guest molecules (69,70). For example, the reorientation
rates of the water molecules in the st%ucture I hyds;ées of
cyclepropane, eﬁhylene oxide and oxetane at 233 K are
3.57 kHz (69), 3.03 MHz (76) and 33.3 MHz (77), and the
corresponding activation en=xrgies are 10, 7.7 and 5.8
kcal/mole, respectively. This slower relaxation rate for
nondipolar guest molecules has been attributed to the ability
of polar guest molecules to inject_defects into the water
lattice (69,70). At 100 K the reorientation rates of the
water molecuies“in the clathrate hydrates are negligible (70).

Nuclear magnetic resonance sﬁudies of the clathrate
hydrates have been’concerned mainly with the determination
of the temperagure dependence of the spin-lattice relaxatién
times, from which it is possible to determine the activation
energy for the reorientation of the guest or water molecules,
and with measurements of the second moment of the resonance
line. The second moment is a measure 0of both linewidth and
lineshape and it is sensitive to the motion of the molecules.
Second moments can be calculated for a rigid lattice from
the geometry of the solid, and for rapidly moving molecules
by assuming certain types of motion (78). Thus, the com-
parison of the calculagééband observed second moments can

yileld information concerning -the reorientation of the guest

or water molecules.

v . i . .



Proton nuclear magnetic studies of the second momen t
of ﬁhe resonance line‘due to the water molecules. have con-
firmed the results from dielectric work that the water mole-
culc:; bf clathrate.hydrates with dipolar gﬁcst molecules
reorient more rapidly than those with nondipolar gJuest
molecules (73,79). This is shown clearly by the temperature
at which narrowing of the resonance line occurs. For the
Structure I hydrqﬁes of cyclopropane, ethylene oxide and
oxetane, these températufes are about 250, 170 and 150 K
(79) . .

At convenient. temperatures (T:90 K), the dielectric
relaxation of dipolar guest molecules occurs at very high
frequencies where dielectric measurements are difficult (71)..
For ethylcné_pxide hydrate at 88 K, the reorientation rate
of the guest mblecules is 6.6 GHz (80), so much lowe;
temperatures have to be employed to enable the absorption
to be sEﬁdied at lower frequencies (1 Hz to 1 MHz) (71).

The low?temperatuge studies have shown-that the relaxation
rates decrease and the activation energies ‘for reorientation
increase with increasing quest size for both types of
clathrate hydrates (69,71). For example, for the structure
I hydrates of ethylene oxide and OxXetane, the temperatures
associated with guest reorientation rates of 1 kHz are 28
and 52 K, and the activétion energies for reorientation are
1.42 and 2.43 kcal/mole, respectively (76,81).

Proton nuclear magnetic resonance studies of the guest

molecules in the deuterates have shown that, in general, the



guest'molecules\are fixed on' the nuclear magnetic resonance
time scale below about 4 K (72). The second moments of tho
proton resonance of ethylene oxide and cyclopropane in—""""
their structure 1 deuter.tes show that the guest molecules
effectively undergo isotropic rotation above 230 K (76,82).
Proton spin-lattice relaxation measurements of cyclopropane,
between'77 and 125 Kv(82), and ethylene oxide, between 77
aﬁd‘l70 K (83), in their structure I deuterates have yielded
activa?ion energies of 0.83 and 0.9 kcal/mole, respectively.
The activation energy determined for ethylene oxide in its
deuterate is in good agreement with the activétion enerqy,
0.89 kcal/mole, determined from deuterium spin-lattice
relaxation times of ethylene oxide—d4 between 100 and 170 K
in its hydrate (84). ‘These values are appreciably leer

than those determined by dielectric measurements, 1.42
kcal/mole below 40 K (76) or 1.26 kcal/mole between 30 and

90 K (71). This difference is undoubtedly due t Khe @dif- N
ferent temperatures.

The structure I hydrate of oxetane differs from other
structure I hydrates in that dielectric and nuclear magnetic
resonance studies (8l) have indicated that the oxetane
molecules undergo an ordering transitioﬁ below 105 K, in
which nearest ne;ghbour guest molecules adept a pre-
dominantly parallel alignment along the Z axis of the 14-
hedral cages. No eviaence for a preference for axial

orientations of the guest molec. =s has been found from

dielectric or nuclear magnetic studies of the structure I
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hydrates of c¢yclopropane or cthylene oxide (68,76,82).
presence of such preferred orichtations has, however, boon
invoked to a¢count for the clectron density distribution
determined from an X-ray diffraction study of cthylene
oxide hydrate at 248 K (55). This interprvlation of well
defined or;entati?ns.of the guest molecules is inconsistont
with the small activation energies for the rcorientation of
the guest (76,85) and also with a recent neutron ditfraction
study of ethylene oxide deuterate (56). In this latter
study a model involving the 24-fold disorder of the guest
molecules .was used to describe the neutron.scattering by
the ethylene oxide molecules in the ld-hedral cages (56).
Pavidson (85)" has tried to determine the orientations
of greatest stability of ethylene oxide in the l4-hedral
cage, by calculations using Lennard-Jones potentials between
the oxygen atoms of the water mblecules forming the cage
and the atoms of the guest molecule. These calculation§
failed to establish 5ny preference for axial positions.
Similar calculations (76) of this type have suggested that
there are a large nu&ger of orientations of similar energy
within the cages which are separated by low ( 1 kcal/mole)
potential barriers, but that it is possible that axial
configurations may be favoured at ver& low temperatures.
Nuclear magnetic resonance and dielectric relaxation
measurements (76) have shown that the different orientations

of the guest molecules do become appreciably nonequivalent

at low temperatures.-



1.4 Vibrations in Solids

A brief introduction to the vibratiens in solids is
presented 1n this section. More detailed discussions are
available 1in the literature (86-93). The principlee pre-
sented are applied to ices I1 and IX at the *end of this
section.

The property that di: ..guishes the crystalline state
from all other states is the periodic arrangement of the
atoms in crystals. Due to this periodicity the vibrations
in a crystal can be regarded as dlsplacement waves propagat-
lng/{hrough the lattice (87-90) and are characteriz&d by a
frequency, v, and a wavelength, A . The wavelengths can take
certain values between the dimensions of the crystal and
twiEe the unit cell length in the direction of propagation
(87-90). The wvibrations are usually desc:-ibed by a wave-
vectoé, k, whose magnitude is the reciprocal of the wave-
length, and whose direction is the direction of propagation
(87). The relation between the frequencies and wavevectors
of the vibrations is described by dispersion curves.

If there are p m-atomic molecules per unit cell, there
are 3pm branches of dispersion curves. p(3m~6) of these are
due to 1ntramolecular vibrations. The frequencies of these
v1bra£10ns usually depend prlmerlly on the strong intra-

molecular forces and do not exhibit a strong wavevector

dependence. The remaining 6p branchesuare due to inter-

'~ molecular vibrations, the frequencies of which are determined

primarily by intermolecular forces. These intermolecular



forces depend on the relative displacements offthe molecules,
which are strongly dependent on the wavevector, so the fr.
quencies of the intermolecular vibrations exhibit a stror -
wavevector dependence. 3p of these latter branches are due
to the rotational vibrations of the molecules, and the re-
maining 3p branches a Jdue to the tranélational vibrations
of the ﬁolecules. At zéro wavevector three of the trans:
lational branches have zero frequency and correspond to the
pure translation of the crystal in three orthogonal direc-
tions, and at wavevectors close to zero these brdnches
correspond- to sound waves in the crystal. These branches
are, thus, called acoustic branches. The remaining 3pm—3
branches dfe called the optic branches because the optically
active vibrations occur in them.

The periodicity of the vibrations ir an ordered solid
means that the changes in dipole moment o£ polarizability
during each vibration are also periodic. Electromagnetic
radiation waves are also periodic, and tﬁe interaction
between the radiation wave and the viﬁration wave only  yields
infrared absorption if the two waves have the same wavelength
and propagate in the same“direétioh (87,94,95); i.e. if
K=k, where K is the wavevector of the light. 1Infrared
radiation has a wavelength of 10—4 to 1 cm, ﬁuch greater
than the unit cell length, so that vibrations with K=k ﬁave.
essentially the same frequency as those with k=0 for crystalé
with éhort—range forces. The k=0 vibrations are those in

which the atomic displacements which occur in one unit cell



are duplicated 1n all unit cells, so it is only necessary to
consider the displacements in one unit cell lo visualize Lge
optically-active vibrations. Thus, although there are about
lO25 vibrations per mole of molecules, the number of vibra-
tions that need be considered for an ordered solid is only
3pm-3, where p and m are detfined as above. Not all of these

zero-wavevector vibrations result in a change in the dipole

/
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moment or polarizability that is reqhired for infrared or
Raman activity. To determine which ones are active a unit-
cell-group symmetry analysis (92,93) is performed, .the pro-
cedure for which will be illustrated for ices II and IX later
in this section.

For an orientationally disordered solid there is no
wévevector selection rule because the changes in the dipole
moment or polarizability during the vibration are not
periodic.  Thus, all of the 102.5 vib;ations per mdle~of
molecules are infrared and Raman acti‘-.‘ The absorption by
an orientationally disordered solid must be described by a
density of vibrational states function'multiplied by én
intensity distribution function (96-98). ”fhe density of
vibrational states is defined as the number of vibrations at
each frequency (87) and can be determined from the dispefg;on
curves, if they are known. The frequencies are often not-
greatly dependent on the wavevector for wavevectors close to
zero (neaf the Brillouin zone centre) or close to the maximum

wavevector value (near the Brillouin zone boundary). The

vibrations are uniformly distributed in wavevector space, so



there are far more vibrations with wavevectors close to the
' maximumrvalue than with wavevectors cloée to zero, and tho
maxima in the density of vibrational states usually arise
from vibrations near the zone boundary (98).

Ices II and IX are essentially ordered (Section 1.2) so

their fﬁndamental absorption should be due solely to k=0
vibrations. To determine which vibrations are infrared or
Raman active a unit-cell-group analysis is performed. This
réquires a knowledge of the symmetry properties of.the solid.
The symmetry of the solid is described by the space
group, which is formed by all symmetry elemenfs in the
crystal, and therefore includes all combinations of primitive
trqnslations, and proper and ihproper rotations. The fﬁnda—
mental unit of the crystal is the primitive unit cell which
is defined as the smallest unit in which no atoms are
equivalent by simple translations and sums and multiples
thereof. The symmetry of the unit cell is described by the
unit-cell group, which is defined as the® finite subgroup of
the space group in which translations which carry a point in
one unit cell into the eguivalent point in another unit cell
are defined as the identity (99). The unit-cell group is
isomorphous with one of the 32 point groups and can be
obtained by deleting the superscript from the Schoenflies
symbol £or the spéce group. The symmetry'of the sites
occupied by the molecules is described by a site ;roup,

which is defined as the group of symmetry elements which

leave the site invariant, and this group is a subgroup of



the molecular point gdroup and of the unit-cell group.

The method most commgnly used for a unit-cell group
analysis 1s the correlation Schod (92,93). To apply this
method one needs to kﬁéw the space group, the symmetries
of the sites occupied by the molecules and the number of
‘molecules per primitive uhit cell. The method consists of
three steps. First,® the representations formed by the
vibrations of the free molecules under théir point group are
obtained (100). From these the representations under theA
Site group are obtained by the use of correlation tablés
(l00), and then from these representations, the representa-
- tions under the unit-cell group are obtained by the use of
correlation tables (lOb). This method is illustrated belowv
for ices II and IX. “

Ice II, space group R3, Cgi,‘has twelve molecules per
unit cell which occupy two sets of sixfold equivalent sites

of symmetry C (16,38). The unitfcell group 1s isomorphous

1
with the group C3iES6,.soithe character tables for 56 can be

used fqr the unit-cell group. . Shown in Fig. 1.5 is the
correlation diagram fér.ice II which relates the irreducible
representations of ﬁhéwmolecﬁlar_point group, C2v’ to those Ly
under the site‘groﬁp, Cl’ and the unit-cell group, 56. The

free water molecule has three intramolecular vibrations,

vyr @ symmetric O-H stregching vibration of symmetry

species Al, Vo the H-0-H bending vibration of symmetry

species Al, and Vs the antisymmetric O-H stretching. vibra-

tion of symmetry‘species Bl' The translational degrees of
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freedom of the water molecule form the representation
Al+Bl+B2 and the rotational deqrees of freedom form the
representation A +Bl+B?' There are twelve molecules per

2
unit cell so thét twelve vibrations exist in the unit cell
for each translational (T), rotational (R) or vibrational
(\)l,v2 or v3) degree of freedom of the free molecule. From
the correlation diagram (Fig. 1.5) the following rePresent-

ations are obtained under the unit-cell group:

TV =l =['  =2A +2E +2A 42E
1 Y2 Y3 9 9 u

FR=6Ag+6Eg+6AU+6Eu

FT=6Ag+6Eg+6Au+6Eu- p

Three of the translational vibrations correspopd to the
acoustic modes which have zero frequency and form the
representation Au+Eu. The representation formed by the
translational vibrations with finite frequency is, therefore

I‘T=6Ag+6Eg+5Au+5Eu

The infraréd active vibrations are of symmetry species
Au and Eu’ andhthe Raman éctive vibrations are of symmetry
species Ag and Eg. Thus, a unit-cell-group énalysis predicté
10 infrared active and 12 Raman actiQé translational vibra-

tions, 12 infrared and 12 Raman active rotational vibrations

‘and 4 infrared and 4 Raman active vibrations due to each of

the intramolecular vibrations. Because the structure is
centrosymmetric the Raman active vibrations are not infrared
active, and vice versa.

Ice IX, 'space group P41212, Dj, has twelve molecules
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per unit cell (15,43). | Eight of these molecules are on

sites of symmetry C nd four are on sites of symmetry C2.

l !
Shown 1n Fig. 1.6 are the correlation diagrams for ice 'IX,
whith relate the irreducible représenpations of the molecular
point group, C2v’ to those under the site group, Cl or ¢,

and the unit-cell group, D4. From these correlation
diagrams the following representations'are obtained under
the unit-cell giroup:

1v1=1v2:2Al+A2+Bl+2B2+3E

© =A_+2A_+ +B_+3E
IV3 Al A2 2Bl 82 3E

FR=4A1+5A2+581+482+9E

FT=4A1+4A2+581+482+8E,

where the three acoustic modes have been omitted from FT,
and C; was taken to be diagonal to the .a axis of the
unit cell. %
. A

The infrared active vibrations are of symmetry species
A2 and E and the Raman active vibrations are of symmetry

species A Bl'BZ and E. Thus, a unit-cell-group analysis

1’

. predicts 12 infrared andlZl Raman active translational
vibrations, 14 infrared and 22 Raman active rotational yib-
rations, 4 infrared and 8 Ramaﬁ active H-O-H bending vibra-
tions and 9 infrared and 15 Raman active O-H stretching

vibrations.

1.5 Vibrational Spectra of the Ice Polymorphs

The studies of the vibrational spectra of the ices

have been reviewed a number of times (4,7,8,101-104) and no
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attempt will be made toYcover this subject exhaustively.
Instead the purpose of this-section is to briefly describe
what is known about the vibrational spectra of the ices.
The infrared and'Raman spectra of ices ih and Ic have
been extensively studied (105-116). No differences have
been detected between the‘mid—infrared.or Raman spectra of

these two ices, but their far-infrared spectra have very

L'—*»_.

“recently been shown (115) to differ»slightiy. The first
infrared spectra .of the high bressure forms of jice were
reporteq by Lippincott, wWeir and van Valkénburg (117) who
studied ice in a diamond anvil cell at a temperature of
about 255 K and pressures of 3000 and 9000 atmospheres.

More receg%ly, the mid—infrafed spectra of ices II, V and IX
(37) and>§I (118), the far-infrared spectra of ices II, Vv
and iX (119) and vI (118) and the Raman spectra of iceg 11,
V. and -IX (111), vI (120,121), VII (121) and VIII (48,120,121)
have-Been reported: All of theif Spectra were of the ices
quenched to 100 K and at atmospheric pressure, except for
the Raman spectra of ices VI, VII and VIII (121) which were

of the iceés in their region of stability. To date the

temperature dependence of the spectra have o

Yy been report-

ed for ice Inh (98,106,109,116) and uncharactérized sar Tes

/" of ice Ic (122).

The infrared spectra of all of the ice ‘phases studied

contain a broad band centred at about 3200 cm_l for the HZO

lces and at about 2400 cm_l for the DZO ices, which is

called the vOH(HZO) or vOD(ng% band and ig assigned to the

O-H or 0-D Stretching vibration@? There is also a broad
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absorption band at about 1600 cmﬂl'for the H2O ices and at
about 1200 cm_l for the D2Ovices, which is called the
vz(HZO) or vz(Dzo) band and is assigned to the H-O-H or
D-0-D bending vibrations.

The intermolecular vibrations are due to'the Eindered
translational or hindered rotational (librational) motions |
of the water molecules. These two types of motion occur in
separate frequency regions below about 1100 cm—l. The
infrared absorpfion bands below about 360 cm * in the H,0
and D20 ices are assigned to the transiational vibrations,
and are called the vT(HZO) or vT(Dzo) bands. Absorption 1
due to the rotational vibrations occurs at about 1100 to
400 cm ~ in the H20 ices and at about 900 to 350'cm—l in
the D20 ices, and these bands are désignated vR(H2O) or
vR(Dzo). There is also a broad,, weak absorption band at
about 2200 cm™ 1 in the H,0 ices and at abotut 1600 cm T+ in
the D2O ices which is assigned to the second overtone of
the rotational vibrations,—3vR, and to thg combinatiOnb
transitions v2+va »

The discussion of the absorption due -o the 0-H o-

O-D stretching vibratiOns ié best approaéhed by introducing
the results obtained from isotopic dilution studies. 1In
the spectra of ice samples which cdntain a few percent of
HDO in'Hzo or D2O, absorption can be seen due‘to 0-D
oscillators‘surrounded by HZO moleéﬁles or O-H oscillators

~surrounded by D20 molecules. These absdrption bands are

called the isolated 0-D and O-H bands or the vOD(HDO) and
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(HDO) bands. Because the 0-p and O-H stretehing vibra-

by intra- and lntermolecular coupling. Thus, the absorption
frequency of an isolated 0-D or O-j bond reflects the
environment (static field) experienced by that bond in the
crystal and from these frequencies the 0-p Or O-H stretching
force constants, can be determined (104). .

leferences are observed between the Vo (HDO) or voH(HDO)

(37,110). The vOD(HDO) bands of the ordered ices are com-
posed of a number of sharp features, with half-widths
(bandw1dth at half peak absorbance) of about 5 cm -1 (37),
that are a831gned to absorption due to the dlfferent sets of
1ffractlon—equ1valent O---0 bonds. The frequencies of
these features have been shown to correlate well with the

O bond lengths and to generally 1ncrease with 1ncrea51ng
bond length (43 96). The disordered ice Ih has only one type
of diffraction-equivalent O---0 bond length ahd its Vop (HDO)
 band has a half-width of about 30 em~! (119 The half-
widths of the VoD (HDO) or Vo (HDO) ‘bands of ice Ih do, how-
ever, vary w1th the method used to prepare the infrared
samples. For ice Ih mulled in isopropane or Propene the
half-width of the v (HDO) band is 30 om~l (110), while it
is 18 cm;l (109,110) for samples prepared by freezing a

caplllary film of water or by condensrng water vapour onto

a cold plate ang then'anneallng the ice film. The smallest



observed half-width is still, however, three to four times
broader than the features of the vOD(HDO) bands of the
ordered ices.

The larger half-width obsorvedvfor ice Ih is believed
to be the resulﬁ of the rientational disorder of the water
molecules, which causes the OXygen atoms to be displaced
slightly from regqular lattice sites, so that the diffraction-
equivalent O--.-.0 bonds do not‘have exactly the same length
(110). The frequency of thc¢ 0-D osciliator depends on the
length of the 0-D.-..0 bond it forms, so a broader band
results from‘each“diffraction—equivalent O0+«..0 bond in a
disordered pﬁase than in an ordered phase. 1In order to ex-
plain the bandwidth, a range of only a few hundredths of an
angstrom in O---+0 bond length is required, which is much
smaller than the root mean ‘square vibrational amplltude of
the oxygen atom (110) and thus these differences in 0...0
bond length are not de£ected by X-ray o£ neutron diffraction
methods. This explanation. is supported by the ratio of
about 7 for the f-widths of the vOH(HDO) (50 cm—l) and
the v, (HDO) (30 cm™!) bandas (110).

The vOD(HDO) bands of ices V and VI show no fine
Structure (37,118) and, thus, show no evidence of the partial
order of the hydrogen atoms, at 100 K (Section 1.2). The
half-widths of théée bands are consistent wiﬁh those pre-
> dicted for a disordered iéé. If the half-width of the
(HDO) band of ice Ih is taken as characterlstlc of that

O
due to a single dlffractlon—equlvalent O:-+0 bond length,
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then the v, (HDO) bands of a disordercd ice should be com
posed of features with half-widths of about 18 cm_l -
quencies related to the bond lengths, and intensities

proportional to the multiplicitics of the ditferent sots ol

diffraction-equivalent O-- -0 bonds. In ice V therc aro
seven sets of diffraction-equivalent O--..0 bonds and>in ice
VI there are five sets. No features duc to these different

sets are resolved in the vOD(HDO) bands but the half-widths
of these bands are rouéhly consistent with the weigh=ed
mean deviations from the weighted mean O---0 bond lengths
(96) . The frequencies of the vOD(HDO) bands of ices Vv, VI
and I correlate well with thé~wgighted mean O---0 bonrd
lengths in these phasés, but the correlation differs from
that for.the‘ordered ice phases (96).

The vOD(HﬁO) and vOH(HDO) bands have also yielded
informatiqn about the intermolecular interéction constants.
At sufficiently high HDO concentrations in H2O, the vOD(HDO)
bands have weak side bands which are assigned to coupled
O-D---0-D vibrations. From the frequencies of the sid€
bands thg intermolecular interaction constant for ice It
has been determined to be ~-0.123 mdyne/g (107), and tnosé\
for ices Vv, VI and IX (37,118) are clearly approximately the

same. a

The infrared and Raman spectra of the ice phases show
that the coupled 0-H or 0-D stretching vibrations extend
over a wide frequency range. The vOH(HZO) and VOD(DZO) bands

of ice Ih extend from 3000 to 3600 cm t and 2200 to 2700 cm ~*

r



respectively with a total of five {eatures observed 1in the

Raman spectrum (112) and six in the infrared spectrum (110) .

_ The reasons for the breadth of these bands have been dis-

cussed by Whalley (101). The S and vy vibrations of the

isolated molecules have d%fferent frequencies due to intra-
molecular coupling and are perturbed in the crystal¥by two
main effects: First, the static field of the crystal lowers
titelr freqguencies by about 400 cm_l and may changT their

separation (123,124); second, the intermolecular doupllng

|
\

should cause a broad band of vibrational frequéhcies to
result rrom the vl and vé vibrations. Fufther, since there
is no symmetry, the crystal vibrations derived from vy and

vy can interact to produce mixed vibrations, and all vibra-

tions are infrared and Raman active. The infrared iand
i

Raman spectra must therefore be described as a denéity of

vibrational states function multiplied by an intensity
distribution function (96-98). The intensity distribution
functions need not be smooth functions, éo that freQuencies
of maximum absorption or Raman scattering may correspond to
maxima in the den51ty of vibrational states or in ‘the

intensity distribution function, or a combination of both

Further, the most lntense Raman band of ice Ih (112) is at

a frequency well below the frequency of maximum infrared

abéorétion (110), so the infrared and Raman intensity dis-
tribution functiong differ markedly. \
Wong and Whalley (112) have discussed the origin of the

features on the vOH(Hzo) and xOD(DZO) bands. They have
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assigned the strong, polarlzed Raman band at 3083 cm-l to
coupled vV, Vibrations in which the molecules move nearly in
phase, and have speculated that the Raman band at 3209 'cm_l
and the infrared band at 3220 cm™ ! are due mainly to coupled

. Vibrations. The corresponding assignments were made for

Vop (D,0) band. A detailed interpretation of these bands,
however, requires a detailed knowledge of the density of
vibrational states anc intensity dlstribution functlons
Attempts have been made recently by Rlce and cowOrxers (125)
to calculate the density of vibrational states for ice Ih
‘and from this, using a bond polarizability theory, to
calculate the Raman spectrum, Their agreement between the
Observed and calculated spectra was poor and this is undoubt-
edly due, in part, to their neglect of off-diagonal elements -
of the G matrix which are the primary source of the intra-
molecular coupling.between Vl and v3. ‘
Significant differences are expected betﬁeea the

D(DZO),Or vOH(HZO) bands of the ordered and aiserdered
'ices. Only a small numbe: of Vibrations of the ordered
ices should be infrared‘or Raman active (Section 1.4), so
oniy a gmall number of sharpbfeatures are predicted in the
infrared Or Raman speqtra.k In contfast'to thefpredictions,
the Vo (H 0) and VOD(DzO) infrared absorpfﬁon bands of ices
IT and IX are just as broad as those of ices Ih and Ic,
although the VoD (D ,0) bands show (37) more peaks than is

the case for ice Inh or Ic. For ice II, five peaks or

moc rat. . - sharp features are resolved (37) and a total of

*
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elight unit—ccll—group allowed vibrations are predicted
(Section 1.4); for ice IX, four sha;p features afe resolved
:(37).and a total of nine unit-cell-group allowed,vibrations
*are predicted (Section 1.4). Thus, the sharéér features
may be due to the allowed fundamentals but the broad
absorptlon 1s unexpected and of unknown origin; contributions
from dlfference—combination, sum-combination, hot and over-
tone transitions (%26) have been proposed to éXplain it (37).
The vOD(Dzo) and vOH(HZO) bands of‘ices V and VI
(37,118) are even more poorly resolved than those of ice
Ih and Ic. This 1s presumably due o the nonequivalent

O---0 bonds which occur in ices V and VI but not in ice I.

A more detailed lnterpretatlon 1s not possible at present.

V R bands are very similar for
The vOD(Dzo) ‘and OH(H2O) Raman y :

“-all of the ice phases that have been studiecd (48,111,120,

121). They all have a Very strong peak about 100 Cm_l
below the frequency of maximum infrared absorption and one
O more weaker features at higher frequenc1es For the
ordered phase ice VTI1, the bands have been fully assigned
by Whalley and Wong (48) to the k=0 vibrations allowed_
under the D4h unit-cell group of the crystal. For the
Otner phases, ices Ih, Ic, v, IX (111) and vI (120), the
only assignment that Seems settled is that of the strong

;
low-frequency peak to the moSt Symmetric O-H or 0O-D
stretching vibrations in the crystal (111,120).
(D20) infrared absdrption bands of

The v (H20) and v

2 2
the ice phases are broad and reiatively featureless (37,110,
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118). These bands have yielded no useful information, and
it is not even known to what extent they are due to v, and
to what extent they are due to the first Overtones of the
rotational vibrations which absorb quite strongly above
- 1000 cm_l (37). The v2(H20) and v2(D2O) Raman tands have
only been detected for ice Ih (112) and ice VIII (48).
For ice Ih these bands are Broad and»very weak (112),
while  for ice VIII, an ordered ice,twe weak but moderately
sharp bands at 1677 and 1346 cm_l for the H20 ice and at
1229 and 1008 cm_l for the D2O ice have been .assigned to
unit-cell>§roup allowed v;bratlons (48)

The infrared and Raman bands due to the intermolecular .

vibrations are slgnrflcantly different in the spectra of

the ordered and disordered ices. In the infrared spectra of

absorption (37). For ice II, ten sharp features were
Observed on the vR(Dzo) band (37) and a unit-cell-group
analysis predicts twelve infrared active fundamentals
(Section 1.4), while for ice 1%, elght sharp features were
Observed (37y) and fourteen infrared active fundamentals
are predlcted (Section 1.4). . It was concludedﬂ(37) that
these sharp features are due to unit:cell—group ¢ .te. 24
fundamentals. This was Supported by isotopic -“ilu_.o-
Studies. The sharp features weakened and broaden«u with
ehe addltlon of isotopic impurities, which is the expected

effect of the disorder introduced into the system. The

b
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Raman bands due‘to the rotational vibrations of ice VIIT,
unlike the corresponding infrared bands of ices II and 1%,
consist only of three sharp features which have been assigned
to the unit-cell-group allowed vibrations (48).

The vR(HZO) and vR(Dzo) infrared‘absorption bands of
the disordered ices, ices Ih, Ic, V and VI (37,110,118)
are broad and show no sharp features. The vR(HZO) vibrations
of ice Ih (110) extend from 1050 to 400'cm'l and heat
capacity data indicate that the mean freduency of these
vibrations is near 650 cm_l (127). The Raman intensity is
distribufed roughly symmetrically across the band for ice Ih
(112) while the maximum infrared‘intensity is at about
840 cm-l (110). Thu§, the intense infrared absorption occurs
only in the high frequency region of this band and the
reasons for this are unclear. Whalley has proposed (104)
thét the observed infraféd inﬁensity distribution can be ex-
plained usiné a model in which the‘rotgtiohal vibrations are
considered to be mechanically regular, or periodic, and the
dipole moment derivative with respect to the rotation of a
nﬁ?ecule to be composed of two parts. The first part 1is
due to the reorientation of the molecular dipole‘and the
- second part is a dipole moment induced by the relative
reorientation of neighgouring molecule;. The details of
this explanation have not, however,‘been published and
clearly the assumption of mechaﬁically regular rotational
vibrations is questionable. \The infrared intensity of the

vR(Hzo) bands of ices II and IX is centred at about 800 cm *

A\
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and for ices V and VI at about 700 cm—l. No heat capacity
data are available for these ices so the mean rotational
vibrational frequency is unknown, and the intensity dis-

tribution of the vR(Hzc) or vR(D2O) Raman bands is unknown.
It is, however, probable 'that the infrared intensity of
these bands, as in ice I, is asymmetric.

The absorption by the translatio@al vibrations 1is
reasonably well understood flO2). Only sharp features due
to these vibrations are observed in the infrared spectra of
ices II and IX (119) and the Ramdn spectrum of ice VITI (48),
and these are undoubtedly due to the unit-cell-group allowed
vibrations (48,102).

The absorption by the translational Qibrations of ices
Ih and Ic is broad and extends from about 320 to 0 cm™ 1
(105,113,115). The absorption below 240 ém~l has been
interpreted by Bertie and Whalley (98) using a theory for
the translational vibrations of orienta:ionally disordered

crystals which they developed (97). They considdred these

vibrations to be mechanically regular or periodic and so

characterized by a waveévector. ‘This assumpfion is justi-

fied in the case of translational vibr ons since the

molecules are situated near regular lattice sites and thus
the potential field Opposing small translational displace-
ments of the water molecules has approximate translational
symmetry. Thé;electrical properties of the vibrations are,

however, strongly dependent on the orientations of the water

molecules and thus the dipole moment changes that accompany
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the vibrations are not periodic. Bertie and Whalley (98)
assumed that the orientations of neighbouring molecules
are uncorrelated and showed that the absorption is
approximately proportional to the density of vibrational
states multiplied by the square of the frequency under the
simplest possible approximations. The density of vibra-
tional states deduced from the far—infrared spectrum of
ice 'Ih usiny this method (98) agrees qualitatively with that
deduced from inelastic neutron scattering (128) below about
240 cm_l. Differences between the far—infrared spectra of
ices Ih and lc have only recently been detected and these
differences have been attrioutod (115) to differences
between the densities of vibrational states.

| Calculations using the periodic forces implied by
Bertie:and Whalley's theory can only explain the existence
of translational vibrations of the water molecules below

1

about 240 cm © (98) and hence can only explain the absorp-

tion below this frequency. Wong and Whalley (llé) ha
considered the effect of the dynamic forces betweén the
dipole moment derivatives with respect to O..:0 bond distance.
These forces are not periodic, because the directions of the
dipole moment deri&atives depend on the orientations of the
water molecules which are not periodic. Wong and Whalley
(113) showed that these forces are of the correct magnitude
to explain the existence of translational vibrations above

240 cm_l. In an ordered ctrystal these forces are the ones

which cause the longitudinal and transverse vibrations which
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[ are based on the same k=0 vibration to have dlfferent

f;equencies.

The absorption by the translational vibrations of ices
V and VI is broad (118,119), but three reasonably sharp
features are observed for ice V below 150 cm—l (119). This
may be spectroscopic eV1dence of the partial orlentatlonal
.order (129) of the water molecules in ice V; if so it is
the oniy such evidence. No spectroscopic evidence of the

" partial orientational order in ice vI exists.

1.6 Vibrational Spectra of the Clathrate Hydrates

| There has been a limited number of studies of the
vibrations in the clathrate hydrates, not all of which have
been of well characteiized samples.

Naumann and Safford (130) have studied the inelastic
neutron scattering by ice Ih and the Structure I hYdrate of
sulphur dioxide, both at 248 K. No details of sample pre-
parut%on were reported This study showed that the density
of vibratlonal states of the clathrate hydrate is similar
to that of ice Ih. For both compounds there is a strong
peak at about 560 cm T due to the rotational vibrations of
the water_molecules, a broad maximuf between 300 and 100 cm-l
and a second broad maximum below lOu cm -1 due to the. trans-
latlonal vibrations of the water molecules The shape and
relative intensity of this latter feature, however, differs
for the two compounds and for the hydrate it is about 20 cm"l
to high frequency of that of ice Ih.

Harvey, McCourt and Shurvell (131) have reported the
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infrared spectra of the structure I hydrates of sulphur
dioxide, hydrogen sulphide and krypton. The samples were.
prepared by codepositing the water and guest onto a cesium
iodide window at 78 K and thén annealing the deposit at
110 K. These samples were not characterized and Hardin and
Harvey (132) later reported that the most érobable phases
studied were amorphous mixtures of ice and guest.

Luck and Ditter (133) have reported the first overtone

, ,

of thz O-H stretching ban@s of uncharacterized sulphur diox-
ide hydrate, and fou%d the absorption maximum to be 70 cm—l
to high frequency of that of ice Ih.

Anthonsen (134) has studied the  Raman spectra belo&
600 cm,_l of uncharacterized hydrates of bromine, chlorine
and‘bromine chloride. He repofted the halogenihalogenv
stretching freguencies, and freguencies bglow 200 cm_l which
he assigned to lattice vibrations. 1In this study Anthonsen
incorrectly assumed that all of the guest molecules form
the structure I hydrate: bromine does not and is the only
guest molecule known to form a ¢lathrate hydrate in which
the guest molecules occupy undistorted 15-hedral cages (135).

The far-infrared spectra between 20 .and 100 cm_l of
uncharacterized samples of the mixed structure I; hydrates
of hydrogen sulpnide with}carbon tetrachloride, .chloroform
or methylene chloride haQé'been reported (136).

The miu-infrared spectra of‘characterized samples of

ethylene oxide hydrate (1,96), the structure I and structure

IT hydrates of oxetane (hereafter called oxetane hydrate I
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and oxetane hydrate I1) (2), énd hexamethylenetetramine
hexahydrate (137) have been reéorted at about 100 K. The
far-infrared swectra of characterized samples of cyclo-
prbpane hydrate I (138,139), ethylene oxide hydrate (L39,140),
oxetane hydrate I (13Y), the structuré +I hydrate of
tetrahyqrofurén (141) and hexamethylenetetramine hexahydrate
(129) have also been ;éb rted. This latter hydrate 1s

j\\

classed as a semiclathra 52), since the guest molecules

are hydrbgen bonded to the hos lattice, and it will nét

be discussed further in this section. Most of these previous
mid-infrared and far- infrared studleg\gf the clathrate
hydrates have been reviewed recently (2), sO only a brief

introduction is presented here.

The ﬁid~infrared absorption by HZO and DZO in the
hydrates and deuterates of ethylene oxide and oxetane is
very similar to the apsorption py ices Ih and Ic (2,96).

As Bertie and Othen (96) and Wrignt (2) nave pointed out,

this similarity means that the structural differences do

not markedly affect either the density Qf vibrational states

Oor the intensity distribution function. The features of the'
H(H2O) and véD(D2O) bands of the hydrates and deuterates

are, however, generally broader than those of. ice I, and

this has been attributed to the fact that there are four

different 0O.-..0 bond lengths in the clathrate hydrates but

only one in ice I (96). The vOH(HZO) and'vOD(D2O) bands

are not understood in detail. There, is, however, an

approximate correlation between the frequencies of maximum
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absorption of the vO“(Hzn) o >OD(D2O) bands and the

weightgd ean O---0 bond lengths for the élathrate hydrates
and the disordered or partially ordered ices, iceé ITh, Ic,
V. and VI (2).

The vOD(HDO),and vOH(HDO) bands of ecthylene oxide and

the oxetane hydrates and deuterates, respectively, are con-

sistent w1th those of dlsordered lces (2,96). No features
due to the dlfferent i”vWaffraction—equivalent 0.-..0
"bond lengths are"gg;q@ . : .:'frgguenpies“of the v
vob(HDO) baﬁdfignd;- AN -~ﬁﬁ'o--lg bond lengths correlate
well with those -of tces ’ vnd v (2,96). The half-
-widths of‘“he vOD(HDO) bandzyﬁ,d the weighted mean deviations
from the welghted me.: -0 bond lengths of the clathrate_

‘hydrates are routhy gon51stent with thco. of ices Ih, Ic,

V and VI (2).
m
The v2(H20) and BvR(H2O) or v2(H20)+vR(H20) of the

hydrétes and the corresponding bands of the deuterates are
not understood aé all and. have vielded no information. The
vR(H2O) bard is distorted by guegt absorption for all of
the hydrates studied. There is, however, an approximate
correlation between the frequencies of maximum absorption of
the vR(DZO) bands and the weighted mean O---0 bond lengths
for the clathraté hydrates and the disordered or partially - .
ordered ices, ices Ih, Ic, Vv and vI (2).

The mid-infrared absorption by the guest molecules in

ethylene oxide and the oxetane hydrates has been assigned

by comparison with the spectra of the gaseous, liquid and o



solid phases (2,906). The'differences between tne frequencies
T of the encaged molecule® and the norresponding frequencies

in the gas phase have been relatéd via a qualitative

theory of Pimentel and Charles (142) to the relative sizes

ot the guest -molecules and tho cages they oécupy (2).
Pimentel and Charles' ideas are basically that the vibra-
tional frequencies of a molecule in a tight cage environment
are higher than those of the gas, whereas the Vibrational
frequenciés of 4 molecule in a loose cage énvironment are

ldwe;bthan those of the gas. The average frequency shifts

on clathration for ethylene oxide and OXetane have indj-

indications are consistent with the known sizes of the guest
MOlecules and the €ages they o cupy (Section 1.3). For
OXetane hydrate I°(2), this in erpretation was extended by

4
considering Separately the fregqg e€ncy shifts on clathration
> and DCH2

shifts at 95 K indicated that tRe BCH2 Vibrations experience

of the aCH vibrations of oxetane. The‘frequency

a tighter cage environment than

ethylene oxide hydrate and the Oxetane hydrates are fairly

sharp (2,96); and only one absorption band, that due to
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the ring breething vibration of ethylene oxide[ shows fine
Structure (96). This band at 100 K is split into a doublet,
the components of which are Separ~ted by about 2 cp -1 (96) .
Bertie and Othen (96) have stated that the poss1ble causes
of the doublet are 1ntermolecular coupling between neigh-
bourlng ethylene oxide molecules, the Presence of two
preferred orlentatlons for the guest molecules in the 14-

hedral cages, and a difference between the frequencies of

in the 12~ and l4-hedral cages. They argued that the most
probable cause is the preSCnde of two preferrca orlentatlons
w1th1n the l4~nedral cages. Two very weak satellite bands
were also observed at about 13 cp~ 2 to either side of this
doublet. Bertie and Othen #96) assigned she low frequency
satellite band to. the ring breathing vibration of C12 13 4O
but they did not assign the high frequency Satellite band
which is, thus, of unknown origin.

The only 'study of the temperature dependence of the
mid-infrared spectrum of a clathrate hydrate is that of
Oxetane hydrate I (2). In this study the absorption by
the guest Or water molecules showed no obvious effect of the
ordering of the guest molecules below 100 K that was
Proposed (81) to explain the anomaly in the dielectric and

nuclear magnetic resonance measurements.



éulcs. The absorption dde to the water molecules can be
readily identified from the trequency shifts obserbed on
deuteration. Above 100 cm_l the watef:absorption 13
simjla:_to that of ice I and extends to about 340 cm_l with
a faiflyysharp peak at about 230 cm_l (138-140). Bertio
and Othén (i40) have’noted that there is an empirical
correlation between the frequencies of maximum absorption
and the number and length‘of the hydrogen bondg for the
disqrdered and partially ordered iées, ices Ih, Ic, V and
VI and ethylenc oxide hydrate.

The absofption by the water“molecules should be the
same in all of the structure I ﬁ?drates, if the vibrations
of the water molécules do not couple with those of the
guest (139). 'Foricyclopropane hydrdte I (138,139) the
absorptio:. above 100 cm_l 1s essentially ;he same as that
of othyieqe oxide hydrate (139,140) except that it is
shifted to low frequency by about ,two percent. This shift
has been 5£t;%gmted to the larger lattice paramneter and

2]

hence longér hfdquen bonds in Cyclopropane, hydrate I (138).
For oxetane hydrate I the absorption above 100 cm-l is ’
essentiailyﬁthe same as that of cyclopropane hyvdraty T,
except betweéh 160 and 180 Cm_l. The reasons for this
aifference are at present unknown (139). |
The far;infrared spectra of the structure I hydrates

differ below 100 cm_l. For cyCLOprdpi;e~hydrate I, the
absorption decreases rapidly with aecreasing freguency

(138,139), while for ethylene oxide hydrate and Ooxetane
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hydrate 1 (138,140) two absor;:iqn bands arc¢ observed

: Goae =1 , .
between 70 and 35 "cm , and are- asso .4 to the rotational
oscillations of the guest molecule about the axes perven-
dicular to the dipolar axis. Similar guest absorption
bands have also bpen observed in the far-infrared spectrum

of the structure 11 hvdrate oﬁstgtrahydrofuran (141).

1.7 Vibrational Spectra of Cyclopropane

The assignment of the guest absorption bands of the
cyclopropane hydrateé given 1n Chapters 4 and 5 is based on
that of gaseous.cyclopropane,”so a brief ihtrqduction to
the vibra£ional spectra of cyclopropane is presented in
this section.

CyCIOpropane‘belonqs to the point group D3h and the
normal vibrations of the frec molecule form the represe: -

~ation,. | |

Ivib=3Ai+Al+A2+2A2+4£ + 3K

There have b@én a number of inf :regd ' 43-151) an@yd
Raman (152-156) studiecs of gaseous Cyc. propane and é nuﬁber
of rczred and Raman studies of the liguid (143,146,153,
15, & and solild (146,157-161) phases. The studies of
the gas and solid phasés'have résulted in an unambiguous
assignment of all of the fundamental vibrations (146,162).
The fundamental fréquencies in the gas, liquid and solid
Phases are given in Table 1.2. o 3
| The represéntations formed by the internal Q1C“Igéémént

ACOQ dinates of cyclopropane are given in Table 1. 3 The

°\
h - "

K




\d&gatlonal Erequencicsa of Cyclopropane
8} - 3
Gas® . Liquid® - So01ig“®
y (50 3038.0 3010 3010
S (A 1479.0° 14: 1455

vy (AL 1188.0 1188 1185

x4(A{) 1126.0 1129 1127

g (A ' 1070.0 - ' 1076

L (AT 3101.7 3086 3086

S (aL™M) 854.0 - 853
rooe

Vg (EY) 3024 .4 3028 3008

vg(E') 1437.7- 1434 | 1432

S (BN S 1028.4 1025 '+ 1025

a N

Vi (BN _ 55.868.5- 866 863

rp (E") ... 3082.0 3077 3070

cpgEM) e 311880 1178 1191

plq(E ) ;5} - 739.0 742 . 750

4 TS : R

a) units are cm .

The frequencies of the vibrat ons of symmetry species Ai
and E" are from reference 152. those of symmetry species
A3 and E' are from referencec 145 and those of syrmetry

. sSpecies Ai and A} from reference 146.

c) The frequencies are the avérage fregquencies from ref-
erences 143, 145, 153, 157 and 158. The agreement be-
tween the sets of " “~uencies is +3 cm~1. :

d) The frgquencies, e.. .t for those of v1, V4. Vg, vg, and
vi2, are for isotopically dilute solid solutions of C3Hg
in C3Dg and are from references 146, 158 and 159. Ehe
agreement between the sets of frequencies is *+3 cm~ L.
The frequencies of vy and vy, are from reference 156,
those of -4+ Y5 and vg are from reference 146, and these
five frequencies are for pure C3Hg solid.

€) .p 1s in Fermi resonance 'with 2v]4 and the unperturbed

TABLE 1.2

frequency 'is given.



TABLE 1.3
—n2es 4o
Irreducible Representations Formed by Internal

Displacement Coordinates of Cyclopropane

C-H stretch Al' + A2" + E' + g"
CH2 deformation Ai' + E
ring vibratiop \ Al' + E' ﬁ-ig
twist Al" + E" ’ Wﬁéikﬁ
+ CH, rock Ay + " >
CH, wag | A,' + E

<



-

internar dlisuyladoment cooralnates are usualiy provided by

“

A0rmal coordirnate C3lCL_Aations. There have been three such
caiculations 0y Coyciopropanc recently (lol2-164). One of
These calousations (los. yielded 4 very poor fit petweoen

. X Y or

thne observed and calculated rreguencies and 1t is not con-

slderea f£u

o

thoer.

The masor Giffironce ultween tho remalining two normal

coorcinate calculatlions, o Duncan wnd Burns (162) anc HHiro-

Kawa et al. (163) 1s ir the description of 13 and Vigc

and . to be mixtures of

[o))

Juncan and Burns determine

e

13

'L N
Chz rocxing andg Ch, twisting coordinates, whereas, Hiroxawa

[}
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[

et al. ¢ etermined tner. to be almost pure CH2 rocKinag

and CH2 twisting v.ioraz:oas, respectively. The' descriptorn

©f the normal vibrations determined by Duncan and Burns (jvz;’

is preferrea for a number of reasons: Their agreement pet-
N - -~ - . . ) ’

ween tne observed and calculated fregquencies is petter than

that of Hirokawa et al. (lv3); Coriolis zeta constants were

calculated by bpboth $roupy and the experimental values (145,

-

150-152,156) are 1n rulhr—better agreement with those of

ouncan and Burns .162) than with those of Hirokawa ggfal.

s

(163); from their force field Duncan and Burns were also

able to ootain good agreement between the observed and cal-

culated frequencies of C DSH' Thus, the descriptions of

3
The norma. vibrations of cyclopropane presented later in

Cnapters 4 and 5> are those of Duncan and Burns (162).

v

P

Jectives

1.8 OL

)

'he first project of this thesis, described in Chapter

) . >



[g]

3, is concerned wilth the re—examinatioﬁ of the mid-infrared
spectra of ices Il and IX.  These ices are essentially
fully ordered (Section 1.2) and thus their fundamental
infrared absorptfgn should yield sharp features (Section
1.4). The absorption by the translational vibrations is
sharp and some of the absorption due to the rotational
vibrations is sharp. However, in contrast to the predic-
tions, the sharp rotational absorption is superimposed on

a broad absorption, and the absorption due to the 0O-H or

O-D stretching vibrations of the,glo Qr D,0 ices is broad

DA
P TN ey
N

with only moderately sharp featurgg superimposed. The
Oobjectives of this study were to investigate the origin’of
the broad absorption and, with the aid of normal coordinate
calculations, to determine if the moderately sharp features
superimposed on the vOD(DZO) band are due to the unit-cell-
group allowed vibrations.

Evans and Lo (165) have found that the absorption by
the HBr stfétching vibrations of HBr; in its tetrabutyl
ammonium salt sharpens markedly between 100 ard 20 K. Thusfﬁ»
the infrared spectra of ices II and IX were studied below
100 K to éee 1f their absorption bands sharpen significantly.
At low temperatures (~10 K), the oniy transitions that shoﬁld
contribute to the infrared spectra are the unit-cell-group
alloyed transitions and overtone a;d sum-combination e
traﬁsgt;ons that originate from the ground state. The
frequenciéé of thqhunit—céil—group allowed 0-D stretching

. -
[ “/‘,

vibrations egn be cal&ulaﬁed if the 0O-D stretching and



OD-0D intramolecular and intermolecular interaction force
constants are known. The VOD(HDO) bands have provided
information concerning thé 0-D stretching 'and 0oD-0D infer—
molecular inte eraction constants (Section 1.5) and studies
of the salt hydrates (123,124) havé provided 1nformatlon
Concerning the 1nL11molecular OD-0D 1nteractlon constants
for hydrogcn ~bonded water molecules. Thus;'the frequencies

of the unit-cel]- T“Yroup allowed 0O-D stretching vibrations

origin of the vOD(D2O) bands of ices IT and IX.

The second pProject, described in Chapters 4 and 5, 1is

gJest molecules of ethylene oxide hydrate. This éontinues
the series of studies of the infrared spectra of the clath-
rate hydrates in thisg laboratory (1,2,9 .

A

Cyclopropane was chosen as a guest. nolecule because lt‘
is nondlpolar Dielectric and nuclear magnetic resonance
studies (Section 1.3) have shown that the rate of re-
orlentatlon of the water molecules in the clathrate hydrates
at relatively hlgh temperatures is affected by the dipole
Moment of the guest molecule. Although at 100 k the water

molecules do not reorient (70), it is possible that the

lattice. One objective of this study was to compare the

water absorption bands of Cyclopropane hydrate I with those



of ethylene oxide hydrate and oxXetane hydrate I to see if
the dipole moment of the guest does atfect the water absorp—
tion banas.

In the previous study of oxetane hydrate I (2), the'd
temperature dependence of th: water and guest absorption
bands showed no effect that could be attributed to the

"oposed ordering of the guest molecules below 100 K. Thus,

hydrate I, which has no known ordering transition, with that
of oxetane hydrate I, to confirm that the ordering transition
does not affect the infrared spectrum of oxetane hydrate I.

- A third Objective was to seek further evidence of the

was studied.

d;



Cnapter Two. Experimental Techniques

2.1 Introduction

In this thesis the mid-infrared spectra of five

different but related compounds in various isotopic forms

are reported; cyclopropane L. drate I, cyclopropane hydrate
IIL, ethylene oxide hydrate, ice II and ice IX. Three low-
5y

temperature technique= were used to prepare infrared sam-
ples. A low’ temperature mulling technique, initially
aeveloped by Bertie and Whalley (166), was used for the
cyclopropane hydrates @& 90+5 K. A low temperature
potassiﬁm‘bromide pelleting technique, developed by
P.G. Wright (2) and S.M. Jacobs of this laboratory, was
used for cyclopropane QYQEQESNE ané ethylene oxide hydrate
betwéen 45 and 150 K. This technique could not be used for.
the low temperature study of ice II or ice IX because thege
lces revert to\ice I under the conditions required to
make the péllets (36). Instead the ices were dispersed
in a 3-methylpentane glass at low temperature for.stuéy
between 10 and 100 K.

The prepafation of ethylene oxide nhydrate is not

described in this chapter, because the samples used were

“made by D. Othen byfmetbods described elsewhere (1,140).

2.2 Chemicals

Cyclopropane, obtained from Linde, was condensed

at 77 K and degassed twice using standard vacuum techniques.

S
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Lt was then distilled from a dry ice/methanol bath into
the cold fingér of‘a gyas storage bulb. The infrared and
Raman spectra of the gas were compared with published
Spectra (143,1460,153) and showed no absorption duc to
mpuritiecs.

Triply distilled water was obtainqd from the lab-
oratory of Dr. i.B. Dunford. Deuferium bxide, obtained
from columbia vrganic Chemicals Company, was checked for
lsotopic purity by studving the glm.r. spectrum of a
solution of known composition of anhydrous dimethyl—
sulpnoxide in b,0. ‘The relative integrated intensities
of the signals from the dimethylsulphoxide and from the
residual 4 in tne D2O sample correspondedeto an isotopic
purity of 99.88+.05% conforming to thé manufacturers
minimum purity specification of 99.77%.

Commércial proéehe (>99.99%);iprbpane (>99.5%),
chlorotrifluoromethane (;59%) anéVB—methylpentane (>99%)

were not further purified. Infrared quality potassium

bromide (Harshaw Chemical Company) was used as received.
i

2.3 Preparacion of Cyclopropane Structure I Hydrate

(Deuterate)

Cyclopropane hydrate I was prepared in the stainless
steel manifold shown in Fig. 2.1. A steel rod and about
1 ml of water were placed into the detachable finger,

the water was degassed twice and valve A was closed.



H 0

To
Vacuum Line

|

Pressure Gauge

A

ﬂ& "
T Matheson

Gas Valves

10cm O_”‘ng.—>8 '

—Metal Finger

~+—— Detachable Finger

Figure 2.1. Stainless steel manifold used to prepare
Cyclopropane structure I hydrate.
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An excess (about 2 ml) of éyclopropane was condensed into
the sccond metal finger which was cooled in a dry ice/
methanol bath, valve B was closed and the dpparatus was
transferred to a refrigerator maintained at 278 K. Aftor
20 minutes valve A was opened, and the apparatus was
shaken vigorously until the steel rod could no longer be
heard to rattle (about 5 to 10 minutes). 'l apparatus
was left for 48 hours at 278 K. The detachable finger
was then cooled to 195 K and the apparatus was connected
to a vacuum line. The pressure of cyclopropane was re-
ducedﬁto’Z Torr with the sample at 195 K, valve A was‘

[y

closed, and the detachable finger was conlad to 77 K.

The stainless steel manifold was evacua. = valve B waéé;Z::>
closed and the ag%aratus was detached from the vacuum -
line.

All subsequent handling of the hydrates was done in
a cold can. ThlS low temperature technlque was originally
.described by Bertie and Whalley (166) and is a convenient
method of handling samples that are not stablé at room
temperature and pressure. A cold can is an uninsulated
metal can into which liquid nitrogen is poured, ‘either
directly or through a side arﬁ. A metal table in the

cold can provides a working surface witnin a cold (80-

100 K), dry atmosphere provided by the rapidly boiling



liguid nitrogen, Plcxigléss covers were usually & od to
cover about half of the top of the cold can, to_provide

a more confined atmosphere. Long-handled tweezers and |
qutulaevworc used to manipulate the samples .and apparatus.
All utensils and apparatus were pre-cooled to 77 K berforo
use. Rub;gr gloves were always worn.

The stainless steel manifold containing the cyclo-

propane hydrate was filled with dry nitrogen gas in the

cold can. The detachable finger was removed and pla-~eqd
in a container on the taple. The polycrystall e hydreate
was removed and ground for 20 minutes in a < ‘1less

steel mortar containing clean liquid nitrogen, UL illy a
stainless steel long-handled pestle. The powdered hydrate
‘was transfe: =d to a small” screw-top vial containing clean
liquid nitrogen, which was placed inside a larger screw-
top vial also containing liquid nitrogen. A long piece
of piano wire was attached to the top of this vial, go
that thelsample could be stored suspended in a“S litre
dewar containing ligquid nitrogen. Prior to the prepara-
tion of infrared samples the hydrates were reground for
‘another 20 minutes.

Cyclopropane 5euterate I was prepared and handled in
the §amé’way, exXcept that the vacuum iine and stainless

steel manifold were exXposed overnight to D20 vapour prior

to use,.
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2.4 Preparation of (yclopropane Structure [1 Hydrate

(Deuterate)

Cyclopropanc hvdrate IT and deuterate II are only

stable from 257.2 to 274.7 K and from 249.9 to 27° ¥,

respectively (65), and at cyclopropane pressures
than tne decomposition pressuré of the struc 2 I hydrate
or deuterate (v8), sec PFigs. 1.3 and 1.4. Attempts to

make the structure L1 hy@rate from water or ice and
cyclopropane always gave a product heavilv contaminated
with ice Ih. The method found to be thé most successful
was to carefully decompose the structure I hydrate.

A finely ground sample of the structure I hydrate
?%Fﬁ piééed in a glass tube, which was then connected via
a stopcock to the vacuum line and cvacuated at 77 K. The

sample was then maiﬂtained at 263 to 268 K and the pres-
sure of cyrlopropane gas was set ap?roximately to the
decomposition pressure of the structure II hydrate. The
pressure ig the vacuum line gradually increased to the
decomposition pressure of the structure I hydrate. The
sample was then isolated, cooled to 77 K, removed from

the vécuum line and reground. This pfocedure was re-
peated until the pressure no longer reached the decomposi-
tion pressure oﬁttne structure I hyarate. The sample was
then cooled to lQSiK,“the excess cycloproﬁane pumped off

and the sample ground as described in Section 2.3,



Cyclopropane deuterate 11 was preparced and handled
1n the same manner, except that the vacuum line was

exposed overnignt to D50 vapour prior to usc.

2.5 Preparation of Ice II and Icc IX

Ices II and IX were prepared in e pressure Apparatus
snown in Fig. 2.2. The apparatus consisted of two 19 mm -~
diameter pistons, A and B, and a cylinder ¢ which con-
tained the sample., .Brass back—up rings Q, located in
grooves in the piston, prevented éxtrusisn of the sample
between the cylinder and pistons. The pistons and cylin-
der rested on the retaining block E and pressuré-distribu—
ting block F inside a sﬁéinloss steel jacket G.° The ~id
Oof the jacket had a circular hole thiough which spacer H
protruded. Pressure was applied to this spacer via block
J. The appdrdtus, except ’Tr.pa:ts D and G, was madc.of
Vascomax 350, 18, nickel maraging steel, which had bgenv
heatftreated to a hardness of 54 Rockwell C. -

The temperature of the sample was monizt. <+ by a
thermocouple placed in a hole drilled intc thé top pi%ton
and ending 1 mm ffom the face of the piston.- é.dlC“ of
01l provided thermal contact betwern the piston and thermo-
couple. The appar:tus was cooled by a streéﬁ of cold

nitrogeﬁ gas. The éntrance port K was cbnnected to a

50 litre liqd%@ nitrogen dewar, in which a 200 watt
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Figure 2.2. Pressure apparatég:» 4, top piston; B, bdttom
piston; C, cylinder; D, backup rings:;* E, retainir block;
F, pressure distributing block; G, outer jacket; .., spacer;
J, pressure distributing bloc¢k; K, entrance port; L, exit
port. ‘ . o o ’
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and r1oés WQLL claracterlzed by X-rwy powder photographs. -+

N gl

Ay a ! ‘ - v,
. W . - R . Y ! . 2 . N

The saﬁ le was trarsferred rrow the storadé-dewar into a & A

- 7y = . .. -
: ) vy .
small cold can.  on tn&{worklnq«table 1n tne qpia can -
:» N ‘ ) &
4 - -

was a brass Dloc& wiLﬂ<3 *apoered nole drilled into 1t AN »

A
‘\.‘7 £t a :

v&;ndeman glassvcapillary'a0.5 mm*'i.d.), which had a w1de

2
N

\~?%le. Some of

neck for .easy filling, was placeduiﬁ

the s#mple was Paced in“the cépillarYf ghtlY'pacRed . Co
iy - :

by ge .ly tapplng the neck of tHe capillary, thHen- compacted

7y . .

dw1th a very fine glass rod " A warm Bakelite support v

containing a trace of oil wa® placed over the capillary.
. - "

a
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AftLi'kQ”JIOXJHhHJle DU seconds eh oy SoOTvdiried to s

the caprliory fui. o the suppors . pho suppor o capialares

tube were L AUy Immerse 1 Plaund mitroegen and
Lransported the N-rav uiuﬁﬁr.u~1n“1 metoai oo o
taining liq. Nrtroden, and were then izﬂc'd quickly

vt aL‘OT S stream and ixsggne: m4nxomnﬁur “%
Head. o L as BUICany wh ol “sample while
1t was m t'.,wulznc CAMeTrd wa's &Dy thv‘voltdqu

spplica to g Fonodl heator o 80 Litre can of ligquid

. B
ILrCGen, and woan Jdiregod vt the sample Ly oo osilvered
dewar tuabe; COUXIAr Stroam of warm nrtroaen aas outside,
Ch o ld s Siream reduced v Tondensation oY jce onto

1

Garroll-ash COSS100 Tcamera wad

o

o \

plate powder camora. Snobhnraf Non s Liffractis w01 X-ray

. L £ . ) -
el IEtor supplicd the Mi-frltered Cun  radiation that d
Y o '
Was used.t Tenical CRLDOSUre  Limds were 3 to 4 hours.
- T3 N 8

©odne composition of the sanples was de tcrmlncd by

o \

COmparihis tic observed interplanar spac1ngsv¢d Spa 1nos)

with literature valuos (36,3),36 57). The photographs were

cnal§sed,;o determine the d—spacings and lattice parameters

by = cd;urbng the®¥nside and oﬁtSLdE dlamete:g of each

dlILfaCthﬂ c1rcleﬂ(w1th an accuracy of 0.10 mwi These
valﬁés,rage wq&clength of the raﬂlatlon, and the crystal—

to,fnlm ‘distance (~ &0 mm)  were 1nput to a computer program,.

? . - -

?‘
~ .

e

a



by

nY

ok wrrtten Ljhsﬂ'ﬁundvr ot this Taboratory.  Thas

provgram caloulates toe mean diameter of cach ditffraction

Srocle amd the corresponding de-spacing and value of the
dlitraction anoalo (0 b0 The Miller indices of the

Observed diftraction circles, tiheir 29+ values and approxi-

}

mate lattilce parameters were input to the progrdm

-

DRUVFINE (1lo7). o5 program refines the lattlce para-
meters by a least-sgquares it of the sine data.

The cryvistal-to-falm distarlve was cdliprated from

)

o

time - to tlm¥PUSJHG X-ray powder photographs of ice Ih.

The photograpns were analyvscd as ‘described above, and the
N

5frystal~to—fllm distance was varicd to give the closest

f1t Detween the lattice parameters obtained and those l

o

reperted by brill and Tippe (168) ., 'he temperature of

. b
»~ S et
e

RRey N i
P TERIN . . : .
ﬁ%}ﬁ&ﬁ%ﬂxéwas measured by lpg@rtgng a fine iron-constantan
R o : : )

g

ERE . ) S o, o S
thermocguple g@roug@ a ho®e in bhéﬁ%ak%ilte support, 1nmto

tHe sample. Tne temperature of the sé%pléﬁ&as only

recarded during these calibration runs and was found to
oe 100:=5 K. 7The -voltage setting for the penciit heater,

and thus the gas ¥low, was tne same for all samples and
- X ! j .
it is assumed that all samples were at 100*5 X.

The relative intensities of the diffraction circles

- .
v

were obtained from the relative peak heights ?p a micro-

i
v

. . . Ty . ’ -
densitometer trace. The microdensitometer used was a
B N N - .

Joyce, Loebl and Co. Ltd. Model MK III c. R

e
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2:7:1 CLEquid Nitrogen coll

Flg. 2.3, shows tic liquid nitrogen cell used. to
hold the ‘infrared mull samples. It was made-of Stainless
stecel with a Copper sample ﬂ?lder by the Chemistry Depart-
ment-Machine shop.  Two copbor—constantan thermocouples
were located in holes drilled into the top and bottom of
the sample nolder. on the sides of the sample holder
were two 25 watt heaters. The sample Qas_plaoed between
two cesiom 1odide windows whichrwere held 1n51de the -
sample holder by a wprﬁgg Compressed bv the faceplate

whicn was tlghtened agalnst the sample hélder by four

SCrews. The assembled cell was- evacuated to 1x10 =2 Torr

and the sample was cooled bféj«pnd nitrogen in the.

reserv01r lhe temperatﬁﬁevo the samp Gould be varied

- <~

‘by applying a voltage_(&lz volts) to the two heaters

3
B

2.7.2 Preparation of Mulls

-

All manipnlations were performed in a 'cold can fitted

4

Mith a side arm designed to contain the outer jacket of

(4]

the cell. The inner part of the cell was placed in the

124
cold can with its flange about 3 cm above,the plex1glass

covers (Sectlon 2.3), which contained a slot to accommc date'

the cell. Heatlng tape ‘was wrapped around the cell above

EN

\?
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the plexiglassy covers and bvlow53@0~flahqo to prdévent

'S - K
1Ce ftom condensing on the cell while 1t was in the cold

. .
can. Typically 15 vpltﬂ was applied to this tape. The
cell was connected to . Gdcuum line by rubber tubing,
which was evacuated with thoe nupro valve (Fig. 2.3)

closed. ‘ ‘sk

The faceplate, 5Pring, two cesium iodide windows and

a vial containing the sample were placed on the table in

the cold can. One'window was placed on a small platform.
After about 20 minutes, a sriall amount of finely ground

’ v
hydrate was placed on this window. The mulling agent

(chlorotrifluoromethane, propane or prgpene) was condensed

directly from a gas cylinder 1nto a dlsgosable pipette

cooled to about 100 K. Tq;ﬁf%pttte was tapped agalnst

g

; of the mulllng agent

the window to place a few'n

2K

”lonto it and the second window, in‘the ceﬁtre cf which

v

‘was  a small indentation, was plaCLd on top. One point

of a palr of tweezers was placed in the indentation and
the other point at the edge'bf the window, to hold the
window flrmly to rotate it against the bottom w1n?ow and

uniformly dlsperse the hydrate in the mulﬁlng age%t

The w1ndows were. transferred to the sample holdeg " followed

-

by the Spri..g andx;h
sample holder u51ng a long- handled Allen key inserted
through a hole in the side of the cold can. The outer

e

§

Pl

!

aeplate which was then screwed to the
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Jacket of the coll was purged with dry nitrogen or argon

and placed in the side arm of the cold can. The heating
tape was removed from the inner part of the cell and the
two halves of the cell were coupled while still in the

dry atmosphere of the cold can. The cell was then evacu-

ated and the rescrvoir filled with‘éﬁ@uid nitrogen. When

Lo
the cell had been evacuated to 1x10° Torr, it was trans-
ferred to the sample compartment of the infrared spectro=-

photometer, and reattached to a vacuum line.

.

2.8 Preparation and Handling of Infrareda Samples Studied

between lO and 1350 K

-

»

2.8.1 Liquid Helium CrYostaﬁ

An LT-3-110 Helitran liquid helium transfer refriger-

Pt}
g

ator (Air Products and Chemicals Inc.) was used“for the
\varigble temperature studies.. The Helitran cons%@ts of

an optical cell and a flexible transfer line which connects

the celi to a storage dewar. A schematic diagram of the
Helitraﬁ and 1ts accessory equipment is shown in Fig. 2.4,
The pickup tube of the transfer line was supported
in a liguid helium devar (Supairco Model HV-25 or HV-50,
by a dewar adapter wnich was sealed to the dewar by
rubber tubing enabl;ng pressure to bulld up w1th1n the

dewar. - Two safety vent &alves ( 5 ps1g and 2.5 p51g) on

4

‘the ad. .tor prevented Qver-pressurization. The dewar

t e !
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[P

;é%;%gb*ﬁurlghﬂ by the tVdeldthﬂ of the lquld helium.
Additiofal pressure could bo qupplltd by a ‘helium gas
cylinder. 7Two types of liquid hellum tlow occurred
within thevtrahsfor line.  The cryotip flow passed through
the cryotip to cool the sample and was then heated and
vonted through alflowmeter. The heat shield flow cooled
the 1eat shield and, after reaching the optical cell,
flowed back along the transfer line to prov1de further-
eooling and'was then vented through a flowmeter. ‘

A schematlc diagram of the. cold end of the optlcal
cell is shown in Fig. 2.5. The sample holder ‘;not shown)

was scrcwed into the lower end of the cryotip, compre551ng

an 1ndlum gasket to prOVldL goo@@thermal conﬁ&q&.y The-

temperature Sensors were germanlum resistancerm
platinum resistance thermometers. A chromel Vs gold with
0.07 atoniic % Fe tanermocouple was used with a strip chart
recorder to mghitor'the temperature when the system w{éé\
left overnight. The other two thermometers wjre attached
to an Artronix Model 5301 Temperature Controller which
would automatlcally malntg{n a preset temogf ture , to \
t0.01 K byavarying the voltage applied to.thé}controﬂ//
heater. For the ranéerf temperatures studied, the -

v

platlnum thermomettr was found to be the most useful.

A

, A platlnum thermometer which was attached to a Metlabs -
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Model CTB-1 Temperature Bridge, was located in a hole
1n tne sample holder. Under Dperating conditions a

radiation shield and vacuum shroud were attached to the

cold end and the cell was cvacuated to lx10~3 to‘lxlO—4

Torr. The flexible transfer line was re-evacuated to

=5 ‘ .
1x10 Torr 'cvery three weeks.

.

The optical cel? was precooled by pouring liqgquid
'. . ‘.
nitrogen into the aperture whlgh rece cives the tlansfer

,linc'(sgctioh 2%@.2 and 2.8.3). The transfer line took

L‘S-‘ o,

40" to S0 minutes to cool so Lhu following proggdure was

[ ]

usedqq? cool the trans er llhd “dnd to.* lnsert it lnto .

a

'." N

thc g%ll without fr0021ng the liquid nlfnogen . The deyal
adapter was attdched to tho liquid hellum ~storage dewar R

tube was slowly inserted through the

- " S

adapter into the dewar. The pressﬁge within the dew .i
. : , e [ . )
Hwas.ailoyed.to ihé%ease‘ﬁb 3 ps;gi%éA'thermoCouple'wa§
‘ Lo P : -
inserted into the .tip of th§ transfer line to manitor the
f:emperature of the gas Fmergihg from the line. The trans-
‘L:fline tipbwés then placed inside a graduated cyiinder
th;%%eafe a honfined he%}uﬁ atmosphere around the tip, fo -
. \ , o

prevent the condensation of atmospheric components. The

ref

heat shield flowmeter showed the gas-floQ‘to be quite
erratlc initially, but after about 40 mlnutes the flow
stablllzed and the temperature of the emerglng gas began

to decrease. Meanwhile, liquid nitrogen was added tdﬁthe

?:J@‘
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VAS

optical coll from time to time Lo maintain its temper-

ature at 85 to 100 K, thus ensdring that no liquid

nitrogen remained in the cell. When the temperature

of the gas cmerging from the transter I'ine reached
240~250 K, the tﬁermocouplo was removed and the transfer
lince was quickly inserted into the‘optical cell.  The

Max imum temperature that the sample reached after inscrt-

ing the transfer line into the cell was 120 K. As the

o

.rbdmplL cooled the heat shield flow was reduced until it

N .
wab Jjust su£t1c1entgtdﬁ%alntaln the desired temperatur
~

The cryotlp flow waﬁqtnen blmllarly reduceéd. ,The dewar

pressure was allOWLd to decrease to 2 5 psig. This

-

pressure was maintained by eonnectlng the dewar to a

helium gas cylinder.’
, s
~ o

2.8.2 Preparation of Potassium Bromide Pellets‘

[Nany

-

rhe ‘apparatus used to prepare the potassrum bromlde .
pellets was that used to prepaLL ice II and ice IX

(Fig. 2.2}, except that the cylinder C was machingd from
OFHC (oxygen-~free, high—conductivityo copper. and:had‘a
tnreaded tip so that it could be Jcrewed into the lower
end of the cryotip and thus be the sample holder. The*
pellets were prepared from 0.36 to O 404;m of potasclumﬁ
bromlde, tnat ‘had ‘been dried at 450 K ang a pressure oft"
lxl%75~Torr for at leaet 3 days prlor to use

“The retalnlng bioch E bottom pistoh B and’ sample

v

holder C (Fig. 2. 2) were assembled and placed in a cold :

.o



van toguether with the top jl:st.un. A, a0 viad uontalining
the powdered sample and o stainloss steel mortar.  Clean
Ligquid ﬁltroqon was pqprudxinto the mortar. A tube
containing the anhydrous potassium bromide was removed
from the yacuum Iine and opened in the cold nitrogen
atmosphere of the cold can. fhr cotassium bromide was
poured into the murlar and a small amohyt ot sample was
added and mixed.  The mixture was grouna for two minutes
to disperse the sample in the potassium bromide. The
liquid nitrogen was allowed to evaporate from the mortar
and the mixture was transferred to tije éylinder. The
o

top piston was inserted and rotated a few times to dis-
tribute -he powder evenly.‘ The rémaining pressure
apparatus was placed in the side-arm of the cold can,

LY - .
and liquid nitroggn was poured into the jacket, G.
The apparatus was assembled and transferred to the
lnsulated platen of a 100 ton préss and connected to
the nitrogen gas coolant as described in Section 2.5.
The apparatus was maintained at 225+:3 K and 230+3 K,
for pellets containing cyclopropane hydrate I and ethylene
oxide hydrates, respectivély.' The sample was pressurized
to 300 bar.  After 30 minutes the pressure was relezsed
for 5 minutes and then increased to 2.5 kbar for a total

of 4 hours. Once an hour the pressure was released for

5 minutes. After 4 hc the sample was cooled under
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¢

prossure oo bso Kby increasing the gas flow, and was
then cooleod with Ligquia nitrogen to 77 K oand the pressure
Qkus released.,

The pressute o ratus was transt. rroed from the

press to the side arr of the cold can where it was par-

tially dismantlea. The retaining block by, holding the
still assembled pistons and coylinder, was pl o the
cold ¢an, which containcd two cylindrical o T rs
fixed to the table. The radiaf‘on>shield o iﬁrdn

optical ccll was sccured 1n one of the brass nwiders by

a polyethylene screw. The other brass holder was de-
signed to hold the cylinder. The cold end of the optical
cell was suspended inside the cold can with the plexi%}ass
covers of the cold can situated just below the vacuum
snroud scal O-rings (Fig. 2.5), which were wrapped witn
heating tape. A ‘ony metal rod was screwed ontno the
threaded tip of the cylindér to hold it while the two
plstons wer: 1o sved.  The cvlinder was then olaved
inside its brass lL.older and the metal rod was femovcd.

An indium gasket was placed over tne treaded tip and the
cylindcf was screwed onto the crvotip by rotating the
cold end. The cold end was then‘rgised sufficiently to
allow an attached platinum resistance thermometer to be
inserted into a hole in the cylinder. The radiation

shield was then screwed onto thdﬂpold end, agailn by



¢

rotating the cold Gl . The cold ond was connected to g
Vieuum Line and the rubbor Lﬁblnq was oevacuated with the
valve on the cold ond closad., The vacuum shroud was
}gul\{Uki with dry nitrogen or argon, placced inside the

side arm and coupled with the cold .end to complete the

dssembly of tne optical ¢coll.  The coll was then evacu-
N

dte T cooliid by POuring ligquid nitrogen into the

dperiaic wnich takes the transfer lino.  When thq(fcll

was evacuated Lo leO_Z Torr, it was transferred to the
infrared spectrophotometer and further cvacuated. The
transfer line was cooled as described previously and
inserted into the Optical cell which was left'overnight
at 125 to I50 K. The following day spectra were recorded”

with the sample temperature between 45 and 150 K with

lxlO—l to 2xlO~l Torr of helium in the cell as an exchange

gas.

<.8.3 Preparation of 3-methwlpentane Glasses
LE

Fl

The optical cell descriped in Section 2.8.1 was also

used to study samples dispersed in 3-methylpentane. The

-

Sample holder was made of OFHC €opper. It consisted of

the main body, which screwed into the cryotip, and a

faceplate, both pleces contained circular grooves to hold
indium O-rings. These O-rings were compressed against
twe cesium iodide windows when the sample holder was

>

assembled, thus securing the windows to the faceplate and

N



8.2

sample holder o0 provodiing good thermal cont act, A
platinum resistance thormoroter was located in a4 hole at
the bottom of the main oy of the sample holder.

The radiation shield clamped in its brass holdoer
(Section 2.8.2), a vial coertalning the finely ground
sample and a stainless stecel mortar containing the tip
. of a thermocouple, worce placcd/nn o cdld can. The cold
ona of £hc Helitran optical cell, witn the samplce holder
Attached was suspended inside the ¢old ca- 1s dcgcribed
1n Se¢tion 0.8.2 and héating tape was wrappcg around the
vacuun shroud seal O-rings (Fig. 2.5) just above the
plexigla=ss covers. Three of the four screws which attach
the faccplate to the sample holder were removed and the
faceplate Swung aside with a window attached. Approxi-
mately 0.1 ml of 2 methylpentane was syringed into the
mortar. When the 3~methylpentane had cooled to 140 K a
small amount of sample’was added and thoroughly mixed.
If the r . “ure cooled below 120 K it became too viscous
to mix, so the mortar was ;Sised ffom the table surface -
until the mixture was sufficiently mobile to be worked.
Wnen the sample was sufficiently ‘dispersed, a small
amount was spread on the window of the sample holder with
a'spatula. The faceplate\was swung back into position
and screwed down so that the glass formed as a thin fi}m
between the two windows., The optical cell was aésembled,

evacuated and cooled as described .n Section 2,8.2.



R Lfemperatures of the Infrared Samples

The actual temperature of low Lemperature infrared

samples is usually uncertain if the sample is not in
direct contact with the cool&nt. e temporaru{u of the
mﬁll samples was estimated from the melting points of
tne mulliﬁg agents, wihich are for propanc, propene and
chiorotrifluormethane, 85] 88 and 92 K, respectively (166).
Heat had to be applied very rarely to propane mulls, {
occasionally to propence mulls and always to chlorotri-
fluoromethane mulls to keeo the mulling agents iﬁ'the
liquid state. The samples woere therefore in the temper-
ature range 85~9j‘%.
N
For the pellet ang glassing techniques, a platinum

v

resistance thermometer was located 1n a hole in th

0

bottom of the sample nolder. To detrrmine the accuracy
ol the dpparent temperaturces ugiven by this thermometer,
various gases were deposited onto pellet or the window
of the sample nolder, and the conditions under which the

resultant solids sublimed were determined.

e}

The proceaure for calibrating the apparent temperature
of the pellet sample holer was as follgws. A clear
potassium bromide pellet was prepared in the sample
holder. The Helitran optical cell was assembled at room
temperature, evacuated and cooled. From the pressure

within the cell (lx10—3 TOo lxlO-4.Torr), the highest
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N

N

for pellet samplcs in Chapters 4 and 5 have been adjusted

o8
~

temperature at which a particular gas would Lh)}xvs‘it. was
duturminod from the literature (1u9). Those tempeoratures
arc given in Table 2.1, The sample holder was cooled
below this temperature and the agas deposited.  The sample
holder was then warmed slowly (hecating rate less *han

0.2 “minute) and the apparent temperature at which the
deposit first started to sublime from the pellet, as
observed visually, and thoe apparent tcmporalure and
pressure at winich the deposit had complcto}y disappoared;
were determined.  The procedure was repeated, dopositinQ‘;
the gas at slightly higher apparent temperatures until
the gas condensed and sublimed within 1 K. The appafcnt
temperatures so determined are given in Table 2.1 and are
seen to be within 5 K of the literature valuéé; the
pellet (literature) temperature being wafmer‘than the
sensor (apparent) temperature. The temperatures reported

AN
by adding 5 K to the apparent -temperatures.

\ For the calibration of the apparcnt temperatures of

. }

the gléss samples, the procedure was that described above

\ \
except ﬁhat two clear cesium iodide windows were assembeld

. : \ .
in tne sample holder, and the gases were deposited onto
the window\gttached to tne faceplate. The results are

glven in Tabie 2.1. The apparent temperatures differ by

no more than 4 K from the literature values except at
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L0 LOWOST teRMperaturc where the Scasiltivity of the
pPlatinum resistance tlermometer is very low. PFurther,
the apparent temreratures are usually higher than the
literature valucs, so the temperatures reported for the
ylass samples are unadjustoead apparcnt temperatures
except ac 10 K.

Three main sources of error in this calibration
exlist. First, thne calibrafion of the gas pressure Jgauges
varies with the gas and no correction was made. This
shduld,cause liﬁtle error. Second, the thermal contact
between the pellet and its holder probably varied from
pellet to pellet. To counter this problem 0.1 to 0.2 Torr
of helium gas was used as an ethange gas. Third; the
actual infrared samples avsorbed radiationlbut the samples
used for calibration did notp\\The error due to this is

nard to estimate, but the actuéz\géh

are pelieved to have been within 10 K of

le temperatures

Ose cited.

2.10 Infrared Instrumentation

A Beckman IR-12 Spectrophotometer was used in the
studies presented in this thesis. It was equipped with a
fiducial marker which marked every 25 cm“l below 2000 cm—l
and every 50 cm-l above 2000 cm—l. These marks were

calibrated against the spectra of gaseous ammonia, methane,

water, aydrogen chloride, deuterium cnlcride, carbon



dioxide, aydrogoen bromide, hydrogen Cy-oide and deuterium

cyanide (170,171), 140 AECUIACY o e marks is bel joved
| oo -1 -1

to be at least 0.5 om below 2000 cm and 1T om abovoe

: -1 . . _ ‘

2000 cm and all frequencices woere measured - rolative to

these marks.  Routine scans were done using a siit L ogram

] ] o . ‘ -1

that gave a resolution of about 4 cm beotween 300 and

- -1 N -1 - . .

650 cm and 2 c¢m at higher frequencies, and at s .n

. -1, . , - .

speeds of 20 or 40 om /min with a time constant oy 2

scconds.  Sharp featuros were scanned at slower speeds

and normally under higher resolution.

The instrument had a variable scale expansion
facility which was used Lo compensate for low basaline
transmission. For some of the spectra of pellets and
glasses an iris was used in the reference beam either
instead of, or in conjunction with, the variable scale
expansion. An airtignht scal between the low temperature
cells and sample compartment was provided by using
plexiglass covers and plasticine. The instrument was
purged with dry nitrogen gas, provided by boiling
liquid nitrogen, or by dry air from a Pure Gas Model

HR-211-112-9 dryer.
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3.1 Introduction
AN
This chaptoer deseribes the studlies of the'mid-infrood

v SN A
I ) ) . ’ o ; ‘:.. n“‘ S
absorption Spectra of lces 11 and 1= tO'lO,L{fn§<\%@ro
. N — \

SNy L
S s

introe luced in sSection 1.8, » Pl )
o4 ,\\:" ~~‘\\,'_x \'r‘" . —

. - s S T -
samples of fully deuterated tee IT andlige 1X, and

. \5} ‘\f]}

partially deuterated ices 11 and IX (2 or < mole percent HDO

: . . . . ¢
in h,0) were reparced as described in Section 2.5, The

samples were characterizoed by X-ray powder diffraction

photogruphs (Section 2.6), and the X-ray powder diffraction
data are summarized in Section 3.2. Mid-infrared spectra.

showing the v (UOO), v (HDO) and vR(DQO) bands of ices IT

oD oD

and IX at 10, 60 and 100 are presented in Section 3.3.1.
The mid-infrared spectra are discussed in Section 3.3.2. In
Section 3.4, the calculations of the frequencies and relative
infrared intensities of the k=0 vOD(DZO) vibrations in

the harmonic and bond moment approximations are discussed.
The origin of the vOD(DZO) and vR(D2O) bands is discussed

in Section 3.5.

3.2 Characterization of Ice II and Ice IXx Samples

In this study it was important to have well character-
ized samples, Likely impurities were ice Th, if sufficient
time was not allowed for the transformation to the high
preséure phases, and also ice Ic, if the samples warmed

above ~350 K (36) during removal from the pressure apparatus.
N

88



These npuritics are readily deltectod in X=rav jowder dif-
fraction photographs (36) which were used to characterize
all sample ‘Lotce 11 and ice TX.

The N ray data-rfor ices IT and IX at 100 K are summar-
W

1zed in Tables 3.1 and 3.2, respectively.  The d-spacings
cad 2% values are the averages ot four sets of values (two
sets of values determined frém cach of two photographs) for
ice LI, and six sets of val.cs (two sets of values deter-
mined from each of three photographs) for ice IX. The
crystal-te-film distance was 59.8 mm (Section 2.6). Typical
microdensitometer traces (Section 2.6) for ices II and IX
are given %n Fig. 3.1. The observed intensities:\given in
Tableg 3.1 and 3.2, are t} - averages of the relative peak
optical densities measured from eight microdensitometer
traces (four traces from cach of twn photographs) for ice II,
and six microdensitometer traces (two traces from each of
three photographs) for ice IX.

The X-ray diffraction pattern of ice II was indexed on
the hexagonal unit cell of the space group R3 and yvielded
the lattice paramet s  :12.91+0.01 g and ¢=6.24%0.01 g, in
good agreement with ‘#vious studies (36,38).. Ice IX was
indexed on the space group P41212 and yielded the lattice
parameters a=6.74:0.01 i and c= 6.77+0.72 g, aleo in good
agreement with previous studies (36,43). No impurities
were detected in any of the samples. The observed intensi-

ties of the diffraction circles were compared with the cal-

5
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TABLE 3.2

X¥-ray Powder Diffraction Pattern® of Ice IX at 100 K

Calculated b B b Observed®
Index Intensity 20 d(A) Intensity
110 : 1 18.56(5) 4.78(3) -
111 7 22.80(5) 3.90(1) 9
200 4 26.51(8) 3.36 (1) 6
102 48 N
201 , 52 29.57(5) 3.021(5) 100
210 ‘ 0.1
112 11
217 30 32.51(7) 2.754(6) 33
202 2
220 0.6 37.70(8) 2.386(5) 4
212 8 '
201 3 40.09(2) 2.249(4) 12
103 5 - .
310 0.6 - 42.40(5) 2.132(3) 15
301 12
113 2 |
311 4 44.61(5) 2.031(2) 4
222 12 : 46.64 (4) 1.947(3) <11
203 5
320 9 48.74(5) 1.868(3) 8

a) Cu Ka radiation, wavelength 1.5418 A.

b) The average of six sets of values. The figure in paren-
thesis is the standard deviation in the last figure.

c) The average of six measurements. Estimated accuracy is
20% or 30% of the value for values greater than or less
than 20, respectively.
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o

culated values of the integrated intensities (Tables 3.l

and 3.2), which are given (172) for a flatplate camera b

\

2

——
[
——

I [(l+c0522 )/51n2ucost] (cos 20)pF

where p is the multiplicity factor and F ig the experimental
structure factor obtained from single crvstal X~ray dif-
fraction studies (38,43). The Observed intensities gOﬂerll)

agree with the calculated values within experimental error.

3.3 Mid-Infrared Spectra of Ice Il and Ice IX to 10 x

3.3.1 Results

The mid-infrared samples were prepared by mixing the

Sup

finely ground ice samples into 3-methylpentane as described -

in Sectlon 2.8.3.
The vOD(HDO), VOD(D2O) and vR(D2O) bands of ice 11

and ice IX are shown in Figs. 3.2 to 3.4 ang Figs. 3.5 to
3.7, Tespectively. The weak absorption by the 3-methylpen-
tane has been subtracted,'and the spectra have been offset
for clarity. The frequencies of. the spectral features for .
ices II and IX are given in Tables 3.3 and 3.4, respectively.
The spectral features ang their frequencies agree with those
reported prev1ously (37). The features of the_gOD(DZO) and

(Dzo) bands are, however, more resolved than in the  pre-
vious study (37)"because of the improved sampling methods.

The vOD(HDO) bands are shown in Fig. 3.2 for ice 1I1

(4 mole percent HDO in H20) and in Fig. 3.5 for ice IX

[
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Figure 3.2. The vy (HDO) band of ice II; resolution 2 cm L.
Tne 10 K spectrum has been lowered by 5 percent for clarity.



2600 2400 2200

Figure 3.3. The vgp(Dy0) band of ice II; resolution
2 cm~l. The 10 and 100 K spectra have been displaced
up and down by 0.1 unit, respectively.
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v/cm™]
Figuri 3.4. ' 20) band of ice II; resolution 2 to
4 cm™*. The =o. “nse bands at 10 and 100 K have been
displaced up « - >0 0.2 dnit- respectively. The weak
10 K band h:s p. v cef Zown .y (0.2 units and is from
the same sam_le . anc¢ . 1in Fig¢ re 3.3,
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Figure 3.5.

2 cm~l. The 10 k spectrum has begp/iowere

2500
v/cm']

The vy (HDO) band of ice IX; resolution

e

L

2400

d by 20 percent.
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Figure 3.6. The vop (D20) band of ice IX;
2 cm~l. The 10 and 100 K spectra have bee
and down by 0.2 units, respectively.

resolution -

n displaced up
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Figure 3.7. The vRp(D20) band of ice IX; resolution 2 to
4 cm~l. 7rhe 10 and 100 K spectra have been displaced up

and down by 0.2 units, respect1Vely



TABLE 3.3

102

Fregquencies of Features in the Mid-Infrared

Spectrum of Ice II

Vop (P70)

vR(Dzo)

I+

I+

Frequencya/cm—l

100 K 60 K 10 K
2490 2488 2487
2479 2476 2475
2457 2455

>%54 245 2450

2550

2528 2525 2524
2502 + 4 2501

2473 *+ 4 2470 * 4 2470
2420 242n 2418
2378 . 2372 2370
705 + 5 711 * 5 713
606 608 610
592 594 595
559 562 563
528 * 3 528 £ 3 528
507 509 ?1511
471 475 "476
439 442 4414

i+

I+

(continued

Intensityb

sh

vs

p
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TABLE 3.3 (continued)

— Froquencya/cm—l Intensitzb
100 K 60 K 10 K
402 + é 403 + 3 407 + 3 m
361 + 3 363 + 3 365 = 3 w
359 + 3 360 *+ 3 sh
324 + 3 327 + 3 328 + 3 vw
a). The accuracy is + 2 cm_l for vOD(HDO) and VR(Dzo) and

3 cm—l for vOD(D2O), except where indicated.

b) s = Strong, m = medium,.w = weak, v = very, sh =
shoulder, br = broad.



TABLE 3.4

Frequencies of Features in the Mid-Infrared

Spectrum of Ice 1X

———— —

Frequency®/em™ 1 EQESQE£EXE
100 K 60 K 10 K
Vop (HDO) 2460 7 2455 m
2449 2447 2446 m
2444 m
2434 2432 2429  sh
Vop (D50) 2513 + 6 2518 2517, vs
2502 2499 Vs ¢
2466 2465 2462 vs
2407 2404 2403 vs
2354 2350 2348 vs
VR (D,0) 674 *+ 3 677 £ 3 678 * 3 m,br
S 627 + 4 631 + 4 5.3 - 4 sh
602 + 3 606 = 3 v £ 03 vs
592 595 * 3 sh
545 547 549 vs
485 487 489 _ w
441 443 445 ‘m
419 421 ~ sh
408 410 412 oW
339 391 393 m




TABLE 3.4

(continued)

a) The accuracy is * 2 cm_l for vOD(HDO) and vR(DZO) and
13 cm_l for vOD(D,ﬂ), except where indicated.
b) vs = very strong, m = medium, w = wecak, sh = shoulder,

br = broad.
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(2 mole percent DO in H,0). These bands are composed of
several fedtdreé which appear to have half-widths of about
5 cm—l. The vOD(HDO) band of ice II consists of four
features which have approximately equal intensities, while
the vOD(HDO) band of ice IX at 100 K consists of two feat-~
ures which have an intensity ratio of about 2:1. The more
intense, low frequency feature is nearly resolved into two
components for ice IX at 10 K. The vOD(HDO) band of the
ice IX sample containing 4 mole percent HDO .in H2O was the
same as that shown in Fig. 3.5 exéept that a shoulder due
to coupled'vibrations of neighbouriﬁg O~-D groups (37) was
Observed at 2429 cm_l

The vOD(D2U) bands of ices Iﬁ and IX (Figs. 3.3 and

3.6, respectively) are quite broad,“extending from 2200 to

2600 cm . Features reported previously (37) at 2360 and
2300‘cm_ for ice II were not observed, 'but this may have
been due to the weakly absorbing samples used.in‘this stu@y.
Cooling the samples resulted in more structuge being re-
~solved. For ice II at 10 K, shoulders were observed at 2501

“and 2550 Cm_l. For ice IX, the peak observed at 2513 cm_l

at 100 K resolved into two peaks at 2517 and 2499 cm™ L

G

at 10 K. ’

THe vR(D2O) bands of ices II and IX (Figs. 3.4 and
3.7, respectively) are comparatively rich in detail, ~The
baﬁds are'éomposed of moderately sharp features superimposed

on a broad background absorption, .This broad absorption

is, however, not as intense relative to the sharp features
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as reported previously (37). Cooling the sampl : resulted
in more Structure being resolved. Thus, for icé II at 10 g
a shoulder Qas observed at 360 Pm_l, and for ice IX at 10 K
shoulders were obscrved at 421 and 595 cm |
In infrared transmission studies, the température

debendence of the frequéncies and bandwidths of the spectral
fedtures 1is usually associated with changes in the absorp-
tion by the sample. This is, however, not necessarily the
case. Infrared transmission spectra are not simply absorp-
tion spectra. Suﬁerimposed on the ébsorption spectra are
reflection and, sometimes, emission Spectra. The infrared
spectrophotometers used in this and the previous (37) study,
chop the radiation between the source and the sample and
also betweén the sample and the detector. Radiation is
emitted by the sample’ and the detectax. The chopper between
the sample and the detector modulates this emitted radiation,
SO that superimposed on the transmission spectrum 1is the
Spectrum of the net emission between the sample and the
detector. This net eﬁission is a function of the temp%rature
difference between the® sample and the detector, and thus
~-:1d contribute to the observed temperature effects. The
detector used was a room temperature thermocouple, and so
for low temperature samples the net emission is from tr
detector to-the saméle. If the thermocouple behaves as a
blackbody source its emission should be greatest near

600 cm_l, and gherefore the v (DZO) bands should be most

R
affected. To check for distortion of the spectra by



1o

o
ice IN was recorded with the

emission, the vR(Dzo) band of
chopper between the sample and the detector connected, and
then with this chopper stopped. The Sbectra so obtdined
are presented ip Fig. 3.8 for two sample temperatures, 10
and 100 K. fThe lower two curves of Fig, 3.8 were recorded

with the chopper .

%yoen the sample ang the detector'stopped.
Comparison of the s,"ura for the two sets of conditions
shows that when the emission js eliminated the broad back-
ground absorption 1s more intense and the relstive intensi-
ties of the features Change. This jis Most noticeable for
the intensities of the two features at » 3 and 549 cm
relati&e to-the pesk at 607 cm—l. It may also be noted
that the disoontinuity at the grating change at 650 cm t
wWas not observed when the emission was eliminated, Com-
parison of the 10 ang 10d" x Spectra for the two sets of
conditions shows that the sharpening of the features as the
sample. is cooled is due to changes in the absofption by the

sample. Although the Spectra are distorted by emission this

l.3.2 Discussion

Trends Observed witp decreasing temperature_&ere, first,
the vOD(HDOf and VOD(DQO) bandsxshifted to lower frequencies,
while the vR(DZO)lbands shifted to higher frequencies ahd,
second, the features-sharpened, so fhat more struoture Was

resolved. The first trend is usually attributed to an
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Figure 3.8. 7he
of ice IX. Curve

1
600 500
|

viem®
effect of -emission
S A and B were reco
€ and the detector

!
400
on the vg (Dy0) band

rded with the chopper
stopped.
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anharmonic intermolecular potential. This results in
stronger effective harmonic intermolecular forces and a de-
crease in unit cell sizevwith decreasing temperature, so
that the intermolecular vibrations shift to higher fre-
quencies while the intramolecular vibrations shift to
lower frequencies. The second trend is usually attributed
to a decrease in the number of transitions arising from
thermally excited states (89) with decreasing temperature.
:

Anharmonicity causes the hot traﬁsitions (vi=l, vj=0 to
Vi:2’ vj=0 or-vi=0, vj=l to vi=l, vj=l) to occur at dif-
ferent frequencies than the fundamental transitions (vi=0,
vj=O to Vi=l, vj=0), so such transitions contribute to
the temperature dependent breadth of a fundamental band.

Anharmonicity can also result in the occurrence of
overtone, sum and difference transitions. These traﬁsitions
are subject to the wavevector (conservation of momentum}
seieétion rule tﬁat ;ki = 0. However, they are not limited
to §i=0,.and hence té;~£ransitions can occur at different
frequenciés depe = ing on the particular values of &i. The
significance of this is éﬁat sharp spectral features are
predicted for fundamental k=0 transitions, and broader
spectral features are.predicted for overtone and cdﬁbination
transitions.

Difference transitions, like hot transitions, aiise
from'thermally excited states and, thus, provide a temper-

ature dependent contribution to the infrared spectrum, while

the contribution of sum and overtone transitions is temper-



ature independent. ‘hus for samples of ices IT and IX at
10 K, the only transitions that should contribute signifi-
cantly to the infrared spectra are fundamental transitions
and overtone and sum-combination transitions originating
from the ground state.

The vOD(HDO) bands are_ due to 0-D oscillators that

« dre not coupled to the surrounding C-l oscillators and,'thus,
reflect the different environments oflthese isolated 0O-D
oscillators. Various correlations between the vOD(HDO)

- frequencies and Q---0 distances have been made (173,174).
These correlations are only approximate,.presumably'because
otﬁer factors, such as the non-linearity of the 0O-D-.--0
bonds, also affect the frequencies. Generally though the
vOD(HDO) frequencies increase with 0---0 distance. The
vOD(HDO) freqﬁencies of ices II and IX at 100 K have beeﬁ

assigned previously (15,43,96) and the assignment at 10 K

Jfollows from this and is given below using the atdm desdfip—

tion of Kamb et al. for ice II (16) énd of LaPlaca et al.

for ice IX (15).

The vOD(HDO) features of ice II a§ 10 K at 24é7, 2475,
2455 ana 2450 cm-l are assigned to the stretching of 0-D
bonds of the type O(II)-D(3)---0(1), O(I)-D(2)---0(1),
O(II)-D(1)--.0(II) and O(I)-D(4)---0(II), which have O--..0
dist;nces of 2.844, 2.803, 2.981 and 2.768 g, respectively
at 110 K (16). Similarly for ice IX at 10 K, the vOD(HDO)

features observed at 2455, 2446 and 2444 Cm—l are assigned

to the stretching of 0-D bonds of the type 0(2)-D(7)---0(1),



O(l)-D(6)---0(2) and O(l)-0(5)---0(1), which have O---Q
distances 2.793, 2.763 and 2.750 A, respectively "at 110 K

(15) . The assignment of. the u (HDO) band of ice IX at

oD
10 X differs from that at 100 K (43,96) only in that the
vOD(HDO) features due tQ bonds of length 2.763 and 2.750 A
are nearly resolved at the lower_temperaturo.~ Comparison
of the vOD(HDO) bands of icé IX at 10 andleO Y (Fig.'3.5)
indicates that the rgsolution of the 2445 cm-l peak 1is not
the result of a decrease in bandwidth as the sample 1is
cooled, but ‘is due to an increase in éeparation of the two
features, propably resulting from an increase in the dif-
ference of the two 0---0 bond lengths as the temperature
1s lowered.

Kamb and Prakash (43) have noted that althoﬁgh the
Vop (HDO) bands due to Of'fo distances tha; differ by only
0.0lé & are resolved in:ice II at 100 K, they are not in
ice IX at 100-K. 'éhe;e are several possible explanations
for this diffe;ence. The vOD(HDO) bands of ice IX may be
iﬁherently brbader than those of ice II (43) because of
the small amount of proton disorder found in ice IX (15,44).
Experimental error ih'o---o distanées could also explain
the difference, sincg the estimated standard deviations
(+t0.015 and *0.011 ;) of the 0---0 distances are guite
large for ice II (i6,38). Finally, the correlation of

vOD(HUO) frequencies versus 0--.0 distance is not exact.
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A unit-cell group analysis of ice IT and i . X
(Section 1.4) predicts twelve infrared active VR vibrations
for ice II and fourteen for ice Ix. A total of tw.-ive
fairly sharp features were observed iIn the vR(Dzo) Hand
of ice II, and ten features were observed in the vR(Dzo)
band of ice IX. Presumably these sharp features are due
to the unit—cell—group allowed vibrations (37).. However,
some of the features are broader than those observed for
the vT bands (119), and there is clearly an underlying
broad absorption even at 10 K. Thus, the bands are not due
solely to unit—cell—group allowed vibrations.

A unit-cell-group analysis of ice IT (Section 1.4)
predicts eight infrared active 0-D Stretching vibrations
and a total of six features were observed in the vOD(DZO)
band Qf ice II at 10 K. For ice IX, nine infrared active
O-D stretchiné vibrations.are predicted and a total of
five features were observed in the vOD(D2O) band. .The
vOD(HDO) bands of ices II and IX are Sﬂérp indicating that
the bands due toJO—D Stretching vibrations are not intrinsi-
cally broad (37). liowever, the vOD(D2O) bands are extremely
broad, . even at 10 X, with moderately sharpreatures super-
imposed, and clearly the‘bands'are not due solely to unit-
cell-group allowed vibrations. Sum~combination and overtone
bands.arising from the lower frequency vibrations cén

contribute to this absorption since there is virtually a

continuum of combination and overtone levels (such as
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2v,, v.,+2v_, 4u._ and various combinations with v,.,) that
2 2 R R fi

are isoenergetic with the vO“(DqO) fundamental levels.
Normal coordinate calculations of the frequencies of the

k=0 vOD(U2O) vibrations were, thus, attempted to see whether

the observed infrared features can be assigned to funda-

mental transitions.

3.4 Normal Coordinate Analysis of the vOD(D7O) Vibrations

of Ice II and Ice IX

3.4.1 Gencral Mgthod

The 0-D Stretching vibrations in ices II and I. ..
frequencies sufficiently different from those of other
intra- or intermolecular vibrations that a normal coordince e
anaiysis of the Vop (P5,0) vibrations can be usefully made
while neglecting all other displacements of the molecules.
Such normal coordinate calculations were done using the
Wilson GF matrix method (100,175,176) which will be briefly

described to introduce the terminology.

The normal coordinates, Q, are defined such' that the

L
potential, V, and Kinetic, T, energies can be expressed by
2v = ot Q ' (2)
and 21 = % ¢ (3)

where Q is the column matrix of the normal coordinates, Q

1s the column matrix of the time derivatives of the normal

/
vcoordinatéﬁj A is the diagonal matrix of the eigenvalues .
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)
kk' where Vi 1s the wavenumber of the kth

SN . . -1 .
vibration expressed in cm and ¢ 1s the velocity of

21 2
Ak = 4ﬂ7E v
light, L 1s a unit matrix and the superscript t signifies
the tfanspose of the matrix. 7The normal coordinates.are
orthogonal, so that any vibrational motion can be expressed
as.a linear combination of the normal coordinates (177).
Normal coordinates can only be defined in the approximation
that the kinetic and potenfial energies are quadratic
functions of the displacement coordinates. If internal
displacement coordinates, Ri’ such as bond stretching or
angle bending coordinates are used the potential and

kinetic energies are given, in this approximation, by

2V (4)

f
-y}
(eS|
=

i
¢
D!

el

and 2T (5)

where F 1s a square matrix whose e;ements Fij are the
ﬁgrce constants relating the internal displacement coordi-
nates Ri and Rj' R is fhe column matrix of the ;nternal
displacement coordinates and g is called the inverse
'kinétic energy matrix whose e;emedts Gij are functions of
the atomic masses and equilibrium geometry. To determine

the normal coordinates the transformation

R = LQ (6)

~ o~

is sought, where L 1s the eigenvector matrix. L is defined

(100,175) by the matrix equations



tfrrLo= (7)
and Lt G--l L = E (8)
or GFL =12\ (9)

oblem of determining the normal coordinates

reduces t§ ing equations (7) and (8) or (9). When
: ,

using compute gthods to solve the secular equations, it is
less time coﬁsuming to diagonalize two symmetric matrices,
such as G and F than to diagonalize a nonsymmetric matrix
such és GF. To take advantage of this, a transformation
to a new set’of coordinates in whilch G is diagonal
is made, and the corresponding transformation is applied
to F. The resultant F matrix is symmetric and it can be
easily‘diagonalized. This method iiftalled the method of
succéssive diagonalization. .

Symmetry can be used to factor the 9 and F matrices
into block diagonal form. Symmetry coordinaﬁes can be
constructed from sets of equivalent internal displacement

coordinates by using projection operators (178). The

symmetry coordinates, Si' are defined by

S'= UR, (10)
where S is a column matrix of the symmetry coordinales
and U is an orthoggﬁal transformation matrix. The G and F

matrices can then be transformed to their symmetrized

equivalents by
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F =urFryt (11)
s z N
and G, = UG ut. (12)

Determination of the normal coordinates and their fre-

quencies then reduces to solving

G F L =1 A (13)
~S ~s -5 <8 ~
where | § = %S 9 5 (14)
and %Su= g L. ' (15)

Bach column of L, contains the symmetrized eigenvector
for one vibration. | I\~/)
The form of a vibration can be described in terms of
the elgenvectors or synmetrized eigenvectors, whose elements
Lij or Lsij are JRi/;Sj or asi/an ;and SQ.§escribe the
contribution of the i~ internal displacement coordinate
or‘sfmmeﬁgy cocordinate to.thécjth vibration.
Schachtschneider's computer program VSEC (179) was
used to determine the fréquencies and forms of the normal
vibrations. The F and G matrices and symmetry coordinates
werelconstructéd as described later and used as input: The
program then calculated-the frequencies, eigenvectors and
symmetrized eigenvectors. Schachtschneiders FPERT proéram-
(179) was used for ice II to refine the force constants
by an iterative method to give a least-squares-fit between
- the observed and calculated frequencies,

Recently, Rice  and coworkers (125) have reported

normal coordinate calculations of the frequencies of



thé vOH(“éO) vibrations in ices II and IX. They, however,
neglected to include the off—diagqnal‘elements of the G
matrix which are the primary source of the intramolecular
coupling between Ve and Vg Consequently their results

will not be discussed.

3.4.2 Calculation of the Relative Infrared Intensities

of the VOD(D2O) Normal Vibrations

Normal coo;dinate calculations determine the fre-
quencies and‘forms of the normal vibrations for a given
force field. They do not directly yield information about
the relative infrared inténsities ©f the fundamentals.

The relative infrared intensities can, however, be estihated
in the bond moment approximgtion with the aid of the elgen-
vectors obtained from the normal coordinate calculations.
The assumptions (l8Q,l8l)nmade in this approximation

are, 1in addition to mechanical harmonicity, that  a) when

a bond is stretched by an amount dR a dipole ﬁoment'

(31 /3R).dR is produced in the direction of the bond and

b) when one bond is stretched no dipole moments are pro-
duced in the other‘bgnds. For the present calculations

on ices II and IX the fﬁr;her assumption was made that

the dipole moment derivative 9y /3R was the same for all
bonds, and that this value was equal to the value,

4.0 Debye/A determlned for ice Ih by Ikawa and Maeda (182).
The first two assumptlonS'yleld the total dipole moment

change during a given vibration, BE/BQk, as the vector sum
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of the dipole moment chanyes in the individual bonds, 1.,

Jil dit GI

—— . N 1 -
) 3 ~ x ;“‘"‘ T (l())
(Q}\_ ARi .)Qk .

The\thirﬁ approximation yields

Jdl " A
- ol e .
3 - J,Q_,_.! £ u, 1. (17 )
where lik 1s the eigenvector elemerit, ﬁRi/»Qk, and uy is

a unit vector along 0-D bond i from O to D. For Cartesian

coordinates u, is given by

1 : -
vy o= o= X, - X )i+ (Y. -y ) b+ (2. -2 k]
i L; D, 0, D, 0, D, 0,
=u, i +u, j+u k (18)
ix Yy iz

where Li is the lenyth of the ith O-D bond and XD YD LZD
s i i i

and XO YO ZO are the Cartesian coordinates of the®
i i i ' : .
deuterium and oxygen atoms of the ith bond".

The components of au/BQk alony the Cartesian axes are

given by
Ju '
—-Q du
5o T |sw] 0 ou, 1, (19)
an 3 i ia Tik

where a is x, y or z and the intensity of the vibration
is proportional to

L2 2 2
ay 2 :(_a_fﬁ> + (?ﬂx) + (3“2) (20)
(BQk ) an BQk : . SQk



The elgenvectors calculated by VSEC (179), Cartesian

coordinates of the atoms (15,16) and the dipol noment

o

derivative, Gu/0R = 4.0 D/A, were used in the program DMUDQ
written by J.£. Bertie to calculate, by this method, the

relative infrared intensities as dr(ﬁp/ﬂQk) where dk 1s
N

L
the degéneracy of the kt“ vobration.

3.4.3 Force Fields used in the Normal Coordinate Calculations

Y

The force fields used for ices II and IX were con-

structed using four types of force constants, O-D stretching

force constants, intramolecular OD-OD interadtion constants.

and two types of intermolecular OD-0D interacﬁion constants.
The O-D stretching force constants were determined

from the frequencies of the corresponding v. _(HDO) bands

oD

at 10 K; assuming that the 0-D and O-H «scillators are not

/—

coupled and thus the observed frequencies corresponded

these of diatomic O-D vibrators. The assignment of the

vOD(huO) frequenéies given in Section 3.3.2 was used.
The intramolecular OD-OD interaction constants were

initially estimated from the work of Schiffer and Fifer on

©

salt hydrateé (123) to be about +0.08 ndyne/A. Schiffer

et al. ‘have also esehted two correlations (124) which

allow the frequencies of the symmetric and antisymmetric

O-D stretching vibrations of isolated D,0 molecules to be

OD(i{DO) frequencies. The D20 fre-

quencies were estimated from both correlations given in

estimated from the v

reference 124 and were then used to determine a}ternative



intramolecular interaction constants. For ice II, both
correlations yicld values of 0.04 and ;0.02 mdyne/g Lor
molecules D(1)-0(I1)~D(3) and D(2)-0(I)-D(4); rospectively;
while for ice IX values of 0.03 and 0.01 or 0.01 and -0.01
mdyne/g were det. .iined for molecules D(5)-0(1)-D(6) ana
D(7)—O(2)—U(7)> respectively.

The remaining force constants consist of two types of
intermolecular interaction constants. The first type is
for the configuration shown in Fig. 3.9a and describes the
coupling of one 0-p Oscillator with another to which it is
hydrogen bonded. This interaction constant has been deter-
mined for ice Ih (107) to be -0.123 mdyhe/g and for icerVIII
(48)'to be -0.01448 mdyne/A. Tn ice In the O---0 distance
'is 2.74 A (10) whereas in ice‘VIII it is 2.965 £ (5). In
ices II and IX.the mean O---0 distances afe 2.80 and 2.77 g,
respeetively, SO values for this interaction constant in
ices II and IX are expected to be close to tha£ bf ice Ih,
-0.123 mdyne/g. This value was adopted in some of the force
fields in this work; ;Alternatively, values were calculated
from the local geonetry (see below). The second type of‘
intermolecular interaction constant is for' the configuration
shown in Fig. 3.9b and describes the coupling of two O—D
oscillators that are hydrogen bonded to the seme oxygen
atom. This coupling constant was a581ge;d the value of
O 09 mdyne/A or was calculated from the local geometry

Wr~~ an O-D bond is displaced, a dipole moment

(du/dr)dr is produced, and the interaction energy between

2
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Figure 3.9. The

configurations for
molecular interac

the two types of inter-
tion force constant -

S.
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dipole moments produced in neighbouring bonds contribute
to the-potential energy. TFor ice Ih the dipole moment
derivative with respect to the Stretching of an 0-p bond,
(Bu/ar), 1s 4.0 D/g (182). 'his can be regarded as equi-
valent to an effective charge, e*, of zl.OxlO—lO esu on the
deuterium atom. The electrostatic contribution to - the
potential energy due to this effective charge on neigh-
bouring deuterium atoms 1s given by

*2
V(R) = S , (21)

: AN
where R is the distance between two deuterium atoms. This
distance -is a function of the two O-D bond lengths. For
the configuration shown in Fig. 3.9a this contribution to

the potential energy is given by

%D 2 2 -1
V(R) = e %A r)% +r, 2 (a-r))r, cose}

(22)

and for the configuration shown in Figure 3.9b by

V(R) = e*2 {(A~-rl)2 + (B—r2)2 —W2(A—rl)(B—r2) cosq}—%

(23)
%,

The intermolecular interaction constant betweer;_r__l and I,

is given by . . (

: 2
3"V (R) .
F = (24)
12 arlar2
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so that for the configuration shown in Fig. 3.9a

*
F = e 2 [3(rl—Afrpcosb)(rj—(A—rl)cosO)/RS—cosﬂ/R3]O.594

(25)

and for the configuration shown in Fig. 3.9p

: *2 3
Fl2 = e [3(rl—A+(B—r2)cosO) (r2—B+(A—rl)cosO)/R5+cosO/R3]

X 0.594 (26)

The scaling factor 0.594 is the ratio of the experimental

value of FlZ for ice 1Ih (107) to the value calculated for

ice Ih using equation (25) without the scaling factor. The

configurations shown in Fig. 3.9 assume that the O—D---O-
bonds are linear. 1In jces IT and IX the bonds do differ
from linearity by as much as 9° (15,16). However, when
the force constants are calculated using 9 = DaD and

6 = 060 very similar résults are obtained. The force con-

stants determined for ices II and IX using equations 25

and 26 are given in Sections 3.4.5 and 3.4.4, respéctively.

3.4.4 HNormal Coordinate Analysis of the k=0 vOD(Dzo)

Vibrations of Ice IX

The structure of ice IX, space group P41212 (Dj), as

viewed along the ¢ axis is shown in Fig. 3.10. This figure

shows the twelve molecules of one unit cell and sufficient

molecules in the adjoining unit ells to clearly show the
hydrogen bonded arrangement of the water molecules. The

oxygen atoms are identified by the numbers in square
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Figure 3.10.
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brackets. Oxygen atoms [1] to [8] are on Ssites of Cl
symmetry and correspohd to oxygen atoms O(1l) in reference
15. Oxygen atoms [9] to [12] are on sites of C, symmetry
and correspond to OXygen atoms 0(2) in reference 15. The
Cé axes of the Dy unit cell group are taken to be the
two-fold screw axis of the Space group (183) parallel to
the a or b axes, and the Cg axes of the unit pell group
are taken to be the two-fold axes through oxygen atoms (9]
and [10] or [11] and [12]. The internal displacement
coordinates are numbered in Fig. 3.10 and are listed and
described in Table 3.5.

In order to describe the normal vibrations in terms of
the symmetric and antisymmetric 0O-D stretchiﬁg displacements
of each type of water molecule, sets of equivalent symmetric
and antisymmetric O—D‘stretching'displacement coordinates
were constructed from the internal displacement coordinates.
For tne water molecules of type D(S)—O(l)—D(G), the sym-
metric,_sl,-and antisymmetric, as,., O-D stretching dis-
placements each form the representation A1+A2+B1+B2+2E
under the D4 unit-cell group. For wéter molecules of the
“type D(7)-0(2)-D(7), the symmetric, S,r O-D stretching
displacements form the representation Al+B2+E and the
antisymmetric, as,, O-D stretching displacements form the
representation A2+Bl+E under the D4 unit-cell group. These
new sets of displacement coordinates were then used as

bases for the construction of the symmetry coordinates (178).

The Ea symmetry coordinates were constructed to be symmetric



TABLE 3.5

Internal Displacement Coordinates for Tce Tx

Number

1

2

10
11
12
13
14
15
le
17
13
19
20

21

Designation
—=>=-Jniation

. . .a
Description
L === sptlion

Ol—Dl

“01_D9



TABLE 3.5

Number

22

24

(continued)

Designation

Ry»

R33

Ry4

. . _.a
Description

071703

0, ,-D

12 720

0y,7Dpy

a) The internal coordinates correépond to displacements Jf

the specified bonds from their equilibrium length.
D atoms are not numbered in Figure 3.10,

are of La Placa et al. (15) type D(5), D9

of type D(6) and Dl7 to D,, are of type D(7).

but D, to D
are
The D

The
8

' atoms are numbered within each type in the order of the

positions
fi crystallog

b) Coordinate types A, B and C are displacements from
equilibrium lengths of La Placa et al.
0(1)-D(5), 0(1)-D(6) and 0(2)-D(7), respectively.

given in the International Tables of X-ray
raphy (183).

(15) bond types



aed the éb Sylmetry coordinates to be antisyrmmetric to the
'C£>‘axis through oxygen atoms [9] ana [10]. The symmetry
coordinates are listed in 7Table 3.6, with the bases.used
for their constrﬁction
The non-zero G matrlx elements were Ccalculated from

the molecular geometrles (15) using standard methods (100)
and are giyen in Taple 3.7.

"The F matrix was constructed using the thirteen forge

constants listed in Table 3.8, with their description and

the calculations to vyield different. force fields. Fifteen
force fields were used, four of which are given in Tagle
3.9. ‘

For force field I, the.intfamolecular interaction
constants were estimated from the work of Schiffer ang
Fifer (123), and for the remaining force fields values
were determined from the correlatlons of Schiffer et al.
(124). For force flelds I to III, intermolecular inter-
action constants of the same type were given the same value
(Section 3.4.3), while values were calculated for force
field IV from equatlons 25 and 26 and the bond lengths
and DOD angles given in reference 15.

The frequencies and relatlve infrared intensities
calculated from these force fields and the experimental

frequencies and relative 1nfrared intensities are given in
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TABLE 3.7
Non-Zero § Matrix Elements for DZO Ice IX

Description Eyuivalent Elements value™
G. . i =1 to 24 0.559020

ii

. 1,2; 3,4; 5,6; 7,8; 9,10; -

G.. (1) , -0.017233

1J 11,12; 3,14; 15,16. :
Gij(2) 17,18; 19,20; 21,22; 23,24. -0.015865

a)

Units are in amu

L
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Force Fields Used for Ice IX

TABLE 3.9

Force Field

Force a
_Janstant I 1T IIT v
g} f} 6.2950 6.2950 6.2950" 6.2950
lpz 63053 6.3053 6.3053 6.3053
Fy 6.3518 6.3518 6.3518 6.3518
F, 0.08 0.03 0.01 0.03
.FS ©0.08 0.01 -0.01 0.01
Fg ~0.123 ~0.123 ~0.123 ~0.118
F, -0.123 -0.123 -0.123 -0.106
Fy ~0.123 , -0.123 ~0.123 ~0.122
Fyq -0.123 -0.123 -0.123 -0.120
Flo -0.123 -0.123 -0.123 -0.110
Fiq 3 -0.123 -0.123 -0.123 -0.118
Fl, 0.09 0.09 0.09 0.074
Fiy 0.09 0.09 0.09 0.080

o
a) Units are mdyne/A.

1
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Table -3.10. The directions calculated for the dipole
moment derivative with respect to-normal coordinate
(au/an) were/hcorrectly, alongbthe c axls for the A2
vibrations and in the ab plane for the E vibrations.

From Tables 3.9 and 3.10 it can be seen that the
calculated frequencies and intensities are insensitive to
small changes in the intermolecular interaction constants
(c.f. Force Fields TII and IV} and in‘the intramolecular
interaction constants (c.f. Force Fields II and III).
Further, when the 'intramolecular interaction constants were
varied from 0.08 to -0.08 mdyne/A the relative frequenCies,
inten31ties and description of the normal vibrations re-
mained essentially nnchanged,‘except between 2440 and

2480 cm L.

i

The description of the normal vibrations of the unit
cell in terms of the symmetric and antisymmetric O-D
stretching displacements of the 1ndiv1dual water molecu1

is prov1ded by the symmetrized eigenvectors. The symmetrized
ypigenvectors calculated for Force Field III are given hn’
the Appendix and the assignment is 'summarized in Table 3.11.
From Table 3.11 it canibe seen that there is extensive
mixing of the symmetric and antisymmetric stretching dis-
placements of the individual moiecules in the normal vibra-
tions of the unit cell, and that only tnree normal vibrations

can be described as either’ purely symmetric Or purely anti-

symmetric stretching Vibrations. These are v3(Al) which is
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TABLE 3.11

Symmetrized Eigenvector Elements for Ice IX

Mode Freguency (cm—l) : Assignmenta

vy (A)) 2530 ‘ 0.2s; - 0.4s, - 0.6as,

V2(Al) ’ 2412 0.3s, —;0.552 + O.4asl

v4(ag) 2334 | 0.65; + 0.4s,

v, () 2503 0.1s, - 0.3as; - 0.7as,

ve (B,) 2466 ' 0.7as; - 0.4as,

v6(A2) 2348 O.7sl + O.lasl + O.las2

v7(Bl) 2533 ' | 0.4sl + O.3asl - O.6as2

vg (By) | 2467 0.6as, + 0.4as,

vg(Bl) 2411 O.6s1 - 0.3asl + O.3as2

vy (By) 2518 0.2s, - 0.3s, + 0.6as,

vy, (By) 2459 40.7s, + 0.2as;

vlz(Bz) 2395 0.7s, + O.3asl

vl3(E) 2522 0.55l + 0.252 - 0.4as; - 0.5as,
v g (E) 2497 0.1s; + 0.1y - 0.9as; + 0.3as,
vlS(E) 2467 O.2sl - .252 - O.8asl - 0.4as2
vy ¢ (E) 2462 - |+ 0.55, + 0.5as)

vl7(E) 2389 —0.751 - 0.2asl - d.2as2

vlS(E) 2353 : 0».581 + 0.5s, # 0.2a§l

a) Symmetrized eigenvector elements, 3Si/9Qx, where Sj is
the symmetry coordinate and is denoted by the basis
used for its, construction. Only those symmetrized eigen-
vector elements that exceed 0.06 have been included. For
each E mode, there are two symmetry coordinates construc-
ted from each of the s; and asj bases, anQ“the»magnitude
of the corresponding symmetrized eigenvector elements
from the same basis have been added.
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) and v _ (B

8 )

a symmetric stretching vibration and v (A
. J

2 1

which are antisymmetric stretching vibrations.

The separate effects of intra- and intermolecular
coupling on the vOU(D2O) vibrations cannot be investigated
experimentally.» They can, however, be investigated quite
simply in the present normal coordinate calcglations, by
the successive introduction of the different types of
interaction constants into - ... force fields. The results
of such an analysis for force field III are shown’diagrama—

tically in Fig. 3.11. Line Spectrum 1 depicts the v__(HDO)

oD
frequencies, that is the absorption frequencies by the
three types of 0-D oscillators uninfluenced by intra - or
intermolecular coupling. ‘Line spectrum 2 was calculated
using force constants Fl to F5 (Table 3.9) of force field

III and shows the absorption frequencig% of intramolecularly

e

coupled but intermolecularly uncoupled O~-D oscillators.
Line spectrumLB was calculated using force constants Yy to
Fll of force field III and shows Fhe absorption frequencies
of 0-D vibrétors that are intraméfgéularly coupled and also
intermolecularly coupled to the O-D oscillators to which
they are hydrogen bonded. Line spectrdm<4 shows the absorp-
tion frequencies calculatéd from force field III. |

When no intermolecular coupling is present the normal
vibrations of one unit cell cah be described in terms of
the ﬁurely syrmmetric or antisymmetric Stretching vibrations
of the water molecule:, however, when intermolecular '

coupling is present there is extensive mixing of the
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symmetric and antisymmetric 0-p Stretching vibrations of

the different water molecules. The extent of the contribuy-

intermolecular coupling.

The results of force fields 17 to IV are in excellent
agreement with the observed Spectrum. This jis shown clearly
in Table 3.10 and in Fig. 3.12 which conpareslthe observed
Spectrum with the results calculated from force field 1V
which are dfawn as a line Spectrum under the aSSumbtion
that transitions Separated by less than 5 cm-l are un-

resolved. All of the observed features can be assigned to

the k=0 fundamenta] transitioﬁS‘and the calculated relafive

infrared intensities agree with the observed intensity
distribution of the vOD(DZO) band. The calculated results
are also in good agreement wjith thé Raman spectrum of ice IX
at 100 K (111), in‘which the strongest peak i& at 2327 cp~ !
and can be assigned to vB(Al) which is the only Vibrétion
that involves only the symmetric Stretching of the water
molecules (Table 3.11). a weaker peak is also Observed at

2457 cm-l for which several assignments are possible.



i43

v/em™!

Figure 3.12. Comparison

of the calculated and observed
vop (D20) band of ice IX.

v
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©3.4.5 Normal Coordinate Analysis of the k=0 vOD(DZO)

Vibrations of Ice II

The structure of ice IT, space group R3 (C3§)y viewed
along the hexagonal ¢ axis is shown in Fig. 3.13. There
are twelve molecules in the rhombohedral unit cell and the
rhomohedral axes are shown. Fig. 3.13 shows sufficient
molecules to clearlyﬂdef}ne the hydrogen bonded. arrangement
£ SRR R

of the water molecuk

<

Qxygen atoms arelldentified

e ts and &ll oxygen atoms are
‘x§gen atoms O[1] to -0[6] form
hexagonal rlngs'areand thﬁ Lorners of the rhombohedral unit
cell and correspond to oxygen atoms O(I) in reference 16.
Oxygen atoms O[7] tc 0[12] form hexagons1 rings around the
unit cell centre'and correspond to oxygen atoms O(II) in
reference 16. The internal displacement coordinates are
numbered in Fig. 3.13 and are listed, and described in
Table 3.12.

As described above for ice IX, sets of equivalent
symmetric and antlsymmetrlc 0-D stretching dlsplacement
coordinates were constructed for the two types of molecule
from the internal displacement coordinates. For each type
of molecule, D(2)-0(I)-D(4) or D(1)-0(II)-D(3), the
symmetric, S) 0T s,, and antisymmetric, as, or as,, 0-D
stretching displacements each form the representation
Ag+Au+Eg+Eu under the 86 unit-cell-group. The symmetry

coordinates, constructed from the new sets of displacement

coordinates (178), are listed with the bases used for their
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Figure 3.13. The structure of ice II as viewed along the
hexagonal C axis. S
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' TABLE 3.12
24abLt 3.12

i
Internal Displacement Coordinates for Tce II

Number Designation Descriptibna IXBEE
1 R, 0g-D, A
2 R, 0g=D, 5 B
3 Ry . 047D, a
4 R, 92ﬁD14 B
5 Rg oé—o3f a
6 Rg Og=Dy ¢ B
7 s R, 0;,-D, A
8 \x\f Rg 0y ,-Dy ¢ B
? N s Ro °107Ps A
10 Rio 9107017 B
s )
11 . ' R, 0,4 D6. A
12 ; Ry, . 0;,-Dy g B
13 R, 5 | 0,-p, o
14 ' Ry, . 01-Dyg D
15 R o 0,-Dg C
16 Ry 0,-Dy, D
17 R 03-Dg. C
18 R g 03=Dy; D
13 ‘Rig 947Dy ¢
20 Ry 04-D,, D
21 R,y 05—D11> C
b2z By 957033 b

(COntinued..}...)
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TABLE 3.12 (continued)

Number Designation ' Description® Type
23 R23 06_Dl2 C
g“ ; C Ry 96 Dpy b

N »:_
A

a) The internal coordinates correspond to displacements of
the specified bonds from their equilibrium-length. The
D atoms are not numbered in Figure 3.13, but Dl to D¢

are of Kamb et al. (16) type D(1), D7 to Dl2 are of
type D(2), D;3 to D18 are of type D(3) and Dl9 to Dsy

are of type D(4). The D atoms are numbered within each
type in the order of the positions given in the Inter-
national Tables of X-ray Crystallography (183).

b) Coordinate types A, B, C and D are displacements from
equilibrium lengths of Kamb et al. (16) bongd types
O(II)-D(1), O(II)-D(3), O(I)-D(2) and O(I)-D(4), res-
pectively. . _

[&)
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construction in Table 3,13,

S6 1s a cyclic group,‘so that cach of the symbols Eg
‘and ;u indicates two one—dimensional representations, whose
characters for”a given symmetry operation are the complex
conjugates of each other, rg{hér than indicating a two
dimensional representation (178). To construct elght Eg
and ei&ht Eu symmetry coordinates real characters, < and
C,, were obtained for each symmetry operation forfeach

. - .. *
representation EG and bu, by taking cl=(c+c ) and

=

<, =.% (c-c™), where i =+~ ar ¢ and c*.afé the complex
Eharactefs (178) Zfor the given symmetry dperation.

For noncyclic groups, such as the group D4 of ice IX,
La and Eb symmetry coordinates can be constructed, such ”

that they behave differently with respect ta some symmetry -

operation whose character for the ™ rr . :sentation is zero.,

¢

As a consequence the CS and gs matrijesi\Section 3.4.1) -

' factor info two identical blocks, orresfonding to E‘yi’_and |
ﬁb symmetry coordinates. Identical answers are obtained
-ron. the diagonalization 6f the two corresponding Q;Es @ g
mervix blocks, and only Ea or Eb Symmetry coordinates con- |
tribute to each E no:mai céordinate:”'For cyclic groups;
there is no symmetry operation whigh distinguishes Eg from
Eb coordinates. Thus for ice ir, although eight E, Qr;Eg
symmetry coordfn?tes can be constructed using thelgi;and

¢, characters, the G and F_ matrices are not factbfed

e

>

ﬁgﬁ&o identical 4x4 blacks corresponding to Ea or Eb
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lxl
symmetry coordinates, but contain 8x8 blocks. When the
95? matriv is diagonalized, four pairs of identical \
frequencies are obtained; and al}] eight Symmetry coordinates
contribute to each normal coordinate.

PhL non-zero G matrix elements were calculated from
the molecular geometries (16), using standard methods (100)
and are given in Table 3.14.

The g matrix was constructed using the Sixteen force
constants, which are listed in lable 3.15 with their
descriptions and the equlvalent r magrix elements, to which
they correspond. fThe sixteen force constants were given

Varlous values in the Calculations to yield dlfferent force

fields. Fifteen force fields were used, four of which are,

given in Table 3.16. The frequencies ang relative infraredl.,,

o . ¢ »
intensities, Calculated from these force fields, are given

in Table 3.17, together with the eéxperimentally observeq

2

frequencies and ; frared intensities, The directions
calculated for t;:talpole moment derivative w1tn respect
to normal coord: nates (au/aQ were, correctly, along the
C axis of tpe hexagonal unit cell for the A Vibrations
and perpendicular to the ¢ axis for the E vibrationsv
The intramolecular force constants F5 and F6 were
initially set to 0.08 mdyne/A. However, the agreement
between the observed and calculated frequencies wae much
improved when values of FS and F6 that were calculated from

the correlations of 5chlffer et al. (124) were used sSo

the initial force fleld is not reproduced. - For force field



TABLE 3.14
AphLh 5.14

NOon-Zero G matrix elements for D,0 Ice IT

Description - Equivalent Elements Value?
—=z--ptlon ————=0 _hléments “c-de

G. . 1 =1 to 24 . 0.559020

1i , ‘ .

Gij(l) 1,2; 3,4; 5,6; 7,8; 9,10; -0.018904
11,12

Gij(2) 13,14; 15,16; 17,18; 19,20; -0.014276

. . -1
a) Units are in amu .

-
~

i
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TABLE 3.16

Force Fields Used for Tce 11

Force Field

Force
Constant? 1 II III v
Fy  6.3518 6.3518 6.3518 6.3518
N
F., - 6.5184 6.5184/&°\ 6.5184 6.5184
2 . /’_/35 :
Py 6.4557 6.4557 6.4557 6.4557
/ ‘
F, 6.325% 6:3259 6.3259 6.3259
“Fe 0.04 0.04 "0.11 0.056
F -0.02 -0.02 0.013 -0.010
F, ' -0.123 ' -0.108 ,  -0.100 ~0.116
Fg ~0.123 -0.105 _  -0.100 -0.116
Fy -0.123 -0.127 -0.160 - -0.116
Fio -0.123 ~0.112 -0.100 -0.116
Fqq ~0.123 -0.106 -0.100 -0.116
Fi, -0.123 -0.110 -0.100 -0.116
Fij -0.123 -0.116 -0.180 ~0.116
F -0.123 -0.118 -0.180 -0.11%
14 : 4
Fic 0.090 0.090 0.040 0.046
Fie 0.090 0.076 0 120 0.046
/'/ ‘j‘O.
a) Units are mﬁ&ne/A.
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I, intermolecular force conétants of the same tyre were
Set equal and for force field II they were calculated
from equations 25 ana 26 and the bond lengths and DOD
angles given in reference 16.

The symmetrized eigenvectors, calculated from force
field II, are given in the Appendix and the assignment is
summarized in Taple 3.18. The water molecules of ice II
are asymmetric and, unlike the Situation in ice IX, the
two 0-D--.0 bong lengths of €ach water molecule differ
significantly. Consequently, the vibrations of the indivi-
dual’Water molecules, in the ebsence Oof intermdlecular

Coupling, are not purely symmetric or ar~is mmetric O-D F

" Stretching vibra?ions, and the normal vibrations are a
mixture of symmet}ic and antisymmetrjc 0-D Stretching dis-
'placements. Specifically, the normal Vibrations of the
water molecules D(2)4O(I)—D(4) are describeg by O.7el+0.lasl
and O.lsl+0.7esl and those oftwaterimolecgles D(1)-0(11)-p(3)
by 0.752+O.2as2 and O.ls2-0.7asz, using the same description

for the vibrations ag given in Table 3.18. From Table 3.18

. , . . ™) .
Stretching Vibrations. These are vZ(Ag) which is an antj-
Symmetric stretching vibration ang v4(Ag) which is g

‘symmetric Stretching vibration,



TABLE 3.18

_—

: Symmetrized Eigenvector Elements for Ice 171
i _ l . a '
Mode Frequency (cnm ) Assignment
——aT ey \em ) ——=1r

Y]

a :
f

) Symmetrized eigenvector elements,

vl(Ag) 2534 —O.lsl + 0.282 + 0.4asl - O.6as2
vz(Aé) 2487 0-6as; + 0.4as,

v3(Ag)- 5%98 O.‘Ssl ; O.Ss2 + O.lasl - O.3as2
vy (a) 2360 o.ésl + 0.5s,

vS(Au) 2544 O.SSl + 0.252 4-0.4as] - O.4as2
v6(Au) 2522 O.2sl + Q.Ss2 - (‘.4asl + O.;as2
v7(Au) 42487 ‘O.lsl + O.5asi O.6as-.

vg (A) 2397 —o.5sl +0.55) + ULy,

vg(Eg) 2546 O.4sl + 0.4;-2 - O.z}:asl + O.Sas2

V10 (Ey) 2504 0.2s) + 0.25, + 0.5as, + 0.5as,
Vll(Eg)- 2445 0.55l + O.GS2 + O.2asl + O.3as2
vl2(Eg) 2415 *O.7sl + ?.452_— O.Sasl + O.2as2
vy 5 (E) 2520 0.1s) + 0.3s, + 0.4as, - 0.8as,
Vi (E) 2502 bﬁzsl = 0.35, + 0.7as; + 0.3as,
vls(Eu) 2428 0.65l + O.7s2 + O.2asl + 0.4as2
l6(Eu) 2374 0.6sl - O.6s2 + O.2asl - O.las2

asi/an, where.si is

the Symmetry coordinate and is denoted by the basis

used for its construction.
that exceed 0.06 have b

" vector elements

Only those Symmetrized eigen-
een included.

and Ey normal coordinates, two Symmetry co-
Ordinates, constructed fronp each basis, Sy Sy, asl or

'asz, contribute to each normal cordinate and the magni-

tude of these two contributions have been added to give
the values given in the table. ,
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2.

The results calculated from force fields I and II are
1in reasonable agreement with the observed spectrum. This

i1s shown in Table 3.17 and in Figure 3.14, which comparés

the observed spectrum with the results calculate. 5 -
force field II, which are shown as line spectrum . wrawn
under the assumption that transitions separa . by less

than S cm"l are unresolved. The most serious discrepancy

(A ) which is calculated to be near

is the frequency of v u

8
the minimum at about 2400 em” Y instead of contributing to
the observed peak at 2418 cm_l. Another discrepancybis

that no visfation was calculated to be near the shoulder

a% 2470 cm-l. The calculated results are in good agreement
%éﬁ&ﬁithe Raman spectrum of ice II at 100 K (111), in which
.the strongest peak is at‘2353 cm_l and can be assigned to
v4(Ag) which 1s the only vibration that involves oPly the
symmetric O-D stretching vibrations of the water molecules
(Table 3.%8). A weaker peak.is also observed at 2489 cm—'l
and can be as;igned to v2(Ag) which is the only vibration
that involves only the antisymmetric O—DAstretchinq vibra-
tions of the water molecules. |

The pfogram FPLERT (179) was used in an attempt to

force vB(Au) to 2418 cm“l and also to fit the shoulder
observed at 2470 cm—l. The number of force constants was
reduced by setting F,, Fg, Fy,, Fip and F, équallgo'each

equal to F

other and .F Observed frequencies were

13 14°
assigned to the following vibrations: vZ(Ag)=2489 cm—l,



N
¥

Figure 3.14. Comparison-of the calculated and observed
VOD(DZO) band of ice II. n



oo

. v, (A )=2353 cm_l, v, (A )=2520 o ;v (A ):24‘70,
W T4y CTut Touh
o gy =1 SN -1 C ) o -1
v, (A )=24138 cm o U (L )=2529 om and v (L )=2501 ecm .
s 8 " u _ 13 " 7u . 14 ""u
m%1 FPLERT was then used to refine the lntra-~ and Intermolecular

interaction constants with force field I as the 1nitial
\

force field.

A number of constraints were placed on the forcoe con-—

.

3 stants. These constraints were, first, the intermolecular

interaction constants ES_and F6 should have values between

o

"0.1 and -0.04 mdyne/A.  Second, the intermolecuiar

interaction constants F7 to Fl4‘should all be negative-
2 .

and greater than -0.2 mdyne/A. Third, the lntermolecular

A interaction constants Fl5 and FlG should be positive and

less than (.15 mdync/A ‘These constraints were satisfied by
force fleld III given in Table 3.16. rhe re “ts calcu-

lated from this force field are given in T: 7 .and

are also shown as line spectrum B in Fig. 3;,_ The, v,

s agreement between the observed and calculated frequ

o -v-‘

ies

o

and 1n§§n51t1es is better than those for force fleld‘si'a

_and IT. Force fleld I1I dld“calculate vB(A;) to be close
O )

to. the strong’ peak at 24@&@&@ and also v7(AQ) to be

17

o

oy W -
near to the observed shoulderlat 2470 Ch, l, but the 1nten—c -

31ty of v (A ) was calcuﬂgted to, be essentlal rgzero.

There are\\however, some dlscrepanc1es in force fleld III

and it must remain-sus; ect The 1ntramolecular interaction

constant F5 is con51derably blgger than F6’ and it is also
{ blgger than the largest value ¢stimated from the work of

Schiffer and Fifer on salt hydrates (123, Séction 3.4.3), )
o= _ Y
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°

0.08 mdyne/n Also, tae iptermolecular

I.‘

7 and F

1

1

(Lo
-

Cfo

Stants of thL same tvpe

(%)

fiel

\

w

L. r

(&

0

differ Significantly.(c
3.1e).

hl\'

Qe , Additional FPnRi &lculations were
elg force cog\taﬁ&b

S
g'r

sam"vaer and ‘Mg F

quthes were asshgned to the folrow1ng

assigning Fi
¢ .

equal to Flb

\

-
interaction con-
or [

FlS and Flb)
II and III, Tabile

'

done with only

14 the

Observeu fre-

through F

vibrations:

v, (A ) 2489 cm l, v, {A )=2353 cm L, v (A )=2524ocﬁ 1,

2 g , 4 g ' 6 . u’ U7

. R 3 . -1 . -1

1 = 5 “ A\l =0 —~ . o = oy 3
J8(Au) 2418;25} , vl3(hu) 2524 c¢cm ,'.14(L )=2501 cm ~and
ule(E )=2370 cm_l FPLRT was. thtn used to reflne'the 1ntra—

g

and 1ntermoleculd1 lhteractlon constant

as ‘the 1n1tlaluforce fleld The force
. 7{) v -

R . force fleld IV of Table" 3. l6 ~The resu

thlS force field are giveh in Table %“l

J_\ [ts

'S&mllar to those of force fleld 11,

calculated to be more 1ntense\¢han

<

except thﬁt v

o

S w1§h force fleld I
B Q 1&

fleldﬁobtalnedMWQS‘

. :
 OERRAY

.
1ts caldﬁ&ated from

7 and are qu%te

&,

m4~

13 (B -

Although none of the force flelds provuded an 1deal

g
fi

u
el

. the maln features of_ the spéctr

.(;"ﬂ .

The s%fong peak at 2370 cm -1
. so. =1

Whl%@&the peak ?t>2418 cm

(E

v8(Au) with some contrlbutlou from vlS

‘25é4 cm_l is due to v_(A ) and v.:
. P 6 u 13

shoulder at 2550 cm is due to vS(Au)

2501‘cm"l is due to vl4(Eu). The ohiy

assigned is the shoulder at 2470 cm

is cleﬁ?ﬁfxdue to v

e

i

ﬁ?n be a551gned

16( )y

is probably mainly duetto

). The peak at.
\Lhe hlgn frequency
and the shoulder at

feature stiil to be

£

_lAand the remaining



g vibration is

y7(Au). ~vhen this assignment
field III),‘the intensity of v_(Au) is ess

LY

SO that either. the intensity edlculatlons

which 1s qulte posSLble, or this feature c

(D,O0) and vR(uﬁO

3.5 The Origin of: the Vop (D5

.. ices 1I and IX

u Bos

The VuD(D“Q) bands of ices II and IX
broad with moderately sharp features super
3.3.1). The normal cgbrdﬁnate and lnten51

o+ .

show that these" features are due¢” to unit- c

'n‘ .

allowed O-u stretcﬁlng v1br1tloﬁ§ which‘ha

'\r
of frequu1c1es 2300 td 2550 ém

JEISRS)

15 maue (force
entially zero,
are 1lnaccurate,

annot be assigned.

) Bands of

at l(? K are:e'g’;i}
imposed (Sectlon
ty calculatlons
ell-group

ve a w1de~range

+he comblned

effects of nonequ1valent Ssites and ln&ra— and 1nterm4&eculag

coupllng 'ﬁThe fundamental tran51t ons of
NN
: wd

,hculdgyle;d sharp absorpilon features and
L.J-;-!
suff1c1ently dlfferent frequenc1es that th
C ey
would be much better resolved than is obse
iy N

were due solely to fundamentab‘tran51tlons

absorptlon by the fundamental tran51§é?ns

by some mechanlsm.

<

OD(D «0) bands are approx1mately symmetrlc

¢ . : S :
Figs. &lZ and 3.14 show that t’he fea

these v1bratlons

i J)\

they have

é’
egtpD(DjO) bands

rved(lf they

Thusy, tne

»
.,
S

i~

must be broadened

P

tures on. the

<

al and judging>

from the highest and ‘lowest frequency features, the absoré—“

L

‘tion extehds to about lOO'c:m—l away from e

Further, the breadth of each'feature incre

symmetrically with increasing temperature.

ach feature.

ases slightly and’

e

t

e

RN
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One possibiv Lroadening mechanism is the anharmonfc

lnteraction be' .cen the Voo vibrations and low frequency

9 Vibrations to give combinatrcn transitions of the type

VopTVy:s AR sample of tihis broadenin mechanismmis found
*1n the st s by Evans and Lo (. the dibromige
lon, HBr '0r 1ces II and IX the le' frequency v1bra—

Llons 1in Lved 1n tne combination transitions must be the

translational vibrations 1if the combination transitions

] P -
are to absorb within 300 cm 1 of tne v (o O) fundamentals

(119). The combination transitions absorb to high fre—
quency of the fundamental transitions, o the fundamental

absorptions at 10 X snoulq be broadened’ only on thelr hlgh

1

frequency 51Qes by tnls mechanlsm Furtﬁgr, the absorptlon
-

due to the comolnatlon tran51tlons snould show features

corlebponmlng TtO the aen51ty of . translatlonal v1bratlonal

¢
states (184) which could extend to about 250 cm (119)
from eacn fundamental absorption. At hlgher temperatures
- \
tne ﬁtncamental absorptlon might also broaden °8n the low

lrequenC§ side due to corresponding dlfference tran51tlons
'althoughgtnls need not be the case (185). Clearly, this
mechandsm® does/ St account for » the¥ broadenlﬂg of the

N . “

fundamental vOD(D O) absorptlon in the spectrq%of lces II

and ﬁéylg QX ' : . ; > - N

4 ‘fhe broadenlngaof the fundanental absorptlon can be

2 -

explalnedﬂby the enhdncement of the 1nten812y of tran51tlons

to overtone and comblnatlon levels of lOWer lrequency v1bra—

tlons by Ferami rtsonance (l77) w1th*the v D(DZO) fundamental

UL

|
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Loy
N .

levels. Thiémm chanism reguires that the Qvertone and

‘comblnatlon levels are nearly degenerate<;1th and have

the same Synmetry as the fundamental levels. These
reguirements are casily met, since the overtone and com-

bination levels of the low frequency vibrations must form

a continuum of overtone and combination levels isoenerdgetic’

with the fun.lumentals because the fundamentdl VR(DéO)’

(D 0) and probably, 2(Dio) levels extend over a wide
energy range themselves (37). The intehsity of an overtone
or combﬁegtlon transition is psually ﬁuch weaker then that

of a fundamental transition. HoWéver, Fermi resonance dis-

tributes the intensity of the fundamental transition over

overtone and combination transitiohs to levels close to

tihw fundamental level. Thus, fn}ml resdhahce can readlly

o
«»¢ A 2

°*emﬁ1a1n the broadenlngm?f the fundamental absorptlon.

The.samevlnterpretatlon has been used to eXplaln the .

‘ =

broadenlng of tire vOD(DZO) and Vo JH 0) Leatures of

hexamethylenetetramine hexahvdrate (137). As noted for

».

that systemnm an obvious objectlon to this 1nterpretatlon is

that the fundamental yOD(HDO absorption is sharp (Figs. 3.2

and. 3.5) and, presumabl§, such+a broadening mechanism

should also dpply to it. ‘However; if the iuteraction

. 1 M v - < { '1
which causes the Fermi resgpance has a’'short range, the

VoD fundamental level of a particular hDO molecule can only

ks

interact w1thPcomb1natlon and overtone levels due to

wvibrations of the same HDO molécule. There will not be a

SN P PPN . : P ey e
- ‘_f{i" S S
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continuum of these oyertone and combination levels il
the yibrations of the HDO molecules do not couple with
theﬂcontinuum of vibrations of the surrounding H2O
molecules. | |

If the vibrations ogkthe HDQ molecules are localized
or uncoupled from those of the surroundlng HZO or DZO
molecules, absorption by the HDO molecules must be observ-
able superimposed on that by the H.O or D20 molecd&éa. LNo

2

dlfferences are detectable in the far- 1nfrared spectra of
\

fully hydrated and partlally deuterated samples of ices Iz

and IX (119,186).. -y Thus, the trangiatlonal v1bratlons of -
gp w .
the HDO mo@ecules appear t@ ceuple with the translatlon

vibratlons of the H O molecules Oon the other hand, the

_erated samples or ices IT and IX
” [

ol

Vg bands of partlally d%

. nave addltlonal feature-'ft'464 and 445 cm -1 for ice II

and at 473 cm -1 for ioce IX whith ar§%22t~observed for the

fully hydrated samplesu(37). Thu®, at least some of the

vR(HDQ) vibrations in ices II and IX do not couple with

the vR(HZO) vibrations. The vsfbands of ices II and IX -

are broad and relatively.featureless and no differences

have been detected in theseibhands for fully hydrated and

partially deuterated samples (37). The v2 band of partlally

deuterated 1ce Ih does, however, have an addltlona- feature

at 1490 qm thch ‘is not obsetved for ﬁﬁ&ly hydrated
amplesu(lO7) Thus at least some of the Vo (HDO) v1oratlons

-

. lce Lh d@ not cOuple w1th the g&{hiq) V;bratlons; It

<9

N
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1s also probable that some of the vz(hDO) vibrations

in ices II and IX dc not couple with the vz(HZO) vibra-

- tions. Therefore, in ord.¢ .. ~vplain the broadening of
(D 0) but not vOD(HDC y tl Termi resonance mechanism,
it is also necessary to - at¢ that the overtone and

3

»comblnatlon levels are due to vR and v2, but not vT

f

Fermi resonance~can also result in a phenomenon known

et . :{' _‘.-". .
as tge Evans effect to create "vans' holes"or 'Fermi
FN . .

resonance minima' (187-189)l ThlS results from essentially

v B

the reverse of the Ferml resonance process descrlbed

Kl
. & P

above. Suppose there Is a 51ngle energy level el gw a

> S R

. L ndamental level, w1th'the same’ energy as a broad dls~

trsn of levels, such ‘as’ comblnatlon levels and that
Y n E ‘2

tran31tloms from the ground state to the broad dls~‘

trlbutlon of” levels y;elds a broad moderately intense

aosorptlon band - yhlle the trahs1tlon from the ground state

to the single level ylelds a very weak absorption band,

in the zeroth approx1mation' Fermi resonance between theq‘

srngle level and the dlstrlbutlon of lev®ls can then causc

an absorption minimum to appear at the frequency of the

B ¢
zeroth order transition to ‘the single level.& This loss in
< .

.

absorptionﬂlntensity is redistributed on eitKer side Sf

the absorption minimum, and can lead to nearby reglons

of 1ndreased 1nten51ty (189) Such effects have been

)

obseryed in the: spectra of crystalline hydrates (190) and

other hydrogen bonoed SOlldS (191,192) and thé presence

; i

N

5
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oY these effects has been used 'to explain the multiple

—'ievels, a second possiblé;

analyses (Section 1.4) pred1ct twelve infrared active v

- 169

O

maxima observed in the v or v bands of strongly
Q OH OD
. hydrogén bonded syste‘§‘(l93,l94). A good case can be made

that the minima at 2490 cm—l (Fig. 3.14) in the vOD(DZO)

" .band of ice II at 10 K is due to the Evans effect. v_(A )

7 u
A
4 &
was' e¢arlier (Section 3.4.5) ‘tentatively assigned to the
1

der at 2470 cm—l. However its intensity (as calcula-
ted to be small for all force fields, and its frequency

was calculated to be 2490:5 em ' £6r all force fields

? except force field ITI which yielded 2474 cm Y. Thus, in

view of the interpretation of the breadth of the features
as due to the enhancement of the inté%sity~of overtone
and combination transitiong.by Fermi resonance between’

- N w

the fundamental VoD leve

-1

v

minimum at 2490 cm

o .
.There 1s less eV1dence on whlch to draw conclu51ons‘

about the orlgln of the vR(D 0) bands. Unit-cell- -group .

R

t &«

vibrations for .ice II and fourteen for 1ce IX, and undoubt-

edly these are the orlgln of most“&f not all of the twelve
o : S S S
fairly sharp features observed for icefii'and the ten z

. o . ) ‘ . i -
fairly sharpvfé%tures“observed for ice IX. However, even
at 10 K, “some of  the features are broader than those of
the QT bands (119) and underlying the features is a broad
//_ -

absorp&ion. The most probable origin of this breadth is

L. iy . s T -
transitions to overtone and combination levells involving



;4‘

the vR(D 0)

170

5 and vT(D2O) vibrations that are enhanced in
intensity by Fermi resonance between the overtone and
compbination states and the uR(DOO) fundamental states.

LY

&
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Chapter Four. Results of the Study of fﬁe Clathrate Hydrates

AL b
"45%' Introduction e
s e ———— ;
A This chapter presants the results of the studies of

the mid-infrared absorption spectra of cyclopropane hydrate

« I and ethylene oxide hydrate at temperatures to 45 K, which
9
were introduced in Section 1.8. The results of a far more

limited study of cycl%prOpane hydrate II are also reported.

) . o . \

Tne mid-infrared samples were prepared by eilther

had -

mixing the finely ground hydrate samples with mulling agehts,,
as- described in_Section 2.7.2, or by dispersing the hydrate
samples in potaesium bromide pellets, as described .in

Section 2.8.2. A potassium bromide pellet has two main K

advantages over a mull as a 3ampling m"fuﬁ. ~ Potassium
’ bromide does not absorb in g;%mmj 1nfra£ad spectral reglon
. ”and spegtra of pellets can hegbﬁﬁalned over a w1de temper~_q
ature range. There can be some uncertainty, though, in

!

the nature of these pellet samples, due .to the high pressure

©

El

and relatlvely high temperatures used to prepare the pellets
(2). It is lmportant, therefore, to . compare spectra ob-
Eslned fré” pellet samples with those oﬁ%arnéﬁ Trom ‘'samples

\

prepared by less drastlc methods, such as- the mulling
- techniqde. . . ' |
CyclOpropane hydrate I and hydrate II were prepared as’
descrlbed in Sectlons.2 3 and 2. 4, respectlvely The
characterization of cycloprOpane hydrate I and‘ethylene
oxide hydrate 'is discussed in Sectioh 4.25 The character;

izationvand limited spectroscepic study of cyclopropane

laé ' | \\
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B
o
L

' *
hydﬂh‘h llrls Leported in Section 4.3. Spectta of cyclo-

ad

%

propane hydrate I at 90*3 K were initially recorded using
o the low temperature mulling technique, and these spectra
« are presented in Section 4.4. In Section 4.5, the temper-
ature dependence of the absorption by cyclopropane hydrate
? g9 potassium bromide pellets is reported, ahd the validity
of ti:se results is determined by comparison of the spectra
of pellets and mulls.
< The. temperature dependence of the absorptlon by the
guest molecules in ethylene oxide’ hydrate, dlspersed in
potassium bromide pellets, is presented in Sectlon 4.6.
The results are compared with the spectra obtaiﬁed pre-

v1ously using s#he low temperature mulllng terhn&que 2,96‘}
- :t L . ;‘ o ‘:L : ‘. k

4.2 Characterization of the Structure I Hydraﬁ‘&s! 7‘” _

', . ’c‘.i;{ -

ug“

LE

All samples of cyclopropane hydrate I were: characterlzed

Ty by X-rayApowdeg dlffractlon»photographs to determine the

lattice parameters and the purity of the samples; T@%

- ' samples of ethylene oxide hydrate were prev1okfly character—
ized by D. Othen (2), but_the X-ray powder drffractlon )
pattern was not reported gé three of hispliﬁsgraphs were
measured and the dataiare reported here. = .
L _ The X-ray data f?r cyclopropane hydrate I and ethylene
oxide hydrate at lOdiShK/are summarized- in Tabie 4.1. The

.«  d-spacing and 26 values (Section 2.6) reported"for eyclo-

A

propane hydrate are the averages of twenty-three sets

of values obtained from sixteen photographs. The crystal-

o
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to~-fi1lm distance was 59.7:0.1 mm (Section 2.06). Six ot

thése photographs werc of the hydrate and ten were of the
deuterate, since the X-ray uiffraction pattern of the
deuterate 1s ldentical, within experimental error, to

tnat of the hydrdﬁe. The d-spacing and 2v values reported
for ethylen. oxide hydrate are tihe averages of six sets of
values obtained from threce photoi sphs of the hydrate
using the crystal—to—fllmidistance determined by Othen

Lo be 60.0 mm (Section 2.6). The d-spacings and 26 values
of the structure 1 hydrates were indexed on a cubic unit
cell, Space group Pm3n (55,56), and there can be no doubt ;
that the correct materials were pbtained. The laetice
parameters determined from the différent sets of 2» valﬁes
were averaged to give the values a=11.96:0.02 g and
a=11.89-0.03 g for cyclopropane hydrate I{;nd ethylene
Ooxide hydrate, Tespectively. The lattice parameter of
ethylene oxide is in good agreement with the value,
a=11.87:0.01 A determined by a neutron dlffractlon study
at 80 K (56).

The calculated intensities of the diffraction lines
given in Table 4.1 were determined using equation 3.1 and
the structufe factors'measured during a single crystal
X-ray dlffractlon study of ethylene oxide hydrate at .=8 K
(55). The observed intensities given in Table 4.1 are the

averages of the relative peak optical densities measured



Trom microdens tometer traces oY togr photographs of

;
-oyclopropane | hycrate 1oang ot twe photographs of cthylene
(n(igl; Il}\;r‘sz:. The 1ntensitics obscrved tor athy lene ‘
OX1d¢ hydrate dJenerally Jgf‘@c with the Ccalculated values

within the estim. doerror, The intensities observed for

cyclopropane hydratve 1 agree only qualitatively with thosc

o ethylene oxide hyarate.  Lhis is te be -, "od since
scatteling by the encaged cyclopropane - lecu . ust be
different than that by encaqged ethylene .. cules.

Possible impuritices in'fhu samples o. Lopropane

nydrate I are ice Ih, excess cyclopropane and cyclopropane
hydrate II. 7he X-ray diffraction pattern of cyclopropane
at 85 K has been reported previously (159), and the X-ray o
diffraction pattern of ice Ih is well known (36Ll68) SO

they are.not reproduced here. The X-ray diffraction pattern
of cyclopropane hydrate II is presented later. Excess
cyclopropahe 1s readily detected in the X-ray photographs

of the hydrate by 1ts st ong line at 20=23.3" (CuK: radia-
tion), whi.e tue presence of ice il 1s indicated by strong
lines at 2:=22.s, 2412 ana 25.9° (CuKL radiation). Cyclo-
bropane hydrate II was never detected in the cyclopropane
nydrate I, put it would be easy to detect by its strongest
lines, at 2¢=12.67 and 27.06° (CuKF radiation) (Section 4 3).
EXcess Cyclopropane is also readily detecteu in the deuterate
samples by a mid-infrared absorption band at 3009 cm "1

near to the peak due to enc€?ed Cyclopropane at 3020.5 cm_l



{(Section 4.4.3). The Presence of Lce 1mpur:ty ¢an also be
vwetected from the shapes and freguencies of the vOD(UDO)
and v (DY) bands, as is discussed. in Scction 4.4.7.

OH

Unless  otherwise stated, all Spectra of the structure 1
hydrates reported in this thesis are of samples that were
shown to be pure by X~ray Jdiffraction and spectroscopic

cri-

4.3 Characterization of Cyclopropane Structure II iHydrate

The X-ray powder diffraction pattern of cyclopropane
hydrate II at 100+5 K is given in Table 4.2. The d-spacings
and 20 values are the~averages of twelve sets of values
Obtained from six pbhotographs. The crystal-to-film dis-
tance was 59.8 mm (Section 2.6). Four photographs were of
the hydrate and two were of the deuterate since the X-ray
diffraction pattern of the deuterate is identical, within
experimental error, to that of the hydrate. The d-spaci:s
and 29 values were indexed on a cubic unit cell, space
group Fd3m (57). . The lattice paraméeters determined for the
different sets éf 29 values were averaged to give the vilue,
a=l7.07t.03.£; |

The observed intensities given in Table 452 are the
averages of-the relative péak optical densities measured
from microdensitomelometer tracés of six photographs. The
only structure II hydrate for which structure factors

have been measured is the double hydrate offhydrogen sulphide



N
B T OTABLE 4.2

X-ray Powdér Diffraction rattern® or Cyclopropane

Structure IT Hydrate at 100 K

Calculated b S

- Index Intensity 20 ~d ) ) Intensityi
111 8 8.95(2)  9.88(2) 5
220 : 3

311 3 17.17 .6 5.16(2) .35
222 15 17.99 (1) £.94 (1 66
400 24 20.75(4) 4.281(7) 60
331 17 22.67(5) 3.916 (9) 87
1422 46 25.59(5) 3.481(7) 75
333,511 100 27.06 (4) 3.295(4) 100
440 42 - 29.54(4) - 3.023(3) 38
531 94 30.92(4) 2.891(4) 65
442 5

620 14 33.32(7) 2.689(5) 16
533 4 34.43(4) 2.605(3) 9
622 2 |

444 2

551,711 2 37.57(7) 2.394(4) 7
642 . 0.2

553,731 6 40.17(7) 2.245(4) 20
800 0.5

733 11 43.51(7) | 2.080(3) 26
644 0.3

{continued......
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TABLE 4.2 (continued)

Calculgted b e p . e
Index Intensity 20 ) _d(A) Intensity"
660,822 33 45.06(7) 2.012(3) 43
555,751 13 46.07(7) 1.970(3) 15
662 0.02 ‘ | |
840 4 47.51(5) 1.914(2)‘ 8
911,753 11 48.68(5) 1.871(2) 11

a) Cu K radiation, wavelength 1.5418 A, ‘

b) The 26 and d-spacings ave the average of between 10 and

’ 13 values. The figure in parenthesis is the standard
deviation in the last figure. -

c) The estimated accuracy is 20% or 30% of the value given
for values greater than or less than 20, respectively.

NJ
hY
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5]

and tetrahydroturan at 253 K (57 . Those experimental
Structure factors were usod with cquation 3.1 to vield
the calculated intensitics in Tuble 1.2, The calculated
intensitices can be seen to be guite di(turcﬂt from thosec
observed for cyclopropance hydrate 171, undoubtedly due to
the different Juest molecules and the presence of the
strongly scattering sulphar atoms in the dodecahedral

cages of the double hydrate (57).,

A liné was observed at 25=24.2° (CuKd radiation) in
11l of the X-ray photograpns ofbcycloprupane hydrate 11,
and was attributed to ice Ih impufity. ‘The othér‘two lines
characteristic of ice Ih at z9=22.8° and 25.9° were masked
by lines due to cyclopropane hydrate IT. Prefious“studies
(137) have shown that small amounts of ice impurity can
seriously affect the vOD(HDO) and vOH(HDO) bands in the
infréred spectra of the clathrate hydrates. The inter-
actions between the guest moleédies and the water molecules
are weak in the clathrate hydrates, sc to a first approxif
mation the shapes of the vOD(HUO) bands of-all strﬁcture II
hydrates should be similar. 7o see whether the ice impurity’
did influence the vob(HDO),band of cyclopropane hydrate 11,
the band was compared with the corresponding band of the
Structure II hydrate of tetrahydrofuran which is readily
prepared free from ice impurity. |

The Vo (HDO) band of Cyclopropane hydrate II contalnlng

10 mole percent of HDO is shown as curve B in Fig. 4.1



(%

Qe

log]OIO/I

0.2 —

! l .
2500 2400

vicm’

Figure 4.1. The vOD(HDO) bands of tetrahydrofuran
Structure II hydrate (curve a), cyclopropane structure "II

hydrate (curve B) and cyclopropane structure II hydrate
mixed with ice Ih (curve C) in bropene at 90:5 K;
resolution 2 cm-1,



. / -1 -
and has a peak requency ot 2419 om and a half-width

- -1 . - .
of 4o ¢em . he vow(hDO) band ot a sample of tetrahydro-

furan hydrate containing 10 mole pereent of HDO, which was
shown by N-vay nethod: to contaln no ice mpurity, is
shown as curve A in Pig. 4.1. 7The peak frequency is

345 -1 , - . —_— -1
2425 cm and the half-width of the band is about 70 cm

. .
The (o) band of cyclopropane hydrate IT is clearly

Yob
much sharper than that of tl. tetrahydrofuran hydrate and,

since- the vOD(HDO) band of ice Ih has a half-width of only

1

about 20 cm_ (10%), it scems clear that the ice Ih impurity

severely sharpens the vOD(MDO) band of cyclopropane hydrate

II. This effect was confirmed by adding some ice Ih con-

taining 10 mole percent HDO to the cyclopropane hydrate II

used for curve B of Fig. 4.1. The (HDO) band of this

Yob
sample 1s shown as curve C in Fig. 4.1 and has a peak
frequency of 2418 cm_l and a half-width of 30 cm_l, con-
firming that ice Ih impurity does sharpen Lhe'vOD(HDO)

banu. This evidence Suggests that the sample of cyclo-

propane hydrate II was too badly contaminated with ice Ih

to warrant further Study.

In these preliminary studies of cyclopropane hydrate
II, only one extremely weak absorption band due to cyclo-
- propane guest nmolecules was observed. 7This was due to
ble(E‘) which gave the most intense guest absorption band
in the spectrum of the structure I hydrate (Section 4.4.3).
In order to observe the other guest aderption bands,

extremely strongly absorbing samples, of which good spectra
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ate very difficult to obtain, would have beoen required,
SO furtner study of this clathrate aydra. was not
attemnpted.

4.4 Mid-Iufrared Spectra ot Cyclopropane Structuz - I

Hydrate at 90+5 K

4.4.1 General

The spectra reported in this section are of samples of
cyclopropane hydrate I or deuteféte I di;persed in one of
the mulling agents propane, propene or chlorotrifluoro-
methane. The hydrates are dispersed in mulling agents with
a comparable refractive index to reduyce reflection and
écattering effects, so that the transmission “spectrum is a
good .approximation to the absorption spectrum. This

technique of preparing infrared Sample; at low temperaﬁure
\ o

is well documented (2,96,137,166). The absorption by the

mulling agent has been subtracted from the spectra pre-

sented.

The mid-infrared spectra from 4000 to 300 cm_l of
cyclopropane hydrate I and deuterate I at 90+:5 X are
presented in Figs. 4.2 and 4.3, respectively. These figures
were composed from spectra obtained using each of the three
mulling agents, and the intensities of the features taken
from different original spectra have been scaled so that

the relative intensities in Figs. 4.2 and 4.3 are approxi-

mately correct. The original spectra yere recorded at a
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. -1

1 : !
resolution ot about 4 o boetweon doc a0 o700 om and

_ -1

about 2 cm between o500 and 1000 op

'

Ve frequenciles
of the features, Lheir ostimated accuracies, and the

.
asslgnment are given in vtable 4. 3.

The Interactions botween the Juest and water molecules
are weak in thoe clathrate hydrates, so that, to o first
approximation, the viprations of tho water and guost
molecules can be considered separatelyt Absot: tion by the
water molecules can be readily identified, since the fre-
quencies of the intramolecular and rotational vibrations
in the deuterate should be about 30 percent lower than the
corresponding frequencies in the hydrate. The absorption
oy the water molecules 1s proad, and the assigynment follows
from the assignment of the spectra of the ices (Section 1.5)
and other clathrqte hyd;ates (Section 1.6). The absorption
by the guest molecules should occur at approximately the
same frequencies in the hydrate and the deuterate as in the
gas. This absbrption 1s sharp-and the assignment of the
features follows from the assignment of the spectrum of;x_

gaseous cyclopropane (Section 1.7). =

r

4.4.2 Absorption by the Water Molecules at 90:5 K

The vOH(Hzo) band extends from 2800 to 3600 cm—l, as
1

shown in Fig. 4.4. The band has its maximum at 3234 cm

and a half-width of about 300 cm—l. Shoulders at 3350, 3176

3113 and 3100 cm—l and a weak, sharp peak at 3020 crn_l are
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3600 3400 3200 3000 2800

viem|

Figure 4.4. Tne voyg (H20) band of cyclopropane structure I
hydrate in a chlorotrifluoromethane mull at 905 K;
resolution 2 cm~1l. |

\y.
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observed. This latter featurc is also .observed in the
spectrum of the deuterate at approximately the same fre-
quency, and 1s assigned to cyclopropane. In the deuterato,
absorption by cyclopropane also yields a sharp peak at
3104 cm_l which presumably causes the sharp inflection at
3113 cm—l in the hydrate. This inflection is superimposed
on a much broader shoulder at about 3100 cm_l which 1is
assigned to water abserption.

The vOD(D2O) band extends from 2200 to 2700 cm_l, as
shown in Fig. 4.5. wThe features on this band are better

defined than those on the v (I1,0) band, with peaks at

Ol
2438 cn b and 2353 cn”! and shoulders at 2540, 2494, 2415

1 1

and 2310 cmf The band has a half-width of about 250 cm
* The ratios of the frequencies of the features on the

Voy (B,Q) band, at 3350, 3234, 3176 and 3100 cm © to the
frequencies of the corresponding features on the vOD(DZO)
band at 2494, 2438, 2353 anav23lo cm—l are 1.343:.007,
1.326+.005, 1-.3502.006 and l.342E.OlO, respectively.

The v2(H2O) band is poorly defined in the hydrate
(Fig. 4.2) with a peak frequency of about 1600 cm Y. The
v2(D20) band is much better defined (Fig. 4.3), with a peak
frequency of lZOO'cm—l. \Definite changes in slope are
observed in the v,(D,0) band at about 1100 and 1255 et |

The v, (H,0) band (Fig. 4.2) extends from4so«u31100«cmf¥
The peak frequency is 833"cm—l and the band has a halffWidth
1

of about 165 cm ~. The sharp features observed at 865 and
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Figure 4.5. .~ -~ (D0) band of cyclopropane structure I
ne mull at 90#5 K; resolution 2 cm~1l.

deuterate i ..
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1025 cm—l are clearly obscrved (Figs. 4.2 and 4.3) at
approximately the same frequency in the spectrum of the
deuterate, so they are due to cyclopropane. Four featurces
areﬂobserved on the low frequency side of the vR(HZO)
band (Curve A, Fig. 4.2) at 740, 18, 573 and 536 cm L.
There 1is also a broad absorption to high frequency, at about
1105 cm t |

The vR(Dzo) band is shown in Fig. 4.6 and extends from
about 350 to 800 cm_l. The peak frequency 1is §15_cm—l and
the half-width is 105 cm_l. 2he le frequency siaé of
vR(Dzo), like the vR(HéQ) band, shows structure, with five
features observed at 565, 530, 452, 412 and 396 cm™ L. There is
also a high freguency-shoulder at 795 cm_l (Fig. 4.3).‘ The
ratio of the peak frequencies of the VR(H2O) and vR(DZO)
bands is 1.35:.02. Using this ratio the bands corresponding
to the low frequency féatures of vR(DZO) are calculated to
be aﬁ about 763, 716, 610, 556 and 535210 cm_l in the hydrate
spectrum, which“agrees quite well with the observed features.
‘Prcsumably, the two features predictéd at 763 and 716 cm—l
are unresolved aﬁd yield the feature ét 740 cm—l. The ratio
of the frequencies of the featﬁres at 1105 and 795 cm_l in
the hydrate and the deuterate, respedtively, is 1.39+.03.
These featui.es are also qssigned to Ve vibrations.

The low frequency side of the vR(Hzo) band of a sample

containing 10 mole percent HDO is shown as curve C in Fig.

4.2. Features additional to those of the pure hydrate are
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Figure 4.6. The v (D0) band of cyclopropane structure I
deuterate in a propane mull at 90+5 K; resolution 4 cm~1
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seen at 514 and 497 cm 1 and are assiyned to vR(HDO)

vibrations.

The 3vR or vJFvR band is broad with peak frequencies
o -1 . .
ot 2250 and 1645 cm in the hydrate (Fig. 4.2) and deuterate
(Fig. 4.3), respectively. The sharp feature at 2091 cm_l

in the spectrum of the nydrate is at about the same fre-
quency in the deuterate, so it 1is assigned to cyclopropane.
The VOD(HDO) bands of cyclopropane hydrate I containing
.4 and lO percent DO are shown as curves A and B, respectiv-
ely, 1in Fig. 4.7. 7The band consists of two well-resolved

features, at 2415 and 2457 cm l, and has a half-width of

b}

-1

75 cm for samplcs contalnlng 4 mole percent HDO and 85 cm
for samples contalnlng 10 mole percent 1poO. The Von (HDO)
bands of the Other Structure I hydrates that have been
studied (2,96) were single featureless bands, so the very
remote possibility thet lce was contributing to the vOD(HDO)
band in cyclopropane hydrate I was investigated.
v

A small amount of ice Ih containing 10 mole percent
HDO in HzO was ground and mixed in the approximate: propor—
tion of 1: lO with the sample used to obtain curve B of
Fig. 4.7; thlS mixture gave the spectrum shown as curve C
of Fig. 4.7. The frequency'of the strongest feature is
2420 cm-l, to high frequency of that of the pure sample but
the overall half-wid+' of the band is enchanged. It is
concluded that the vOD\HDO) band of pure cyclopropane

hydrate I has the shape shown by curves A and B of Fig. 4.7.

Y
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Figure 4.7. The vop (HDO) band of Ccyclopropane structure I
hydrate in a propane mull at 90+5 K; resolution 2 cm-1. =
Curves A and B are from samples containing 4 and 10 mole
percent HDO, respectively. Curve C is from a sample
containing 10 mole percent HDO and some ice Ih of the same
isotopic composition. Curves A and C have been offset for
clarity. "
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The v . (HDO) bands of cyclopropane deuterate I are

Ol
shown in Fig. 4.8. % The samples used for curves A and B
were prepared from water that was a mixture of 2 and 5
mole percent, respectively, of H20 in Dzo. It is certain

that some isotopié exchange occurred between the liguid
water and atmospheric moisture and the final concentrations
are estimated to be about 5 and 12 mole percent HDO in DZO'
This estimate was obtained from the relative absorbances

of the vOH(dDO) bands of the pure deuterate and t @4pq<tially
hydrated samples and assumed that the pure deuterate
contained 2 mole percent HDO. Curve C of Fig. 4.8 was
obtained from{a sﬁmple containing 12 mole percent HDO which
was found to contain a small amount of ice. This sample
was later reexposed to cyclopropane, characterized again,
and found to contain no ice impurity, and then used to
obtain curve B.

The features on the v _ - (IIDO) band are not as well re-

OH
solved as those in the vOD(HDO) band. 'The peak is at
3267 cm t but only a shoulder is seen at 3315 cm—l. The

half-widths of the bands for samples containing 5 and 12

mole percent HDO in D.O are 115 and 135 cm—l, respectively.

2
The frequency of the main peak for the sample contaminated
with ice (curve C) is 3272 cm_l, to high frequency of that
of the pure sample, the top of the band appears more pointed

than that of the pure sample‘and the overall half-width of

the band is 115 cm_l. It is concluded that curves A and B
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Figure 4.8. rThe VoH (HDO) band of cyclopropane structure I
deuterate in a chlorotrifluoromethane mull at 90:5 g;
resolution 2 cm Curves A and B are from samples con-
talnlng 5 and 12 mole percent HDO, respectively. Curve ¢
is from a sample containing 12 mole bercent HDO and some
ice Ih of the same isotopic composition. Curves a and C
have been offget for clarity.



Of Fig. 1.8 show the correct O-t stroe Ltehiing bands of 5 and
12 mole percont (DO ip cyclonropane deuterat.o 1.

The ratvios of the frequencios o the Features of the
- . -1 , . i
vo“(nmo) band, 3267 and 3315 CIL, to those Of the corres-

ponding features of (o vO“(HDO) band are 1.353.002

and 1.345.002.

4.4.3 Absorption bv the Cycloproupanoe Molecules at 90+5 i
— e L2 OLPRION by the Cyclopropanc M ecules at 9005 K
shown in Fig. 4.9 aro the stronger guest absorption
. ) -1 .
bands of cyclopropance deuterate I below 2100 em . In this
region there are tfour bands assigned to fundamentals (section

1.7). The Cli,-rocking vibration, v7(A;'), is seen as a very
N -1 . . "
weak teature v 859 cm (Fig. 4.9a). This band is not
‘erved in the hydrate because it is masked by the sStrong

vR(H2O) band. The ring deformation, vll(ﬁ'), vields a strong

band at 86972,cm_l with a half-width of 4 cm_+ (Fig. 4.9a),
while in the hyérate it is observed at 865.5 cm_ , Super-
imposed on the vR(H2O) band (Fig. 4.2). The CH2 wag,

V19 (%')s yields a strong band at 1025.2 en™l (piq. 4.9b),
while in the hydrate it is observed at 1022.8 cnfl (Fig. 4.2),

- Q :
both bands have half-widths of 4 cn l. The CH2 deformation,

(£'), is seen as a band of moderate intensity at 1433.3 cm—l
with a half-width of 2 cm—l (Fig. 4.9¢). while in the hydrate
it is observed at 1432.3 cm—l as a weas onand superimposed

on the VZ(HZO) band (Fig. 4.2). |

In the spectrum of the deuterate, fivegfeatures are

obéerved between 1700 and 2100 cm_l which are assigned to
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Figurz 4.9, Absorption by v7(A£), vll(E'), le(E'),
'
vg(E ), v10+vll and v5+vlo of cyclopropane Structure I

deuterate in mulling agents at 90:5 K; resolution < 1.4 cm_l.
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overtonc and combination transitions. The weak peaks at

1734.5 and 1765.0 cm'l (Fig. 4.3), the very weak pcak at
1867 cm—l {Fig. 4.3), the moderately strong band with a
half-width of 3.5 cm = at 1867.2 cm” ) (Fig. 4.94d), and
the m;derately strong band with a halt-width of 5 cmfl at

e

117 V1otV

(146), respectively.

2077.0 cm_l (Fig. 4.9e) are assigned to

v+ E } )} - ) )
2 le or v4+\l4, V10+¥ll 1nd \5+\10

In the hydrate only le+¥ll and RPRAN are seen, as weak

10
bands at 1890.5 and 2081.5 cﬁ_l,_respectively (Fig. 4.2).
Shown in Fig. 4.10 are the guest absorption bands of
Cyclopropane deuterate I between 2850 énd 3120 cm-l.' The
four features between 3000 and 3120 cm—l are assigned
C-H stretching vibrations. The strong band, with a half-
width of 7.5 cm_l, at 3020.5 cmnl (Fig. 4.10) is aSsigned
to v8(E') which appears in the hydrate as a weak feature at

3020 cm_l, sﬁpe(imposed on the v (H20) band. The high

OH

frequency shoulder on the Vg band at about 3034 cm.l

l(Ai)' The strong band with a

half-width of 8.5 cm ' at 3104.3 em © (Fig. 4.10) is

(Fig. 4.10) is assigned to v

assigned to v6(A2") and its low freguency shoulder at_'

3088 cm_l i1s assigned to v,,(E").! In the hydrate v6(A2")

12

seen only as a shoulder at 3113 cm_l.

1~

Five features are observed between 2850 and 2980
(Fig. 4.10) that are assigned to oveftqne and-combination

transitions. The weak peaks at 2859.5 and 2881.5 cm—l,
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PERCENT TRANSMISSION

l L J I l 1 I -
2960 2940 2900 2860

v/cm™!

Figure 4.10. Aosofption between 2840 and 3120 cm-l/by‘
cyclopropane structure I deuterate in a chlorotrifluoro-
methane mull at 90*3 K; resolution 1.8 cm-
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the shoulder at 2922, the weak peak at 2934.,0 cm_% and _///////

the very weak peak at 2967 cm—; are assigned to 2v9,

vl4+v9, 2vlo+vll, v2+v9 ana 2v2 or 4vl4 (146,161),

respectively.
”~

4.5 Temperature Dependence of the Mid-Infrared Spectra of

Cyclopropane Structure I Hydrate

4.5.1 General

Tne spectra presented in the remainder of thlS chapter’
are of the clathrate hydrates powdered and dispersed in
potassium bromide pellets. 1In a previous study of the
temperature dependence of the absorption £§ oxetane hydréte
I, P. Wright used a pellet sample holder made of 2 percent
beryllium-copper and, with about 0. ‘1 Torr of air as an
exchange gas could only cool his samples to 62 K (2). To
try to attain lower sample temperatures, a pellet sample
holder of OFHC (oxygen-free high conductivity) copper
(Section 2.8.2) was tried and found to withstand the 2.5 kbar
pressure necessary to‘prepare the pellets. Further modifi-
cations to P. Wright's procedure made in this work were
that a platinum resistance thermometer was fitted into a
hole in the pellet sample holder SO that its temperature
could be monitored directly, and that 0.1 to 0.2 Torr of
helium was used as an exchapge gas. oy

During the calibration of the apparént temperature

of the pellet sample holder (Section 2.9), it was found

that when the sample holder was attached to the cryotip at



N
Foom temperature and subsequently cooled, the lowest

dbparent temperature that was calibrased, 29 K, corresponded

~to an actual pellet gemperature éf 34 The lowest
apparent Lemperature reached was 14 K, so pellet temperatures
of about 20 g were achieved. liowever, when‘the pellets

wWere prepared at low temperatures and the sample holder

wWas attached to thecryotip at ~100 K, as was done for the
infrared Studies, the lowesf attainable apparent temperature
waé only 40 K Corresponding to an-acéual temperature of

about 45 k. 1t was concluded that the limiting factof in
attaining low temperatures"was the.difficulty in compressing
the indium gasket which provides the thermal éontact between

the pellet Sample holder and the.cryotip when the connection

was made at 100 K.

résulted in changes,in the actual sample temperature whegm
an absorbing sampl= wés Present. This was found to pe so,
becéuse changes in the apparent temperatures resulted in
changes in the Juest band frequencies consistent with those
Teported by P. Wri;ht (2). i

Three major préblems were eéncountered in the Dresent
study of the clathrate hydrates dispersed in pellets. The
first was that significant quantities of jce condensed onto
the surfacelof the pellet. The second was.that although

good spectra could be obtaineg when very small quantities

of the hydrate were used, larger amounts of hydrates were
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necessary for the study of the quest bands, and these
pellets yielded poorer spectra, with lower baseline trans:
mission above 3000 cm—], than mulls. rhe third problem

was that the absorption bands appeared to be distorted by
Christiansen effects (195). ‘The second problem was not as
pronounced 1in the spectra of ethylene &xide hydrate,
probably because the ethylene oxide bands are stronger than
those of cyclopropane in cyclopropane hydrate I. The third
problém was also hot as serious 1in the spectra of ethylene
oxlide hydrate, the reason for which is not known.

The amount of ‘ice condensed on the pellet remained
fairly constant after the transfer line was inserted into
the optical céil and the sample was cooled below 100 K.
Thus since no leaks were detected in the optical cell, the
ice must have originated on the upper part of the cell
where it had condensed during the assembly of the cell. The
ice probably céndensed when the cell was raised slightly
out of the cold can to- insert éhe platinum resistance
thermometer into the.sample holder and to attach the
radiation shield. Once the cell was assembled and eva-
cuated,. the ice could have been sublimed off the pellet.by
heating the sample to 200 K. However, this would have
risked decomposition of the cyclobropane hydrate I, since
at 200 K its decomposition pressure is: 5 Torr. This
technique was used for the more stable ethylene oxide

hydrate,-with some success, but no solution to the problem

was found for cyclopropane hydrate I.
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The other two pProblems associated with the pelletinq
tecanique are related, andg depend on the relative refractive
indices of the Sample and the pelleting agent, and on how
well the sample is ground andg dispersed in the pelle?inq
dgent. To reduyce reflection effects to a minimum, the
size of the nydrate particlés should be smaller than phe
wavelength of the radiation. This can be guite difficuit

to achieve, but this requirement can bpe relaxed if the

cyclopropane. From the average refractive index of ice
between 1200 and 2400 cm_l, 1.35 (105), and the sodium-D

line refractive index of liquid cyclopropane, 1.38 (196),

lated to be 1.45. The sodium-D line refractive indices of
Potassium bromide, Propane, propene ang chlorotrifluoro~

methane are l.56, 1.35, 1.37 and 1.30 (166,196), respectiv~

ely, so the reflection effects should be of the same

magnitudé for Cyclopropane hydrate 1 dispersed in any of
these dispersingAmedia. However, the refractive index of
the sample is g4 function of frequency ang changes consider-
ably through an absorption band, such.that to high fre-

quency of the absorption band, the refractive»index is less
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than tne averagc value and to low frequency of the band
1t is greater than the average value (197). Thus, i: the
particle size 1s too large, samples of cyclopropane hy. rate
I dispersed in potassium bfomide are expected to have
higher transmission on the low frequency side of an
~absorption band, due to the more closely matched refractive
indices of the sample and dispersing medium, and lower
transmission on the high freguency side. Just the opposite
effect shoﬁldvoccur in the spectra of cyclopropane hydrate
I in mulls. However, the transmission by mull-samples to
high frequency of broad absorption bands is usually lower-
than that to low frequency (Figs. 4.4 and 4.5), presumably
due to the increase in the intenéity bf light scattered by
small particles wit . increasing frequency. The refractive
index considerations indicate that for broad bands this
difference in tr@nsmission should be even more pronounced
for pellet samples.‘

The above arguments are equally épplicable‘to the

spectrum of the deuterate since the refractive index of

the deuterate parallels that of the hydrate.

4.5.2 Absorption by the Water Molecules =~  _

The temperature dependence of the water absorption
bands of oxetane hydrate I has been studied previously (2).
These bands changed little with temperature; consequently,

(DZO) bands of cyclopropane

,only the v, (HDO) and v

oD oD

hydrate I were studied.

-
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The vOU(U2O) band of Cyclopropane deuterate I at
105 and 45 K is shown in Fig. 4.11 ang the frequencies of
the features at temperatures between 155 and 43 K are
given in Table 4.4, The frequencies at 85 K agree, within
experimental €rror, with those Obtained using the mulling
technique (7Table 4.3), except for the strongest feature at
2428 cm—l‘and its low frequency shoulder at about 2400 cm -1
which are about 10 and 15 cm l, resbectlvely to higher
frequency in the Spectra of mulls. The Opposite change in
the frequency of the peak of the Yo (D O) band was. *rved
for oxetane deuterate I ip mull and pellet samples
and both types of frequency shift ‘must be due. to refle +ic
effects. Differences are also observed in the relative
intensities of the features of the vOD(Dzo) band of
cyclopropane deuterate I in mulls (Fig. 4.5) and in pellets
(Fig. 4.11). These differences are 1n the sense expected
for the reflection effects discussed in Section 4.5. 1.
There is little change in band shape when the sample is
cooled from lSE to 45 K; the peak frequency decreased by
12 cm—l and the Jhalf-width of the band decreases from
255 to 245 cm l.

The Vo (hDO) band of cyclopropane hydrate I containing
4 mole percent HDO 1is shown in Fig. 4.12 and the frequenc1es
-0of the features at temperatures between 155 to 45 K are
given in Table 4.4. This band is not as well resolved as
that obtained from a mull in propene (Fig. 4.7) ang

resembles the vOH(HDO) band observed for mull samples

f

I
|
[
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Figure 4.11. fThe Vop (D20) band of cyclopropahé~structure I
" deuterate (KBr pellet) at 105 and 45 K; resolution 2 cm-1l.
The 45 K curve has been offset for clarity.



TABLE 4.4

Temperature Dependence of the (DZO) an

‘oD

d v

0D

Bands of Cyclopropane Structure I Deuterate and

Hydrate?, respectivelyJ

(HDO)

'
-

oD Temperature/K

45-155
45-155
45-155
45
65
85

105

130

155
45-155
45-155

(HDO) 45
55
65
85

105
130
155
45
55
65
85
105
130
155

Vobp

g

Frequency

\)/crn'l

2316
2355
2400
2425
2425
2428
2429
2431

2437

2488
2552

2417
2418
2418
2419
2420

2422

2425
2450
2450

2450
2452,

2453
2455
2458

+ 5
+ 5
t 5
N

i+

i+
=
o

/

sh

sh

Vs

sh
sh

sh

a) s = strong, m = medium, sh = shoulder, v

= verny.
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Figure 4.12. The vgop(HDO) band of cyclopropane structure I
hydrate (KBr pellet) containing 4 mole percent HDO at

45, 85 and 130 K; resolution 2 cm~l. The 85 and 130 K
curves have been offset for clarity.
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(Fig. 4.8). This is presumably due to the reflection
effects discussed in Section.4.5.l. There 1is liﬁtle
change in bandshape on cooling from 155 to 45 K; the two
featﬁres increase in freguency by about 8 cm_l and the
overall half-width of the band decreases from 74 to

66 cm L.

©4.5.3 Absorption by the Cyclopropane Molecules

~—

The cyclopropane absorption in the spectra of cyclo-
propane hydrate I and deuterate I at temperatures between
130 and 45 K 1s shown in Figs. 4.13 to 4.15. The fre-
quencies, nalf-widths and peak heights are given in Table
.4.5. The changes in frequencies and half-widths with
temperature are small. The frequencies of the features
were measured relative to fiducial marks (Section 2.10).
The precision of measuring the same peak relative to the
same fiducial warks was +0.2 Qm_l below 2000 cm—l gnd
0.4 cm—l above 2000 cm_l, so that freguency shifts
greater thah thirs-are judged to be signifiéant. Changes
in half-width.of the Eame magnitude are also judged
significant for. the well defined features. The peak
absorbances were taken from the spectra of one hydrate and
one deuterate sample, so the relative péak absorbance
~of the different bands are approximately correct. The

estimated precision of the peak absorbances is +0.005 units.
The shapes and frequencies of the guest absorption

bands at 105 K presented in this section are essentially
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Figure 4.13. Temperature dependence of the absorption
by v7(A3) and vy(E') of cyclopropane in its structure I
deuterate (XBr pellet); resolution 1.4 cm~l. 1n Figure
4.13a tne 130 K curve has been offset for clarity.
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Figure 4.14. Temperature dependence of-“ithe absorption by
Vig(E') of cyclopropane in its structure I hydrate (b)
and deuterate (a) (KBr pellet); resolution 1.4 cm~l. In
“Figures 4.14a the 130 K curve and in Figure 4.14b the 45
and 130 K curves have been offset for clarity.
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the same as those reported in Section 4.4.3 for nmull
samples, and it i1s clear that the hydrate was not changed
by the pressure required -to make a potassium bromide pellet.

rhree guest bandgs showed significant}changes with

decreasing temperature. These are due to v7(A2”), a CH2
rock, le(E'), a CH2 wag, and vll(L ), the ring deformatlon
The bands due to v7(A2”) and vll(E') in Ccyclopropane deu-

terate I are shown 'in Fig. 4.13 for temperatures.between
45 and 130 K. The band due to v7(A2”) (Fig. 4.13c) at
130.K is a weak, fairly syﬁmetrical band at -858.8 cm_l with
a half-width of 3.8 cm_l. When the sample is cooled, this
band broadens, splits into a doublet at about 55 K and
becomes more resolved at 45 . At 45 K thelcomponents of
the doublet are Separated by 3.2 cm—l. 'Similaf)changes
were observed for the band due to vll(E'). At 130 K, this
1s a symmetric band at 869.5 cm_l'with a haif—oidth of
4.5'cm"lf? When the saniple 1is cooled, the band broadens,
sollts into a doublet at about 85 K, and becomes more re-
solved at lower temperatures. At 45 K the components of
the doublet are separated by 3.1 cm l, and the overall half-
width of the band 1s 7.1 cm l.

The bands due to vy (E') in cyclopropane deuterate I
and hydrate I are shown in Figs. 4.14a and 4.14b, lespectlv—
ely. On cooling the sample the bangd broadens andg becomes

more asymmetrlclln both compounds but does not split.
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The remaining bands Studied are shown in Fig. 4.15,
The band due to vg(E'), a CH2 defermation,-at about
1433 cm_l, in cyclopropane deuterate I (Fig.°4.15a)'broadena
marginally with decreasing'tcmperature and behaves similarly
in the spectrum of the hydrate (Table 4.5).

The bands due to v10+vll and v‘+VlO of cyclopropane
deuterate I are shown in Figs. 4.15b and 4.15¢, respectlvely.
The frequencies decrease slightly with decrea31ng temper-
ature, the half-width of v

10"
ature, while that of v5+vlo increases slightly with decreas-

Vi1 is independent of "’ temper-

iny temperature.

““The only band due to a C-H Stretching vibration that
was clearly defined and could be measured reliably in
the spectra of the peilets was due to v8(E') in cyclopropane
hydrate I (Figq. 4.15c). The frequency and half—width of
this band decrease with aecreasing temperature.

In summary, the trends observed with de@rea51ng

temperature are shifts to low frequency of the bands due
to v8(h ), v9(E'), vll(E'), le+vll and v5+vlo, and shifts
to high frequency of the bands due to v, (A ") a vlo(E').
The half-widths of the bands due to v (A "y, (E ) lO( "), ’
~ll(n. ) and V5+v10 1ncrease, and the half-width of the band
due to v8(E') decrease with decreasing temperature while
tha£ of viO+Vll is independent of temperaturé. The peak
absorbances .of all the bands increase with decreasing

Q .
temperature except for the band due to V10+Vll which is

independent of temperature. The bands due to v7(A2") and
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vll(E')‘split into doublets below 55 and 85 K, respect-
ively, and the band due to le(E') broadens and becomes

lore asymmetric on cooling but does not split.

4.6 Temperature Lependence of the Absorption by Lthylene

Oxide in Ethylene Oxide Hydrate

The mid-infrared spectra of mulls containing ethylene
oxide hydrate and deuterate at 100 X have been reported
(96). The present study was solely to determinedthe
temperature dependence of the guest bands, in particuler
the band due to the ring breathing mode, v3(Al) which was
earlier found to be split into a doublet at 100 K (96) .

The Spectrum of ethylene oxide deuterate‘in a potassium
bromidelpellet at 150 K is shown in Fig. 4.16. The spectrum
is consistent with that reported previously (96) ;ndicating
that the hydrate was not changed by the pressure required
to make the pellet. - °

The frequeneies half-widths and relative peak absorb-
ances of the absorptlon by encaged ethylene ox1de at tem-~
peratures above 45 K are_glven in Table 4.6. The peak
‘absorbances were measured from spectra of one hydrate and
one deuterate sample, so the relative peak hoights of the
different guest bands are approximatelylcorrect. The
shapes and fregquencies of the guest absorption bands at
105 szresented in this section are eesentially %he same
as those reported previously (96) for mull,samgles. The

assignment of the ethylene oxide bands is taken from

reference 96.



SPTWOIq untssejod v UT 33eI93n8p sprxo susTAyzs 3

"{-WO § > uoTynTosox
O umxjoads P3aeIizuT-p

1M

M 0ST 3e 397Tad
W "9T"% =2anbtyg

oor 00N 0081

4, 1 I s EL o0l
)

UORSASUD.|  |UeDlayY

UOISSIWSUDI]  UBDIeY




_ﬁﬁ......vmzcﬂusoov

A

~ bS
~ A
AN 0°8 1 8°808. 0€T .
- 9L S°808 SOT o
S90° 6°9 2'808 S9
8L0" 0L  1-808 GS ‘
LLO* 0L 6°L08 S¥ (Cy) 8n’
_ S'v08 SGT
L' 508 0€T  £pos 0€T
97508 SO0T , o 0°%08 SO0T
Z2'508 S9 , 0°%08 G9 ~
€508 s T 1°708 S
0°508 sy (Cq)STla L €08 v
IoURqIOSqY w>q Aousnbsig dusg SPON adueqiosqy N\:,q Aousnbsag  dusg
Yeag q . yead q .
91®vIs3naqg , 93eIpPAY

(¢q)STta

<vm

SPOoR

d 6 o2 p®3BIDINBQ pue s3eapiy ®PTX0O susaTAyayg jJo

©I1308dsg PSIRIJUT-DTIN =Yy3 ut mwwsummm 3Iseny jo mocwvcmmmo Sanjexsdusy,

9% dI4VYL



(*°* " "p9nuT3UOD)

Zeo- 0°s
£EEOD” Sy
£E0” - 09y
S6C° 9t
68¢° "9
%A 0°9
vese 676G

6 VPIT
6°VPTT
8 PPTT

Z°088
0°088
07088
9°6L8
B 6L8

€°T1L8
0°TL8
8°0L8
9°0L8
v 0L8

59
5]
Sv

0€T
G0T
S9
S&
Sy

0ET
SOT
59
S
Sh

Z
20urqaosqgy Aw><
. ¥ead

Kousnbaxg dwa ],

@3rI93N3(Qg

KH

mvmﬂ

(Ly) %a

SPOW

A4
¥v0°

AN
AT

souerqIOSqy
yead

S8

0°9 E°GVTT

0°¢ C°SYTT 59

S P E°SPTT SS

8¢ T'SpIT . sy (%a)?la

- 2'0Z1T S (L) 7o

s

N\

m>< Aousnbaxg duwsg SPONW

923vIpiy .

(penuT3iuOD) 9°p IV



\

(= o e e *PanuUT3uUoD)

TLT" L€ 0°992T S (Ty) &a
8°€S2ZT  _0€T
€621 S0T
9°€52T G9
AT A Gg
- - 0°€szT sy (0"HD,p
- - €
Umav i\
9 LYTT SOT
- SS
€ LTI sy (lg)tla
0TO0" G 9 0°9%TT 0€T
- - T°SPTT S0T
adurqIosqy w>< Aousnbazg dusg OPON

yead

23®'I33n0aqg

i

[

oze", T°v  S°S9ZT ¥ (Tw) Ea
- 0€T
- S0T
0°2s¢1 S8
072521 S9
072521 SS
L00" - 0°zszT  Sv - (0"HO,{
- €a
Umﬂv
£ 6VTT SOT
) 0°671T S8
9°8VTT 9
€£°8VTT 5§
P8YTT sy (fg)tla
pTO" 8L 6°9VTT SST
£20° z°9 €°97TT 0€T
90" 09 €°GHTT S0T
?oueqIOSqyY M>< Aousnbeaxg duwayg SPOW

Yead

93eapiy

(penUT3U0D)

9y HTdVYL



230

Aoocaun

Ly1-

LST

081"

-
soueqgrosqy
Aead

penutjucn) -

—
™

S ¢

4
qov

v 1821 0¢€T
0°1I82T1 SOT
- G9
- S
L0871 Sb (Ty) €a
68927
0°L9cT 0€T
£°89¢T
L3921 S0T
Z°8921
P*99z1 59
2°89271
T°99zT SS
1°89¢C1
Aousnbaxg dutag, 9pPOW
93rIs3nag

.600°

06T

LST*

coe”

0o0¢-

00¢e -

coe-

|sdurqIOSqY
xeadq

Qo

0°282T. GST
L 082T 0€T
L0821 50T
b 0821 58
£'082T 59
£°082T e
070821 Sy
6°99¢T SGT
278927
719921 0f1
1°8927
6°592T SOT
T°897T
859771 58
0°892T
L°592T 59
0°892T .+,
9°59z71 S5
6°L92T
Kouanbaxyg MMMM
93eapiy
(PonuUT3UO0D)

9°'p F7dYL



A. « v e .U@UCﬂUCOUv
~ L 2167 -
- a
o3
L TT62
6°TT62
970" €~  6°'TT6z
LT 06bT 0ET
0°06¥T 50T
0°06¥T g9
0°06¥T . cg
070" Z> 8 68HT Sy
L°G9pT 0€T
£°69pT SOT
S G9pT 9
T1°S9¥T Sg
120" 6°T 6°V9pT Sy

soueqiaosqy _‘ay Aousnbsiz duag

Neaqd R

?3rIajnog

11162 50T

. L°0T6C 68

L°0T6T S9

v 0T6¢ GG

2 0162 S
) €°687T 0€T
8 8&YT S0T

9°88¥%T S8

S 88YT §9

1 9°88¥T 56

(Ty) 2o 920" 0°€ 9°88pT S
S popT 0€T
C v9vT SOT

0°"¥9VT S8

- 0°$9p7 59

, 0" v9¥bT SS

(Tg) 014 8€0 " € ¢ 6°E9VT ¥
OPOW douerqIOSqy w;q Aousnbaayg duiag,

. Yead 9 .

23eapliy-

(PanuUTIUCD)

o1

SPOoR

b 3Tdvy




| 7
(*++ - ponuriuos) , . ‘_ \ .
- , s
X } - - $T9S6Z . ggT
$z0" 8¢ 8°LS67 o€ - - 8556z 0€T
- - 69562 S0T £z0" - 6°¥S627 50T
- C geo 0% v psez g
90 8¢ S 9567 9 4e0 7" 0% pepceez , G9
“ z€0" B¢ S'956z g | 40 0% Z'vsez g
0" 9 ¢ £°9567 S Caz deof L0y 0" 956z Sp Caz
M \ | \
| 7 . 1°6T62 . g1
150" 8°¢  S'0zez 0€T | wam. by 8°LT62 0ET
: - - L7616 5o - jsgo- 8¢ £.T6z ot ;
- . /dot- - € L6z 58
LLO" s S 6767 59 \MHH. - T 1'iTez 59
060" bg 88162 ss /61T 8°¢  L-9tsz S
980" PTE 9t8Tez gy 0T,z ETAT 97 9916z gy 01,2,
62162 65T
L'ET62 - oeT _ T°2162 0€T
PourgIOSQyY Adusnbaxy durgg, SpPOoW wocmnuu@n< fwﬂm MMMMmeHm, dura, ; MMMW
yeagq . deaq

S 93eIapAYy

(PenuTiuod) 3% Fygur &



A......ww::ﬂucoov

[ao)]
™
oy LTT" 0°¢L L°%90¢ 1
OTT" . 0°¢L S°¥90¢ 1574
LSO 0°g §$°900¢ 0ET
T°900¢ S0T
S90° 0y £°600¢ g9
9L0" 8°¢ v'so00¢ Gq
beo: 9°¢. £°600¢ Sy
A 2°9 ¢ Le6Z 0€T
~ - L9667 . S0T
LTT" 0¥ 65662 .59
961" - 8°¢ L GS66¢ S¢S
paT" 0 ¢ v'566¢ 187
. 3
o
Sdueqiosqy Ay %ocmzwwum dusg,
yeag d
93eIajnag

(L) Ta

(Tg)6a

apopy

190"

0zT"
Lzt
. szTt
66T
PHT

—
wochHOmnd
Aeag

0"900¢ GGT
L vo0€ 0¢€1
87€00¢ SO0T
LTE00E - S8.
6°€00¢ S9
STe00¢ Gs
9P Z'E00¢ Sv
- 0°L66¢ §6T
- (°S66¢ 0€T
0°9 £ v66¢ SO0T
8 P T°v66¢ S8
8 ¥ T1°v66¢ G9
8P 0°"ve6¢ REN
9y LTE66¢ 187
M>< %ocw:@mum dwag,
57eapAE
Aﬁmscﬂucoov

¥) ‘a

(L) 6a

Spop

9y dT4vyl



RN

234

‘@dueqrosqge yead I03 H\OAOAmOH ‘

Zs0” - ¢'890¢ 0T
- - ‘8'990¢ 50T o
860" <L 6°v90¢ 59

—_——

soueqrosqy ¢
yeag . d

Adusnbazxg durag, =) olo)

23eI33nag

(FIPTIY 3Ty 3 eod 5yl 3o waprm ng
oy pue a 103

2’
PU3 ST 'ay (q

HlEo ‘@an3exsdusy I0I 3 :oxp S3TUn (e

\‘

—_—

Z,
@durqrosqy ‘ay  Aous boxa
Yesq 9 |

—_—

SPOW

9°p IT19vYL



The absorption by vS(Al), v8(A2), vlz( l) and

lD(B ) of ethylene oxide in ethylene oxide deuterate ‘is
shown in Fig. 4.17. v8(A2) and Vi5(B,) yield a single
broad, asymmetric peak at about 808 cm T (Fig. 4.17a) at
130 K which shafpens and splits into a' doublet when the
sample is cooled to 45 K. At 45 K, the overall half-width
of the band is 7.0 em™t and the two features are separated
by about 2.9 en™l. the strongest feature, at 808 cm_l,
has been assigned to vlS(Bz), a CH2 rock, while the weaker
feature‘has been assigned to v8(A2), also a CH_2 rock (96).
The ring deformetion, vS(Al), at 870 cm_l (Fig. 4.176) is
the strongest guest absorption observed in the spectrum
of the deuterate. At 130 K the band has a half-width of
6 cm'-l and a hign frequency shoulder at 880.2 cm;l which
hes been assigned to vlz(B ), also a rlng deformatlon (96) .
These two features become only slightly more resolved as
the sample is cooled.

_Tﬁe features aseigned to v3; the ring breathing mode
of ethylene oxide hydrate.and deuterate are shown in Figs.
i§l8a and 4.18b, res?ective}y. The band is more clearly
defined in the hydfate (Fig. 4.18a) in which it is an
asymnetric band at 1266.9 cm-_l at 155 K. As the sample
'is cooled, the band develops a high frequency shoulder at
130 K which becomes a well defined peak at 105 X, and
then becomes mere resolveq at 45 K. At 45 K, the separation

of tire doublet is 2.4 cm™ ' and the overall half-width is.

4.1 cm-l. Two weak satellite bands are observed at about
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Figure 4.17. Temperature dependence of the absorption by
v8(A2), vlS(Bz), vS(Al) and le(Bl) of ethylene oxide in

i1ts deuterate (KBr 'pellet); resolution 1.4 cm_l. All
curves except the 130 K curves have been offset for clarity.
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Figure 4.18. Temperature dependence of the absorption by
v3(A]) of ethylene oxide in its hydrate (a) and deuterate (b)
{KBr pellet) ; resolution 1.4 cm~17 All curves except the
130 K curves have been offset for clarity. .
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15 cm_l to high and low frequency of the doublet. These
are not, however, as well defined as in the previous
study (96) and . they appear to be'essentially indeéendent

of temperature.

The absorption by v_(a ), v4(Al), (Bl)' (Bl)

2V Y10 V11

and vl4(B2) of ethylene oxide in ethylene oxide hydrate

i1s shown in Fig. 4.19. All of the features are poorly

defined at 155 K. At 105 X, tne peak at 1145.3 cm—‘l due

to v, (B,), a Cll, twist, has a clearly defined high fre-

quency shoulder at 1149.3 em™t which is assigned to vll(Bl),

a Cii2

in intensity and sharpens but the shoulder remains un-

wag. As the sample is cooled, the main peak increases

resolved. At 45 K, the overall half-width of the band is

(A), a CH wag, 1s at about

41 2

1120 cm-l but was too weak to yield any useful information.

3.8 cm_l. The band due to v

The CH2 deformations, v iAl) and le(Bl) arc observed

2
- at about 1464 and 1489 cm_l, respectively in the spectra

of the hydrate (Fig. 4.18b) and deuterate (Table 4.6) with
half-widths of 2 to-3 cm_l. As the sample is cooled the
intensity of the features increases but due to the weakness
of the features little useful information is obtained.

. The absorption bx ethylene o. .e in ethylene oxide

deuterate between 2900 and 3100 cm T is shown in Fig. 4.20.

2v v +v10 and 2v2 are observed at 2912, 2919 and

10" V2
2956 em ' and all yield bands with half-widths of about

3 em . The bands due to the C-H stretching vibrations,

v9(Bl), Vl(AL) and vl3(82) arg observed at 2996/ 3005 ang
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3065 cm—l, with half-widths of 3, 4 and 7 cm-l, respect-
ively. On cooling, all of the bands increase in intensity
and decrease in half-width.

In summary, the general trends observed with decreasing
temperature are a small but definite shift to lower fre-
quency of all the guest bands (Table 4.6), which fbr
the becrter defined f?',ﬁ £s 1s of the order of 1 cm—l.

: SRR . -
All of the bands . sH fl - increase in intensity, with

decreasingutemﬁégug. 3 ands dué to v8(A2), vl4(B2)

—

Ld 1268 cmjl, respectively all

develop high frequen ngé;tures at or just below 130 K.



Chapter Five. Discussion of the Mid-Infrared Spectra of

the Structure I Hydrates of Cyclopropane and Ethylene Oxide

5.1 Introduction

The comparison of the cyclopropane absorption fre-
quencies and bandshapes ip the Spectra~of cyclopropane
hydrate I and deuterate I indicates that the vibrations of
the cyclopropane molecules essentiall? do not'couple wilth
those of the water molecules, and so the absorption due to
the hostéand guest'ére considered separately in Sections
5.2 and 5.3, respectivély. The absorption due to the guest
nolecules of ethylene oxide hydrate are also discussed in
Section 5.3.

The study of cyclopropane.hYdrate:I is the third in a
series of ;tudies of the mid-infrared spectra of the
clathrate hydrates (2,96). 5etailed discussions of the
water absorption bands of ethylene oxide hydrate, the oxetane-
hydrates and the disordered ices have been given‘élsewhere
(2,96). 1In Section‘5.2 the water absorption bands of
‘ cyglopropane hydrate I are briefly discussed and compared

©

to those of ethylene oxide hydrate, the oxetane hydrates

’

and ice I.

In Section 5.3.1, thg various factors that can affect
the guest absorption of the clathrate hydrates are intro-
duced, and in Section 5.3.2, the absorption due to the guest
molecules of ethylene o#ide hy&rat§,and cyclopropane hydrate

I is discussed.

(242
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5.2 Absorption by the Water Molecules

The ggllowing discussion of the water absorption bands,
except forkthat of their ter verature dependence, will be
limited to those bands Observed in the spectra of mull
samples, since these bands are better defined than those of
the pellet samples. . The discussion of the water absorption
bands is best started with the vOD(HDO) band, since this
band is not influenced by intra-or intermolecular coupling,
and 1s less influenced by anharmonic effects than the
vOH(HDO) band. |
' The vOD(HDO) bands of the disordered jce phases and
clathrate hydrgtes are expected, like those of iceé IT and

IX (Section 3;3.2), to reflect the different diffraction-

equivalent 0O---0 bond -lengths, and Qenerall the v_ _ (HDO)
9 TR Y oD

J
frequencies ' increase with increasing O...0 bond length
(2,96). waever, due to the orientational disorder, there

are variations in length within a set of diffraction
equivalent 0+--0 ponds and thus the vOD(HDO) absorption by
each set of ‘bonds of the disordered ices and clathrate
hydfates is broader than that of the ordered ices. 7The
half-width of the Vop (HDO) band of ice Ih is about I8 cm™ !
(109) and can be taken as characteristic ofithat due to a .

single dinraction;equivalent O--.0 bond length in the

disordered ices and clathrate hydrétes and corresponds to a

. [~
‘range of about 0.02 A (110) in O--.0 bond length.

There are four setgief diffraction-equivalent 0--.0

bond lengths in the structure T hydrates (55,56). The



S

//

T,

e

244

O.-.0 bond lengths of cyclopropane hydrate ¥ can be cdl-
culated from those determined (56) for ethylene oxide
hydrate from single crystal dlffractlon data, by multlplylng
them by the ratio of the lattice parameter of cyclopropane
hydrate I, 11396 A, to that of ethylene oxide hydrate, .
11.87 A (56). The 0---0 bond lengths so determined arev
2.745, 2.771, 2.789 and 2.803 ; and have the percentage
occﬁrrence of 9, 52, 2§ and 13, respectrvely. Ehe vOD(HDO)
band of cyclopropane hydrate I is compoeed of two partially
resolved features at 2415 and 2457 cm_l in the approximate
intensity ratio of 2:1 (Fig. 4.7). From the percentage '
occurrence of the O--:--0 bond lengths; the absorptlon of

the Qé (HDO) band should be malnly due to bonds of length
2.771 and 2.789 A The absorptlonsdue to bonds of length

2.771 A is expected to occur at a lower frequency (96).and

to be. more intense than that due to the bOnds of length

2.789 A, and from this follows the assignment of the peaks

at 2415 and_245?'cmil to the bonds of length 2.771 and

I's

o B
2.789 A, respectively. ' N

The v, (HDO) band of cyclopropane hydrate I, however, ¢

differs markedly from the corresponding bands of et%ylene

oxide hydrate (96) and oxetane hydrate I (2) which are

—n

single, featureless bands at 2427 and 2439 cm_l,reSpqgtively,

with half-widths comparable to that of cyclopropane hydrate

S~
I. Thus, it is clear that different guedt molecules do

2

affect the water absorption bands.

The obvious difference between cyclopropane and ethylene

Y

e

e
s e

&Y

i
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oxide or oxetane 1s that cyclopropane does not have a
permanent dipole m;ment. P. Wright ¢ nas shown, by a
simple calculation, that the interaction energy between

the permanent dipoles of oxetane and a water molecule of
the Lé-hedral ca?e, treated as poiht dipoles, is sufficient
to cause a chanée of 0.02 ZO\ in SO bond length. The
dipole mOment‘of ethylehe oxide, 1.83 D (198), is smaller
than that of oxetane; 1.93 D (199), but the radius of the
l4-hedral cage of ethylene oxide hydrate is smaller Phan
that of oxetane hydrate I and this results in the same
calculated value for the change in 0---0 bond length for
ethylene oxide hydrate .as for oxetane hydrate I. The same .
value can also be calculated by considering the interaction
energy due to the electric field produced at an O---0 bond
of the l4—hedtal cage by the guest dipole and the dipole
moméﬁt derivative with respect to O-f O d-: .ance (2,200).
These calculations 1nclude many apprctlﬁatlcns, but do

give the order of magnltude for the ¢ ange in 0-.-.0 bong
length,which does ofcou:se depend on the relative orient-
ations < the guest and water dipoles. The effect of the
guest dipole oavthe water lattice of oxetane hydrate I and

' ethylene oxide hydrate is, therefore, éxpeeted to broaden

the range of actual lengths of a set of diffraction- equlval— o

ent O--+-0 bond lengths by about 0.04 A over that range,
O 02 A (llO), that already occurs due to the proton dls-
The two features of the Vo (HDO)bandcﬁfcyCIOpropane

T
hydrate I are due to dlffractlon equlvalent O- -ngbonds
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that diffevr by only about 0.02 A. Clearly, if a range of

[e] . R
£.02 A isTplaced on these two sets of diffraction-aquival. i
O---0 bond lengths, a continuous range of O--.0 bond lengt...

will result, which can explain why the uOD(HDO) bands of

ethylene oxide hydrate and pxetane hyd :te 1 arc not re-

solved.

The frequencies of the VOD(HDOi bands of tlhe 1ce phases
and clathrate hydrates have been found to correl .t well with
the O-D.-.0 bond lengths (2,96). Shown in Fig. 5 ¢ 1s a |

plot of the vOD(HQO) fréqucncies of ices I, II, IX and

3 © - ' j}el )
cyclopropane hydrete I°(CP) versus O--:0 bﬁnd length, and

(@39)]

of Lhe N
oxide (Eol,fthéloxetane hydrates (TMO I and TMC II) and

(HDOZQFreQuenciés of ices V and VI, ethylene
o o -

‘tetrahydrofutah‘hYdrate (THF) versus weighted mean O---0

L"- " ’ . . '
bond length., This figure 1s adapted from references 2 and

i

96 with minor changes required By more recent data (15,56).

The data are summarized in Teble 5.1. All of the points
due touthe ordered ices lie close to a straight line of
;lope 485 cm‘l/g, and those.of the other ice phases and
clathrate hydrates lic close'tQ a straight line of slopé
760 cm—%/Ao. Thesé g elations are only .approximate since
factors other than 0---0 bond length“must influence the
véﬁ(HDO)-frequencies. However, froﬁ Fig. 5.1, it can be
seen that the point due to the v

0

p(HDO) feature at 2415 cm™t
.
of cyclopropane hydrate I does not correlate well with the

other points. This may be because the O---0 bond lehgths

of cyclopropane hydﬁat&rl were determined from the ,corres-
- : ¥

) #
o
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ponding lengths of ethylene oxide hydrate, and if the
guest dipole is sufficient to broaden the range of 0-..0

bond lengths in a set of-diffraction—equivaient O---0
A
. . “

bonds, 1t may also affect the average value of the bond
lengths. Clearly, a single crystal diffrattion study of
cyclopropane hydrate I would clarify this point.

The remaining water absorption bands of cyclopropane
hydrate>I are broad and similar to the corresponding bands
of ethylene oxide hydrate (96), the oxetane hydrates (2)
and ice I (110). For ices II and IX, it was shown. that the
breadth of the Vo (D O) bands is due to the combined effects
of nonequ1valent sites,and intra-and intermolecular coupling
(Sectlon 3.4). Undoubtedly, these same factors determine

the breadth of the water absorptlon bands of the clathrate

n:‘: ’\i !

hydrates and dlsordered ices. & Tces II and IX are ordered
and so it is possible to assign the features on the vOD(DZO)
bands to unit-cell-group allowed vibrations (Section 3.4).
For these ices_the breadth of the features must be explained
by second order effects, namely anharmbnicity For the
disordered ices and clathrate hydrates, the orlentatlonal
disorder relaxes the k=0 selection rule and all v1bratlons
are infrared and Raman active. Thus the breadth of the

' featlres is readily e.plained as due to fundamental absorp-
tion. The absorption by the disordered ices and clathrate
hydrates should be related through an intensity‘distribution

function to the density of vibrational states and, clearly,

a detailed assignment of the features is impossible without



o
(Oni
o

a knowledge of the density of vibrational states.

Shown in Fig.5.2 aré the v__ (H.0) and v__(D.0) bands

, OH " 2 oD 2
of ice I (110), oxetane hydrate I and oxetane hydrate II (2)
and in Fiy. 5.3 are the vOH(H2O) and vOD(DZO) bands of
ethylene oxide hydrate (96). The vOH(HZO) bands of these

hydrates, cyclopropane hydrate I (Fig. 4.4) and ice I (110),
have their frequency of maximum absorptioh bethen'3220 and
3235 céﬁl, a high grequency shoulder at 3335 to 3400 cm—l
and a low frequency shoulder at 3100 to 3150 cm_l. Cyclo-
prépane hydrate I also has a clearl§ defined sharp shoulder

at 3176 ?m_l (Fig. 4.4). The corresponding VOD(D2O)\bandS
of all these phasés have their freqﬁencies of maxim‘um'E
absorption between 2425 and 2440 cm_l, a high frequency
shoulder at 2485 to 2500 cm_i, which is more pronounced in
the spectra of the clathgate deuterates (Fig. 5.2), a low
frequency feature at 2330 to,2370-cm—l whichlis resolved
as a well-defined peak in cyclopropane déuﬁeféte I (Fig. 4.5),
oxetane deuterate II and ice I (Fig. 5.2), and also a lpw
frequency shoulder at 2240 to 2310 cm *. The vOD(DZO)J}
bands of cyclopropane deuterate I and ice I also have a
shoul@er'at 2415 and 2395 cm:l, respectively.

From the compar%%@n‘of the vOH(H2O) and vOD(DéO) bands
of the clathrate hydrétes and ice I (Figs. 4.4, 4.5, 5.2
and 5.3) several conclusions are reachéd. These are that
the vOH(HZO),bands are all similar, and the presence of a

dipolar (oxetane hydfate I) or nondipolar guest (cyclopropane

hydrate I) or even the presence of no guest at all (ice I)
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Figure 5.3. 'The vou (Hp0) and vOD(Dzo) bands of ethylene
-oxide hydrate. ]



hras little effect, except to change ®he apparent relative
intensities of the features. The vOD(D O) bands of the
clathrate deuterates and ice I do however show morestructure
than the vOH(HZO)_bands and the differences in band structure
OH(H O) bands.

The poorer definition of the VOH(HQO) band compared
to that‘of the Vo (D O) band must arise from the greater
anharmonlclty of the 0-H compared with the 0-p stretching
vibrations. This is because features with half-widths

Av, se@arated by Av in the_yOD(DZO) band shoulg, except for

anharmonicity, yielq features of half-wig: ;. about 5y k

separated by about v24v in the Vou (H50) baiu, so that the
<, OH(H 0) band has&ihe Same appearance as the VOD(Dzo) band
but. extends over a wider frequency range. The effect of
anharmon1c1ty of the type discussed for ices IT and IX’
(Section 3.3. 2) is to broaden the features w1thout changing
their separation 51gn1f1cantly, and thus, since the 0O-H
vibrations are more anharmonic than the 0-D v1brat10ns,this
results in the poorer definition of the vOH(H2O) band than‘
the vOD(DZQ) bands. “
Significant differences are observed between the
VoD (D O) bands of the clathrate deuterates and ice I. The
OD(D 0) band of Oxetane deuterate I is not as welf resolved
as that of cyclopropane deuterate I or ethylene exide
_deuterate. Further, the shape of the vOD(DZO) band of

cyclopropane deuterate I (Fig. 4.5) is almost identical to



that of oxetane deuterate II. This strongly suggests that
the differences between the vOD(DEO) bands of the clachrate
deuterates depend on the guest molecule rather than on the
Structure of the water lattice. Tﬁe differences between

the vOD(DZO) bands of the structure I deuterates, presumably,
depend on tpe polarity and size of the guest molecule, and
the band of the deuterate of the nohdipolar guest cyclo-
propane is“believed to approximaté that of the empty
deuterate water lattice.

There is a strong correspondence between the feat
Observed for ice T and cyclopropane de&terate I} \owever,
thedrelative intensities of the features do di " . o -
differences clearly contain useful 1ntormatlon In order
to extract this information, calclulations sim‘lar'to those
done for ices . and IX (Section 3.4) would have to bevdone
for ice I and the empty clathrate hydrate water lattices
and these calculations are by no means trivial. The proton

, .
disorder necessitates qsing in these calcuylatiors a large
numper of moleculee oriented at random but complying with
the Befnal—Fowler rules (3,201). The calculations would
have to be repeated using different orientations of the
water molecules to check for reproducibility. If the cal-

culated and observed speetra agreed, a detailed interpre-

tatlon ‘of the bands would then be possible. The calculatlons

are very tlme consuming, and form a project within themselves,

and are out of the scope of this thesis. Recently calcula~
tlons of this type have been done for ice Ih (125), but the

agreement between the observed and calculated.spectra was



not very good, and Clearly calculariens of this type for the

Clathrate hydrates would be more difficult dye to their more

complex Structure.
.The vR(Dzo) bands of jce 71 (110), the OXetane deuter-
ates (2), etthylene oxide deuterate (96) and cycl propane
deuterate I are very similar, The corresponding uR(HZO)
bands are also very«gimilar éXcept for their itrgh frequency
sides which are partiélly Obscured in spme of the clathrate
hydrates que to gueet ebsorption. All of the clathrate dey-
\rerates and ice I Heve their frequency Cﬂumaximum'absorption
between 610 and 640 cm_l and a high frequency Shoulder at
675 cm§l. The low frequency side of the vR(DZO)Jband shows

Some: weak structure below 480 cm-l; which does appear to

Uy for the different compounds. It hag been noted (110)
) , A
tgﬁé.the Vg (H,0) vibrations of jce Ih extend from about 1050

to 400 cmil, and the frequency of maximum infrarag abéorps

tion is“at g4g cm~l, while the speci<jc heat data (127) can. .

be r'epresented by assuming g single Ve frequency oflgﬁo cmf}.
Thus, the intense infrared Ve absorption Occurs only in the

high'frequency region of thig band, ang it is likely the

same situation%that Occurs for the clathrate hydrates.

Little can beﬂéaid concerning the remaining water ab-
sorption bands. For ajy1 of the clathrate'hydrates and ice T,

the vz(HZO) and BvR(HZO) or v2(H20)+vR(H20) bands are broad

and 22590 cm~l, respectively, ang the corresponding frequen—

Cies for all of the deuterates and D20 ice I are about

1200 and 1625 cm~l, Irespectively,



In summary, the absorption by the water molecules in
ice I, the Structure I hydrates and the Structure II hydrape
is remarkably independeé: i of the quite different structures
of these compounds. The Yo (D O) bands show the greatest
variation from compound to compound, but for the clathrate
'deuterates the variation depends more on the guest molecule
than on the Structure of the water lattice. 1In partlcular

the Vo (D O) band of Cyclopropane deuterate I is almost

and differences are complex and not certain of Success at
the present time. The 0-D and o- H stretchlng V1brat10ns of
HDO 1solatei in the Hzo or D2O lattlces 1nd1cate the struc-
tural differences clearly, and even indicate a structural
difference between the structure I hydrate and deuterate .of
cyclopropane and those of e*qylene oxide and oxetane whlch
has not been detected by X-ray powder dlffractlon studles
Only the temperature dependence of the water absorptlon
remalns to be dlscussed The general trends ¢ rved with
decrea51ng temperature are a decrease in the frequenCLBS andJ
half-widths of the Vo (HDO) and Vo (D O) bands w1th Very |
little change in the band shapes. These temperature depend-

ent- changes are consrstent with those observed for ices 11

and IX (Section 3.3. 1), and must arise from factors dlS-

-( A

cussed previously in Sectlon 3.3.2.
The c¢hanges in frequency with temperature are comparable

to those observed for oxetane hydrate I (2). The frequencies



lup
[N

of the'uOD(Dzo) and VOD(HDO) bands of cyclopronane hydrate

Fidecreased by 6 and 4 cm_l, respectively, between. 130 and

»

65&&, while the frequencies of the‘corresnonding bands of
BN v . ‘
'oxetane hydrate I decreased by 12 and 2 cm_l, resptictively,
between 125 and 62 K (2). o 51gnr£1cant diffe Crences were
observed between the temperature dependence of the water
absorptlon bands of oxetane hydrate 1 and tyclopropane

fhyurate I that could be attributed to the ordering transi-

tion in oxetane hydrate I below 100 K (81).

5.3 Absorption by the Guest Molecules

5y

.5.3.1 General

» In the previous chaoter, the studv of the temperature

dependence of the guest absorptlon revealed some striking
- ¥ .
K- dlfferences in the behav1our of the guest bands w1th tem-

. perature. On coollng the samples, some of the bands
7 . 4

sharpened, some broauened and others Spllt intc ts.
Tne rrequenc1es of the guest bands also exhlblted dlffere

' “Loin behaVLOuruw1th temperature For ethylene ox;de hydrat
L% P "

the frequenc1es of all the guest Qands decrease,gwhlle the'

S

frequenc1es of some of the guKst bands of cyclopropane a
hydrate ‘I increase, w1th decrea81n§~temperature Thus, the

("3 R

& ' factors that determine the temgeratureidependence of the
. . - v

guest bands appear, to be complex. Before discuss.ng the

guest absorption in detail, the various factors that can

affect the guest absorption .1l be briefly introduced.

. 4 The various factors that afi'expected to contribute

- . .
' L. v
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<

\(\;\ £ .

* 4

\\ 4 ,
to the breadth ot the”guest dbsorption bands have been
. ~

i/ %

discuSSEd in references 5 ang 141, At 100 K, the guest
molecules qfe rapidly reorienting (76,80,32,84) between
number 'of nonequlvalent potential minima within the
cages. The rapid hindered rcorientation of tho guest
molecules between these é%tentialvminima can result in
a broé&ening of thei§ue3t bamﬁs (2). ".This broadenlng is

L A
dopendent on the4§ﬁ9r1 entation rate and thus, it is

4 >

temperaturn de
t ‘k"‘s ° ¥ .
bandwidths at very low temperatures where the guest®

t and should not contribute to the

B

molecules;ﬁdﬁggessentially.fixed orieptations)(72).
. - k4 .

The vib 1onal freguenc1es of the guest must vary

oependlng on which potentlal mlnlmum w;thl%?the cage the

g 1:1',

guest 0ccup1es, and thus at hlgh temperatureS‘g,broad . 35

A
range of’ vlbratlonal frequenéles may exist.

atures, ‘the guest molecules ‘should o%wppy only the lower
L ’ - . A‘ .

pogentlal mlnlma and this could result in a decrease

2 A3 v

'} \half width of the guest absorptlon bands, or if thé

< i

poLentlal mlnlma OCCUpled are suff1c1ently nonequ1valent

:»;7 &
ThésdklentatlonaP~dlsorder of theeﬁater molecules can

o

also cgptrlbute to the breadth of the gdest absorptxdn

banos,"51nce the 1ntermolecular forces between, the water

and guest mobécules occupylng s1mllar p&éitlons in dif-

g N
$‘ .

ferent cages must dlffer from cage to cage. : .

The fluctuatlons in the 1ntermolecular forces .during

the v1bratlons of the guest and water molecules canr cause

Id

3
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@the vibrations Ot ,the guest molecules to couple with those
4
of the water mol® cules and thus broaden the range of

vibrational frequenCLes Of the guest molecules. One impor-

tant interactionhof”thiS‘typo is due to tran51tlon dlDOle—

tran51t10n dipole coupllnq bethcn the gucst and water
molecules or between t;e quest molecules This type of
intgracticn should betome incréasingly,important as the @%
intensity of the‘abscrption due to the guest or water -

>

molecule increases. 5

Flnally,broadenlng of, thglguest“abs@rptlon bands can

.

also result from anharmonlc effectsu¥1th1n the guest mole—

o

cules in that hot bands.éand dl'ler@g wd*f"*an contrlbute

) R ii
to the temperature depéﬁdent absog%tlon bv-tht guest mole-
b . 0 o Cragid
cules. o : : .
i e 4Ry
Qhe frequenCLes of the guest b&gds are expected to

~
oS

reflect*the%EnV1ronmtnt of the*guest molecu@es and it has‘?
v . v
been'shown (2) that the*ﬁarferences between thewfrequenc1es‘

e

-7

of the encaged molecuﬁescbﬁ tHe’ clathrate hydrates and the f;&

cgrrespondlng frequencles 'in the gas phase can be 1nterpreted

-t C

as of leentel

in terms of the loose cage - tlght ‘ca

and Charles (l4~2§ Lhe lcf(éas are ba81cal that the 1nter-

acéZZn 1erg/ between a guest molechlp 1s attractlve at
large guest—cage dlstances (lOose cage env1ronment) and
results in vibrational frequeneles of the guest being lower
vthan those of the gas, whereas at. very short guest- cage \
dlstances (tlght cage env1ronment) the interaction energy

is repulsive and results in the vibrational freguencies'pf

w2



)

W

water molecu] g results in, '@ lOWLrlng of the guest. nole-

v.‘.‘l e

Cule's molec 1lar symmetry, SO0 that thogse v1bratlons in-

active for ne gaseous molecule g P

the clat te hydrate.

(Tables 4. 3 and 4.6) and bandshapes in the Spectra of the

structure I hydrates .and deuterates, 1nd1cat1ﬁg that there

is essentlally no coupllng between th éifer and guest.

“rirs

molecules, An €Xception ig the band due to vS(Al) of
ethylene ox1de which. appears to 1nteract w1th the v (H O)
v1bratlons Oof thé hydrate (96) > The guest absorptlon bands
of the deuterateg'are génerally better defined ~than those

J Sw

\
of thé’hvdrates SO the follow1ng dlSCUSSlGﬂ w1ll be llmlted

mainly to those of the deuterate.

cy lopropane, giwen in the prev1od§ chapterrﬁas based on the

. gasAphase assignment‘for cyclopropane (Sectiod*%i?). "The

frequeneéss o%)the fundamental absorptlon of gaseous and

encaged cyc10propane_of cyclopropane deuterate«I (Table. 4.3)

7

.are given in Table 5 2 together with theijir assignment, as
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from a normal coordinate calculatlon by Duncan and Burns

(l62). 1In the clathrate deuterate, all of the gas phase
v

1nfrared actlve vibrations of species A2 and E'of point
group D3h are observed, and two gas phase %nfrared inactive
vibrations, vl(AI) and vlz(E"), are'observed . The vibra-
tional frequencies of eng%ged cycloprooane are very close
te. those of gaseous cyclopropane, and the average fre-
quency shift on clathration, defined as.the frequency of
the encaged molecule minus the frequency in the gaA phase,
is -O 5 ¢cm l. . ,7. ﬁlu_

The frequen01es of the fundamental absorptlon of "y

it

gaseous ethylene oxige (202) and éﬁbaged ethylene~ox1de at

»

105 K are glben in Table 5. 3“ In the” clatﬁrate deuterate,

all of the gas phase 1nfrared actlve v1bratlons of spec1es

By Bl and B, of point g '", , are observed but no

features are a531gned to\t e 'gas phase: rgactive‘vibrapions;
The frequenc1es of the-encaged ethylgﬁé oxide are generally

»

" lower than these ;f rhe gas, and t'e average frequency
shift on clathration, as defined above, is -7.5 cm—l.

" The assignment of the bands -due to ethylene oxide'in
ethylene oxide hydrate, given in the previous ehapter, was
that of Bergie a;d Othen (96). ~ However, due to two recent

l‘\
"studies of the spectra of SOlld ethylene oxide (203; 204),

different ass1gnments for some of the features below 900 cm -1
are adopted and glven in Table 5 3. In tne spectra‘of solidg'
f“hylene46x1de (203), the absorptlon and Raman scattering

oW 900‘g% - has been a551gned tgﬁfour fUndamentaISf

C R
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TABLE 5.3

Comparison of the Fundamental Frequencies®?
of Ethylene Oxide in +he Spectra of Gaseous Ethylene Oxide
and the Structure I Deuterate of Ethylene Oxide

e 3 T b e :
:”Symmetryt No Descrlpt jas VI vI_Vgas
. A R C-H stretch 3018 3006.1 ~11:9
A, ¢  CHp deformation ~1498.4  1495.0 - g.4
A, 3 Ring vibration_ w A270.3 | 1265.9° - 4.4
A 4 CH, wag oy 11487 Y 112§ -28
N 3 . . cul
- ApL#. 5 Ring vibrationhlj 876.9 . 871.0, - 5.9
F A, 6 c-g stretch o« - -
A, 8“'7CH2 rock = . = - R,
By 9 " c-H strefch . '3005.9 £2996.7 5 - §.24
10 CHZ'deforWSQion‘ 1471.9  1465.3 ' - g.¢
¥ CH, wag. | 0 1150.6 1149 - 1.
| 7

. E o S ) '
Coe12 ,,Rﬁmgvdefowmatfbn<,v 821.2» ° 808.5 .+ -12,
13 C-H stretch. = ~ 3065.2 . 3066.8. .+ 1.6

B, 14 CH, twist’ L. 114200 . 1145.1 @ 4 3.1
15 CH, rock - . : e = 805.6_ ! -
,1 ;
a) cm 1 o . o
. ‘ .»‘ »mv-'.&'t'/‘ ‘ a
-b) Reference 202 .
% c) Table 4.6. )
%
t p - g\ (a\
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R
2),a CH% rock,

A N

g (A

‘iteh;ativelyfnear 845 cm_l; 12(% ), ehe ring deformation,

vS(Al),a riag vibration, near 860 cm‘lt v

{Hear 820 cm_l;and vlS(B ), a CH2 rock, near 795 cm_l.‘ n thet
infrared spectrum of qﬁseous ethylene oxide (202), vS(Al)
is unambiguously assigned at 876.9 cm_l, SO the assignment

" of the band at 871 om~l in ethylene oxide deuterate is
fairly certain. The assignment of the otgzr th infrared’
active andamentals of gaseousvethylene oxide, vlz(Bl) and

Vi5(B,), is uncertain. There is a Q branch at 821.2 ém™ 1

that is due to a vibration of species Bl or 82 (202), and

274
similar Q branch at 809 cm l (204) and the assignment of

ggln the 1nfrared spectrum of gaseous C.D O, there is a

these bands to vlz(B ), the ring defoapatlon, is prelerred

>

e assignment Of the f‘

’ their assignment to vlﬁ(P“) given previously (202). ‘Thus
. ’ 3 * ) :
h tl

gat 880 cm -1 in ethylene oxide

“'deuterate to Vi, (By) seeﬁkffibrobable Further, the infrared

and Raman spectra of sqlid ethylene ox1de (203) clearly

show that only one fundamental absorbs near 860 cmhl,

vS(Al). Two features are observed at 805.6 and 808.5 cn™ ¥ -
oy :

»1in ethyleﬁe okide deuterate, and three fundamentals,

v8(A2), vlz(Bl) and vlS(B ), are expected to absorb in this

region. %B(AZ) is 1nact1ve 1n gaseous ethylene ox1de, SO

the features at 805.6 and 808.5 cm t are’ a551gned to
. -

lS(Pl) and vlzfgél;‘respeotlvelx. However, in view of the

doublet nature of the band due Eb vy(AL) (Fid. ' 4.18), the -

1
possibility that both features are components of a doublet

. -
" due to elther vlz(B ) or vlS(B ) cannot be excluded

gy
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.. There are only two remaining features in the spectrum

of ethylene oxide deuteraFe that have not been assigned.
These are associated withrthe two strongest absorptions
by ethylene oxide and are the shoulder at 830 cm—l, on the
5(A‘l)-(Fig. 4,17), ané the weak
satellite band at 128l”cmf} to high frequency of v3(Al)

high frequency side of v

(Fig. 4.18). These are assigned td’a%sorption by ethylene
¥ \
oxide molecules in the 12-hedral cages. It has been esti-

mated that 10 percent of the guest molecules, in the samples
<

of ethylene oxide hydrate that were used, are in the small o

caées (96), and the relative intensities of these features
_.to their low frequency counterparts are of 'this magnitude.
*“The guest méleculés in the'lZ—ﬁédral cages are in a tighter

cage environpent, and so they would be expected to have
w0 . .

higher vibratioﬁal‘fréquencies than those molecub@s in the

& ' l4-hedral cages (Section 5.3.1). The frequency smgfts

are, however, quite large,'9ncm—l for vS(Al) and 13 cm *

for v (Al), especially since the frequency of v3(Al) varies

3

" ) )
L‘?by only 3 cm 1 in the spectra of gaseous, liquid and solid

ethylene oxide (96). However, the maximum free diameter
, e
of the l2-hedral cage \is only 4.86 A (56), and the large:

. =]
van der Waals diameter of ethylene oxide is 5.2 A, so

&

“ ciearly ethylene oxidq is in a very~tight cage environment

-

4

. - 4 *
,in the l1l2-hedral cages, qu large fréquency shifts may be

expected s ‘ . i
s ‘~ . ¥
The averzge frequency shifts oﬁ clathtation of ethylene

¢

~oxide, cv- opropane, sand oxetaQeJ12)‘in their structure I

A
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deuterates, -7.5, —O.Srand 4.5 cm-l, resp&ctlvely, correlate

., 22

wﬁ&é W1th the loose car«—tlght cage 1deas
dom

of Pimentel and

"’jk@les (Section 5.3.1). Thus from the'ﬁaverage frequency

ShlftS observed, cyclopropane appears to be in a tighter

cage env1ronment than ethvlene oxide but in a looser cage

environment than oxetane. Tnese trends are completely
consistent with the size of the guest molecule relative

to that of the cage. The largest van der Waals dlameters

¥
Y

of ethylene ox1de and cycloprooane are 5.2 and 5.4 A (2),

respectlvely, while the van der Waals diameters of oxetane
g o] .

are 5.5 A,‘between the oxygen atom and a B hydrogen atom,

- o -
and 6.2 A, between two a hydrogen atoms (2). The mean free

diameter of the l44hedral cages are 5.2 and 6.15 A for

~

ethylene oxide hydrate (56) ,,“&hlle tho*yf cyclopropane
"l 3§Ut 0. Og'ﬁ larger, the
A

el

and oxetane hydrates should )

shortest free diameter being a&ong the 4 axis (Sectlon 1. 3)@

So clearly, cyclopropane is in a tighter cage env1ronment

-

than ethylene oxide but in a looser cage environment than

B

oxetane in their structure I hvdrates.

There does also appear to be an approximate correlation

between the number of gas phase 'inactive fundamentals =~ -
. > .

observed in the clathrate delterates and ‘the relative size
. . :

of the gyest. Fosx ethylene oxide deuterate none of the

three gas phase 1nact1ve fundamentals are observed for

' RVt

cyclopropane deuteraﬁéfI two out of elght are -observed,
F )
and for oxetane deuterate I four out of four gas phase

. . Q ' .
inactive fundamentals‘are Observed.
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[

[
: o *
Vna doa : :
ction 4.6, it was noted that all of the guest

(D/:

-

¢
Jih-§ ‘
bands of ethylene oxide deuteratejdecrease*in‘frequency
;ﬁv_ with decreasing temperature. Thisvtrend is consistent
- with the guest molecules occupying the loWer potential -
minima within the cages at lower temperatures. In these
lﬁyer minima the guest molecules,presumably experience
sma . ler repulsive forces, andiare therefore in a looser
.cage environment, than in the higher potential minima
-3 occupied*at the higher temperatures. For, cycloprOpane
deuterate I, all of the guest bands decrease’ in frequency

with decreasing’temperature, except for thosq due to

\
v7(A ") a CH2 rock and le(E') a CH2 wag whlcﬁﬁlncrease

in frequency with decrea51ng teﬁgerature ﬁi,ffk.

. “t Xz
5 o ,“_ .
1nterpretatlon of the frequency shifts of the

of ethylene oxide hydrate 1s.correct, it appears that 1t

L&

is not pessxble for all of the vibrations of encaged
.‘é? cycloprOpane to experlence a looser cage enV1ronment gﬁ?@he
lower temperatures‘3 Three of the four bands due to «the
v1bratlons of the B CH2 groups.of oxetane in oxetane deu-
, terate I also increase ini}requency with decreasing'temper-
. - ey
ature (2).‘vThlS has been" attrlbuted to th : ncreased//)

> v

occupancy of preferred orlentatlons 1n whlch the B CH2

groups extend into the hexagonal rings formed by the water

molecules of the- 14- hedral cages (2). A 51mrlar effect may
S o T explain the temperature dependence of the frequencies of
iv7(A5 j and le(E'3 of cyclopropane in its structure I

I

< hydrate. | .
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The guest absdrption bands of cyclopropane deuterate

I, ethylene oxide deuterate and the Oxetane deuterates (2)
are all fairly sharp with half-widths in the range of 2 to
15 cm_l at about 100 K. The guest absorption bands of

cyclopropane deuterate I all have half-widths of 2 to 4 cm °

except for v6(A£ ) and v_(E') which have half-widths of

8
8.5 and 7.5 cm—l, teSpectively.‘ The guest bands of
ethylene oxide deuterate-all have half-widths of 2 to

5 cm except for vS(Al) and ul3(82) which have half-
widths of 7 and-"8 cm—l; respectively. ‘In the‘Qxetane deu-
terates, the guest absorption bands all hav%Lhelf4Widths

of 3 to 9 em 1, except for v, (a,) and vl3(B ) which have
half-widths of 11.4 and 14. i cm-l, respectively (2) Thue,
the bands due to oxetane in. the oxetane deuterates are .
generally broader th;n those of ethylene oxide deuteratéﬂ(
and cyclopropane deuterate I. The origin of the breadtg

of'the guest bands in the oxetane “deuterates is not clear,
.(,i

but 1t is believed to be due to the anharmonjic effects of

the guest molecule, and anharmonic 1nteractlons between_

the-lntramolecular v1bratlons of the guest.and it's rotational

and translational vibfations in the eage‘(2;

h The guest bands of oxetane deuterate I are generally
stronger than those of ethylene oxide deuéerate and cyclo-
propane deuterate I so tran51tlon dipole- tran51tlon dipole
coupllng should be more 1mportant in oxetane deuterate I.
ThlS cannot however,be the dominant cause of the breadth

op the guest ab‘sdtptlon banas in this- deuterate since some
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of the strong guest bands are quite‘sharp, and in addition
the guest absorption bands offuxetane,deuterate 1T,

where the Juest-guest distance is greater, are just as
broad. This type of 1nteractlon ¢an, however, explain the
dlfferent appearance of the strong guest bands that are

superlmposed on the Vp (H O) bands The relative absorb-

ances'of the stronges¢ bands, which are near §7O cm~l, to

that. of the Ve (D O) bands in dy!!oprOpane deuterate I,

ethylene ox1de d%?terate and oxetane deuterate I were

i
‘h

'compared and. are in the ratlo 1:2.5:3.5, The. strong banas

R ’

at 869”gm:;, vs(A ),.in ethylene'bx1de deuterate and at “y

A

',"w ? : ’ . ' w
" 904 dﬁﬁi}ﬁy (Al), in oxetane deuterate I are reduce_;itom

8 -

h . . . . &

shoulders in the corresponding Spectra of the hydrates,

;t 869 cm-l) ll(E ). in cyclopropane

. A ‘ . .
r t%p bands, is qré%rly seen in the‘Spectrum
. ) :

that of the oth
of tne hydrate (Flg 4.2). : B ‘ R

- For ethylene ox1de hydrate the half-widths’ of all of
est absorptlon bands, except for that of vy (A ) which

Oublet become sharper -at, the lowef tpmperatures

& el 9 e

Th~ contrlbutlon to the half—W1dth due to the guest‘

freorlentatlon can be estlmated u51ng the equation

Av212f/c, where Av is the" half -width in cm l, f is the

rotatlonal frequency in Hertz and c is the veloc1ty of

light in cm/sec (2). The rate of reorlentatlon of ethylene

oxide in ethylene oxide nydrate is known from dlelectrlcv

measurements (76), and 1ts contrlbutlon to the half—width

of the guest bands at lOO and 30 K (139) is calcﬁlated to be



- temperature dependent contrlbutlon due to reoriéntatién to

the half-w1dths of the guest bands should be smaller than

rhalf ~-widths of the bands due to vfg( ))uyb(ﬁf), 49dﬂ

rand°that of v

the explanation of the changes in'half-width of theaﬁuest
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about’ 0.9 a.gd 0.004 cm-l, respectively. ‘Thus, if this is
the only contributing factorttO'theJtemperature dependence»
of the half—widths, the half-widths of the guest bands
would be expected to decrease by about 0.9 cm—l from 100

to 50 K. The half-widths of all the guest Bands due to
fundamental absorption whose)half—widths could be measured
fellably, excluding yB(Az), decrease by about 1 cm'_l over

this temperature range. lhlS strongly suggests that the

Jdomlnant temperature dependent ‘contribution to bandw1dth

v

. »
is due to the rate o; ?@brlentatlon .0f ethylene oxide.

°

Cyclopropane ﬁéﬁnondlpolar, so;lts reorlentatlon rate

o —
1n the clatnrate hydrate cannot be determlned by dlelectrlc

-
A

measurements. Cyclopropane deuterate I has been Studied by

¥

proton nagnetlc resonance methods and these studles 1nd1cate
\ -:J
that cyclooropane reorlents at > 1 MHz at and above 100.K.

-(82%;. Cyclopropane is bigger than ethylene ox1de, and 1t ¢

N
is llkely tnat its reorlentatlon rate W1th1n the 14- hedral

cages is not as great as that of ethylene oxide, so the S
L ;

A

that of ethylene ox1de For cycloprOpane hydrate I.the;'

vty 1ncrea§e by 0.9, 0.3 and 0.6 cm-;, respectlvely, E

while that of v8(E3) decreases by‘3 em-l from 130 to 45 K

Vi is’ 1ndependent ‘of temperature. ‘ThUS,

£

10

>

bands of cyclopropaneﬁhydrate>l is more complex; The con-

PR & w o,

.

[N



tributions to the bandwidlh  that arce temperature dependent
are from hot bands and difference bands arising from the
\ow trequency internolecular vibrations of the guest, from
the rate Of reorientation of the guest and from different
potential minima occupied by the guest at differené tem-
peratures. The first two factors would be expected to
result in a decrease in the haif—widths of the bands at
lower temperatures, agd thus cannot be the major contribut-
ing‘iactors to the temperuture dependence of all of the
guest bands in cyclopropane hydrate I. 1In ofder for the
third factor to explain the Eemperature depehdence of the

>

guest bahds; the preferred orientations of the guest mole-
o .

cules at.lower temperatures must be nonequivalent.
Cyclopropane hydrate T and ethylene oxide hydrate differ
from oxetane hydrate I in that some.5f their guest absorp-
tion‘bands are split into doublets. 1In cyclopropane deu-
terate I the bands due to v7(A; ), a Cli, rock, and vll(E'),
a ring deformation, split into doublets .at about 65 and 85K,
respectively, and in éthylené oxide hydrate the band due to.
u3(Al), the ring breathing mode, splits iﬁto a doublet at

about 130 XK. The splitting of the band due to v, (E'") of

11
cyclopropane could be the result of the lowering of the
sylumetry of the guest molecule by the cage. lowever the
other two bands that are split, v7(A§ ) of cyclopropane

and v3(Al) of ethylene oxide are nondegenerate. There are
two possible explanations for the splitting of _hese two

bands (96). The first is that the guest molecules occupy
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two scts of preferred orientations in the cages, which are
nonequivalent and can result in different freﬂuencies for
some of the guest vibrations. The scecond is that the guest
absorption bands are splitlas a result of intermolecular
coupling between guest molecules. if intermolecular coup-
ling is the cause, ﬁhcn 1t bresumably arises from transi-
tion dipole-transition dipole coupling and the weakness of
the v_(A. ) _and of cyclopropane argues against this. The

72

other POssibility of preferred Oorientations within the

-

cages seems more likely.

If the guest molecules in the struc. » 1 hydrates do

. .
OCCupy two sets of nonequivalent ¢ 1e¢. ‘ 5 1n the cages’
at low temperature, one would expec. L+ the absorption

a

bands of the guest molecules to be split. This clearly is
not the case for ethylene oxide hydrate or cyclopropanep

hydrate I and none of the guest bands of Oxetane hydrate T
NS
split (2). The separation of the doublets Observed is only

2 to 3 cm_l, SO the splitting of guest bands whose half-
widths are much greater than this may not be detected. How-

ever, some of the guest bands in the spectrum of eshylene

oxide deuterate such as v2(Al) and le(Bl) have half-widths

of less than 2 cm—l, yet snow no indication of splitting.
‘One can only conclude tq?t the 'frequéncies of only some of
the guest vibrations are sufficiently different in the,two-
sets of preferred orientations that, doublets are observed.

It woulc be of interest to obtain spectra of cyclopropane

'nyerate 1 at temperatures lower than 45 K, since some of

~

the guest bands do broaden at the lower temperatures, and
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it is possible that thoy,‘too, may split at temperatures
below 45 K. .

The absence of Observable splittings in ¢t! » spectra of
OXetane hydrate I may be related to the part1a1 ordering
transition observed by Dav1dson et al. (81).

In summary, the relative size of the guest molecules tn
that of the cage is clearly reflected in the average fre-
quency shifts on clathration and in the number oi gas phase
infrared- inactive fundamentals observed in the spectra of |

i@ clathrate deuterates. The frequency shifts of the

cules generally experience a looser cage environment at the

lower temparatures. For ethylene oxide hydrate it appears

oxide, while for Ccyclopropane hydrate 1, fhis appéafs to 1
due to the different pPotential minima Occupied by the guest
at aifferent temperatures. Finally, the splitting of some
of the guest absorptlon bands is attributed to guect mole-
cules OCcupying two nonequivalent sets of preferred orient-

ations within the cages.
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