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Abstract

- . ’ R . . ~
?he mid-infrared spcﬁfra ha
\ » .

\ . :
structurce 1 and structure-II cla

mcthylcn: oxlde d1 spersed 1n mul

"

potq591um bromide pollets between l7ﬁnand 62°K. Thc

23

5&gnmpnt\of tbe water absorptlon was nade by ccmparlso

w1th that oﬁ orhor disordered wa

.frequonc1(5 d?d half-widths of thc water'absorption"

related to thé\numbcr, lonth and rangc of the 0---0

Q

~This was. most s\ccessful for the

between cldthratc-hydratos of po

e

The ass;gnment of the guest

e

hydrates of trlmothylene oxlide w

t“«,‘
Ty,

verbeen recorded of the

thrdte hydrarqq of tri—
M

ling agcntﬁ at 9’°h and in

ter systcms The: -

(HDO) absorptlo‘
lar and‘nonrpolar guest

absorptlons off the two

2l

as made by cq.parison

w1th those of gaseous, liquid and solid tri “thylene oxide.

and 16 hedral cages of the struc
hydrates, respectively, were‘ing

proposed'by Pihentel and Charlos

of the lnteractlon betwecn the g

dlfferencos for the «- and R-CH

2 j'f-

ture’ I_:nd Structuré,II

orpre,:d, using ideas

Y, 1n terms of the magnltude

ues) and the cage. These




hee 1ld-hedral cages.  The frequencics ot the gquest abosorph
! . n X .

i ()115?“?71~//;:}\4q3/,1«zrxr- oxide hydrate were also relatod to th

. . co : r -
quest-eage interaction. | The temperature depondence of  the

tf~i"% reqgquencics, half-widths and peak heights of the water and

N

i . R
A", 138 (\be:F[M,i(H)H of the structure ! hydrate showed no
ceffect of Cherproposced, parallel ordering of the guest

dipoles at temperatures below about 1007K.

.-

The infrared spectra of thiophosphoryl chloride in

=thc‘ga§‘phasc and adsorbnd thiophosphoryl chloride on

'polyethylcnc”haVo been recorded -between 200 and 1000 cm_l,

together with the Rdmnn spaectra of liquid thiophosphoryl

1

‘chloride between 150 and 1000 ¢ B The complicated

. -1 .. . :
absorption at 250-c¢m < in the infrared spectrum of gaseous

thiophosphoryl chloride has been assigned Yo the symmetric.
- N . &>

and antisymmetric Cl-P-Cl deformation sibrations of the

S

various naturally occurring isotopic forms of the molecule.

Also thefsymmetriciand antisyﬁmptric P—Cljstroééhing

vibrations of wvarious isotqpiC<formS of the moleculelﬁave
bgeh assigned to absorptions in the 406 to 600 bmfl rcgilon
of the infrared"époctrum ofrthefgas. A normal coordinate

calculétionvwas performed to aid the asgignment of the

spectrum. ‘ \
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This thesis deals with two unrolated molecular VNS

Preface

tems.  Chaptoers 1oto 5 are concerncd with the vibrat Lons
‘of the two clathratoe hydrates of trimethylene oxide, whilce )

Chapter 6 js concorned with fhe vibrations ot thiophosphoryl

chloride.,
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Chapter One. Introduction

1.1 General

The fifst'five“chapters of.this thesis are concerncd
with the vibrations of the clathrate hydrates of oxetane
(hereafter called trimethyiene oxide) . In order to pro-
vide a theorotlcal framework within which the absorptlon
by the encaged trimethylene oxide molecules may be lnter—

preted,; a general approach to the vibrations of encaged

species 1is presented in Section 1.2.  The clathrate‘hydrate
lattlces are formed by hydrogen bonded, four-coordinated
water molecules; as are the various phases‘of ice. "The vib-

rations of the water lattices in the hydrates should, the{i:

fore; bevsfmilar to those of the ice phases. Thus the

’ “w . r%
structures and vibrations of the polymorphs of ice as wall

©

as the clathrate hydrates are dlscussed in Section l 3.

o

-The previous studies of the phy51cal propertles of the . *t\\
clathrate hydrates of trlmethjlene oxide are, also presented

in Section 1.3. A most probable aSSLgnment of - the v1bratlonal
spectrum of gaseous, liquid and:solid trimethylene oxide °is
deduced in Section 1.4 from a comparison of the pfeyious
studies. Finally, the ohjectives ef‘this study ére,presented

s .
in Section 1.5.

1.2 Vibrations of Ehcaged Species

In order- to appfoachlthe problem of the perturbation,

by the cage, of the Vibrational energy: levels of an encaged



molecule, it is first necessary to i1dentify the various
interactions. which may occur betweon a pair of molecules
which are sufficiently far apart that elcctron exchange
miy be neglected (1) . Thdse interactions can be divided
into static and dynamic ef fects.

Fhe static effects can be subdivided (1) as followsr:

] . o . -

the "electrostatid interaction of the permanent charge

distributicis of the two molecules, the inductive inter-
) ‘ ) ] < e , . ‘T °©
.action of the permanent charge distribution of one molecule

s

& » with the charge distribution induced in the:other moleédle,
| bthe dispersive interaction of the instantancous chafge
distribution of one molecule with the igétantanéous‘charg;
distribution induceq ‘in the other moiecule, and the repulsive
interaction of‘thé gparge distributions of the two molecules.
The dfﬁamic effects .arise from the fluctuations in the
interactions’listed above during the normal vibrationsnof the
two molecules.
~ Barnes (1) has performed detailed calculations ofothe
differences between the fundamental frequencies of vibration
cof gaseous diatomic moléculeéiand those of diatomic mole-
cules encaged 1in low temperature matrices: The iﬁdividual
vibrational frequencyvsﬁifts due to the inductive, dispersive
and'rgpulsive inteﬁactioﬁs were summed to give the total
calculated shift for the'féur hydrogeh halides‘in matrices

.0f neon, .argon, krypton, xenon, methané, tetrafluoromethane,

sulphur hexafluoride, nitrogen, carbon dioxide and ¢arbon



monaxide. The shifts calculated for the attractive intoer-

actions were negative.  These shifts are A\)ind due to

the inductive interaction and Avdi% due to the dispersgive
\ <

- a

interaction, where Av is defined as the difference betwoeen

the frequency of the cncaged molecule and that of the

. , : , , -1 _ . . ‘

gJascous molecule 1n om unitts. For hydrogen fluoride,

A, was about half of Av _ . , whercas for hydrogen iodide
ind ( dis

AV, was about 0.1 percent of 4v,. . The shifts calculated
ind - dis ; -

for t%g repulsive interactions, Av , were positive, and

rep
werce of the same order of magnitude as Avdis' except for

- . “
hydrogen fluoride for which they usually had the same

magnitude as Avi As the ratio of the size of the solute

nd’

molecule to that of the cage increased, so did AQr , as

ep
would be expected. Comparison of the total calculated

>

shifts with those available from experiment showéd that
there was»feasonable agfeement fo"the matrices which pro-
duced approximately  spherical cages, however the agrecment
was poor.fof the hon-spherical cages of the nitrogen, carbon
dioxide and carbon monoxidevmatrices.

More qualitati&e ideas have beeﬁ Successfﬁlly applied
to systéms which cannot be explained, at present, by -~
detailed célculations, Buckingham (2) has considered the

shifts of the vibrational frequencies of diatomic, solute

<

molecules due to the interaction with a ligquid solvent.

e ‘
He assumed that the interagtion energ}~could be expanded as

a power series in-the dimensionless displacement coordinate,



(r - r )/r , of the solute molecule, where r 15 the
© o 5 .

equilibrium bond length and @ - r, 1s the displacement from
equilibrium. Then, by treating this interaction, and thoe

anhurmonic terms in the potential energy function of the

free, solute molecule, as smoll perturbations to the har-
monjc potential of the free molecule, an expression for the

vibrational frequency shift,.Av, was obtained. Buckingham

obtained the expression for the fundamental frequency shift,

-
_ e w _ 3A '
VT Thew | V@ U

e e

2 s

where Av, 1is defin?d.above, B, is the equilibrium rotational
constant in cm_l units, =N is the 'classical' frequency of
the harmonic oscillator in crn'-l units, U' and U" are,
respectively, the first and second derivatives'of thetinger—
éctiun energyﬁwith respect to the dimensionléss displacement
cosrdinate, averaged over all solvent'configurations, A is

gn anharmonicity éonstant.expressed in em™ 1 units, h is
Planck'siconstant and ¢ is the spéed of light. This express-

10n relates: the frequency shift to the interaction enerqgy,

but. i1n order to obtain the magnitude of Av, it is necessary

to have a detailed knowledge of the interaction energy.‘ By
svbstituting, , _ , °
. ‘ X
s ] Be = - h and w, = L k
> 8n mer, » . 2n1c \u

into Buckingham's expression for v, Pimentel and Charles (3)

173



obtained,

1 3A
Av = __‘___2___—_ yr - — U'
4“CIQ‘VUK . W,
wher e r. is the' equilibrium bond length, u is the reduced

mass and k is the harmonic force constant.

Pimentel ahd Charles (35 wcré able to ingerbrct the
dv values of polyatomic solute molecules ;trapped in low
temperature matrices in terms of this expression. The sign
of Av is determined by the expression inside the brackets,
whereas the magnitude of 4Av is inversely proportional to
thé square root of the force constant. Pimentel and Charles
related the sigﬁ of Av to the degree of freedom experienced
by the solute molecule in the cage, using the ideas
illustrated in Fig. l.i. They  considered only the displace-
mest of the internal coordinate raB of .the solute moiecule
ABCD and assumed the matrix cage molecules M to be fixed
rigidly in position. Fig. 1.1 shows the potential énergyU

.

Al

of interaction &f atoms B and M, U

g’ @s a function of the

dis*tance Ipy OF ¢

constant. It also shows the corresponding curves for the

AB’ distance AM being assumed to be

first U’ and- second, U"

BM’ derivatives @f U with

BM’ BM

respect to r Pimentel and Charles noted that if atom

AB’
B is lodged at a distance;greater than ry from atom M, both
U‘BM and U"BM are negative and, since the anharmonicity
ccnstant A is negative, Av must be negétive; in this case,
thev described the internal coordinate r

Ap 28 being 'in a



e - e = o -

l

]
LOOSE, ITIGHT
CAGE! !CAGE

BM

BM

uBM

Fig. 1.1. Potential energy of interaction, U_,, betweéen a
polyatomic solute molecule and a matrix cage, and its first

U BM’ and second, U BM’ derivatives with respect(to r

AB’

6 /



JOoSEe Cage environment . Conversely, 1t oatom B o1s lodaged
at a distance less than or trom atom M, both t° and
o . BM
U"HM are positive and Av must be positive; Primentel and
Charles described the coardinate r_\“ a5 o being anoa ot tghit
/
cage cenvironment oano this case. Clearly, the sirgno oot s
for r -r T i determined by the relative magnatuades of
¢ BM 1
u' and U" and no goeneralisations can be o made,
BM BM i
The experimental valuces of o0 tor the tour hydrogon

halides in low temperaturse matruces (1) are listed in
Table 1.1. For every matylx, the value of Av becomes
progressively more positive as the size ot the solute
molecule increases. This 1s cgmplutcly consistent with

s

Ppimentel and Charles' arguments, since the H-X stretching vily
ration must expericnce a progressively tijht«r Cage vnvironment
as the size of HX 1Increases for(a given matrix. Apparently
the inverse dependence of &v on the square root of thé force
constant does not affect the' trend. Also the values of
Av for a given hydrogen halide in the four inert gas matrices
become progressively nore negatiyé as the size of the inert
gas atom, and thus the size of the substitutional site,
increases, which is consistent with the progressively looser
cage environment cxperfenced by the vibfation.

Pimentel and CharlesQ(B) reviewed the experimental
values of Av for the various vibrations of polyatomic mole-

cules in low temperature matrices that were available to

them in 1962. They foundlthat, in general, stretching



‘Expeéi?éntai Frequéncy shifts?’ P of
vthecHYdroééaiHalrdes in-Matrices®
Matrix - AV(HF) . av(HC1) fv (Br) T av (M)
Ne - 8.8 +14.5 - _
Ar -40.9 15,1 + 0.9 tis
“Kr -39.5 | 'O—(30.6 -16.7 &—6.6
- Xe. ; -58.9. ©  '=43.8 N f o
CH - < .3g.2d -25.7 -8.8
CF - =18.0- = _
SE - .=20.8 ~-19.9 f/p/
@ n, ~81.1 ~31.7 S12.8 *+75
co, - —42.7 - & +30.0
co - ~79.5 ~53,97. ~224
s _ — ) »
a) In cm;i  : - ‘ ’ o h :‘iv {,?
b) FrequeﬁCy shift :'Avizf?hatrixﬂé'vgaS'
c) Taken:frdm reference 1. o o
d) Derived from3the value for the deuterium halide;:

7



. vibrations exhibited negative values of Av whereas bending

vibfatiOns exhibited positive values. They rationalised’
thls trcnd by arguing that the lowest'energy position of

the solute molecule would be a compromlse betwuen optlmum,~

:dlqtances at some pOlntS of contact with the cage and les3s

than opthum dlstances at-othervpoints; and that the normal

¢oordinates with low. force cohstants, the bending céordinates,

’_wOuld be more tolerant of tlght cage env1ronments than

; those w1th hlgh force constants, the stretchlng coordlnates.

Murchison and Overond'(4) p01nted out that _the’ frequeney v

shifts of the fundamental v1bratlons of the matrlx 1solated

trlatomlc molecule ?JV lzul4t can be understoed in terms

of .the, arguments of Pimentel and Charles. 'Deta obtained

from Othe:,workers (5, 6) for other matrlx lsolated

trlatom}c mglecules, ?? l?_%hand HCN,rcan also be Ainder-
_Stood 1in thisaway. ThHe experimental 4w values evlisted
in-Table 1.2.  1In evéry case the Av qakue'for the bending

vibration is more positive than the Ay»values.fbﬁfthee
stretching vibrations, in agreement with the trend noted by
Pimentel and Charles (3), It can also be seen that the

Vs and Yy modes of" FlCN experience a looser cage enVLronment

in"argoh than in neon, aS.would be,expected although the

bendind mode, vé, is apparently Sllghtly more restrlcted in
argon than in neon.f The frequency shifts for HCN in dlff%ﬂ .
erent matrices are dlffleult t@ evaluate_( ) because the,

‘cages 1n‘N2 and CO are not approx1mately Spherlcal

1) . . . .
- . o . ; . .



7 Table 1.2

Ekperimental Frequency‘shiftsa’,b of °

K
4

3501214y 3251602 and HCN in Matrices®

1

!

SRELTIREIS T, e )
'.Mbde vé(a_stf.) s vl(s.str;) ' 'vz(bend)
v o 2215.6 . 714.0 - 7 378.6
gas ) : .
 Matrix - o . . . : . A o
Ne . - . +0.8 1 +5.6  +5.9
Ar - . -6.9 : +3:7 +7.2

3216 L
.59 a S e _
Mode - - _vj(a.str.) ’ . vi(sfstrt).».. v, (bend) ;f

(i)

v . 136r.8 - © v1151.4 5. 517.9 .

Matrix =~ . . - - S - '
. Kr .. -10.9 =16 L

- . (iii) HCN ¢
Mode "v3(a.§tr.) _ ‘vi(é.str.) S vngend)' -

-y S 3311 < 2097 . 712
.. g9as , ) ' ,
Matrix - Co : : o
AYr ) . : - 8 - n -4 +° 8
N, } S 0 - +29
. - | ,‘ SRS

Co S -50 L o +7 +38

a

_ -1
a) In cm . : )
b) frgquency~shlft_= Vnatrisx _“vgas'

c) Taken from reference 4 (ClCN)h,5 (SOzf and 6 (HCN).

?

d) Average of doublet frequencies.

c



,Pimentel and Charles' (3) experimental Av values'for
two tetra?atomicfmolecules, HNg and NH3} in a number "of <

‘matrices are listed in Table 1.3. For Every case in Table

1.3, the'Av/vaiue of thevlowest frequen y vibration -is

‘more positive than that for the hlghesd frequency v1bratJon.

©

Also the Av’ values for all’ of the v1bratlons llsted for

HN3 ‘in xenon matrices are more.negatlve ‘than the correspond—
ing Av values for argon matrices, as’ would be expected
5 3'and

Vg vibratlons of HN3 in a krypton matrix are more p051t1ve

.However, Lt is. not clear why the Av values for the v v
'than the correspondlng values in an argon matrix. ‘ ,
In summary it can be eaid that Pimentel and Charles'
.ideas apply rather well, and that a molecule trapped in a
tight cage enyironment in inert;gas matrlces generally hac :

higher vibratienal fregueneies than-when rt Istrapped in

x . i

a lOOSe cage environmernt. Further . the": hlghest frequency

v1bratlon usually has a larger negatlve Shlft than &he low-

est frequency v1bratlon,:however, the_shifts.of the inter-

mediate vibrations are sometimes contrarycto'those expected.
Before concludlng thlS sectlok-onrthe vibrations of

.

cncaged spec1es,'1t is of 1nterest to mention some work ‘on

the v1bratlons of molecules trapped in the cages formed by
B—qulnol. Palin and Powell (7).showed that when hydroquinone
crystallises in its B-quinol form, an open structiure is

formed, which contains cages large enough to accomodate

guest molecules. »The cages are formed by two groups of six
. Pt . . - .



Table 1.3
e § . U . L a,_' b :
Experimental Frequency Shifts of

HN. and NH3 in Matricesc

(1) HN, S o _ )

Mode v, (Ngstr:.) v, (NNN a.str.) V3 (NNN s.str.) v, (NNN bend)
v - 3335.6 - 2140.4 . 1269.0° 1152.5
gas . . : . c .

=

‘Matrix : ‘ __— . RS

Ar 12 - e % g w -5 - -6

” Kr - o=ls . . 0, -3 o
| s 0 T LT
Xe© - -37 -8 _ -6 =T
N, =13 48 T +3 415
Cco - w=a1 T o s T +2s

CO.

), =31 426 . +18 435

..(ii) NH:;"“ »I. oy ) . . | : ". EN .'g ©a ,_.-'
CMode - v3(N§ é.gtr.) .‘ vI(NH]s.str,)_‘ "vz(s._bend)
ue. , 3443.7 - ~3336.2 " 950.0
- _gas ; : : . R '

Matrix

N, o "4 B | -4 . . +20

. -1 .
a) In cm - . _ .
~b) Frequeney shift = v . . - Vgas"
- ¢) Taken from reference 3.0 '
_ -



oxygen’atoms bonded together to formihekagonal rings, which.
constitute»two_opposite,’parallel faces.of the cage, whrle
the remalning faces areﬁforned-by six'bénzene rings inclined
at angles. of 45° ‘with respect to the plane of the hexagons
The—free dlameter of the cage/'that 1s, after taklng acco‘nt

of the van der Waals radll of the atoms of the cage,. is |

'about 4.2 A (8). Chlld (8) noted that the geometry of

Jal]y orlent thelr lorg axes parallel to a line joinA
he centers of the hexagons.v:

Dav1es and co workers (9) studled the Raman

-

of the 8- gulnol clathrates of methyl fluorlde,Tm thyl
chlorlde and methyl bromlde, and thelr frequenc'es for the

carbon- halogen stretchlng vlbratlons of the .en aged’ molecules

'are given in Tablé 1. 4 together w1th the gas hase values'.

If the values for the largest percent occupa cy are con51d;‘
ered flrst lt is seen that Av becomes ‘prog e551vely more_
p051t1ve as the 51ze of the guest molecule 1ncreases‘ The
carbon halogen stretchlng v1bratlon must experience a
progreS>1vely tlghter cage env1ronment a Athe size of  the '’
guest molecule 1ncreases and so the obs rved trend for the
Av values 1s consistent -with' a predlct on- based on the
ideas of leentel and Charles (3) ,l should be remembered_
that the magnltudes of the 4v’ values are 1nversely proport— fﬂi

+ ,ional to the force const’ht of the 1bratlon,_however, thlS



Table 1.4
Cafbon—Halogen Stretching Fréquenciesa
of Methyl Fluoride, :Methyl Chl@rlde dnd
Methyl Bromide in the Gas Phase and as

Guest Molecules in B- Qu1nolp

Molecule - . - percent® RN v
_ ' : guest: . gas
e . - Occupancy T ok
CHF 62 1022- 1049
- oo (70 734
CH,C1 e o . 733
SR 23 -0t 737 '
59 ‘ T 621
o6
H Br | 28 | 623 616
18: j 626

a) In cm
b) ‘Taken from reference 9. .
.c) Values of the: percentage of cages ocqupled.

d): iv = Ygquest Vgas"®




~ s

does not affect the observed trend. : ‘ .

Also it is seen that for a»qiven"guest molecule, the

value of AV becomes more positive as the per¢entage of

occupied cages decreases. Daviés et al (9) droued tﬁat}
for tne case of methyl bromide; the host lattice is undis-
torted when‘bnly,lS percent'of'theﬂcagcs are dccupied and, .

2

consequently, the guest molecules experience tight eage o

env1ronments, whereas when 59 percent of -the cages are.

4 . “ . .
occupied; the resulting distortion-of the host latt%ce

<
[

”tjjves the guest.molecule more ﬁreedoméin the cage, which-

ésults in a more-negative value of Z4v.

Thus it'appearé that the loose cage - tight cage ideas
of Pimentel ‘and Chafles;(B) may be useful for ratlonalLSLng

the Y values of guest molecules in more complex host

*—ﬁ-~—&attszxrﬂjnﬂrﬁ?“**r‘”“feﬁperafhre Mmatrices. .

l 3 T'olvmorphs of Ice and Clathrate Hydrates _ ’ﬂ{f\ o

1.3.1 Structures and Vibrations of the Ice Pelymorphs
Kamb. (10) has reviewéd the structures of the ice poly- -
morphs and several reviews of their vibrations are available

(1L - 16), so no attempt will be made here to give a compne—

hensive coverage“of these subjects. JAnstead, sufficient

3

backgroundimaterial wi’ “fesenteajto;intfoduce the .
discussion of the vibra e host lattices of the
clathrate hydrates c »xide.. )

" At present ther- polymorphic phases Qf

erystalline ice known (L, 17). The dxygen atoms of the.

v

»
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water molecules in all of the icevpolymorphs‘are four-

-

coordinated and lie essentially on reguiar lattice sites,

.however the orientation of the water molecules, that is

the positions of the hydrogen atoms, may be completely

‘ordered, partially ordered or completely‘diSOrdered.

Completely‘disordered‘in this context’ is always qualified by:

o]

subject to very short range correlation between the positions

of the hydrogen ‘atoms. Ices II, VIII and IX are essentially

icompletely ordered, 1ces V and VI' are partially ordered

and'iges'Ih, Ic, III, VI, VII and, probably, IV are comp-
|

letel§ disordered (10, 17). Ice also exists in a vitreous

'phase in whlch neither the hydrogen nor the oxygen atoms’

are o dered and Mhlch llke all glasses, can be conSLdered

to re embie a liquid whlch has been supercooled to the

ofﬂgTdﬁy—thusmm b’T:on51dered

furtheg in’ thlS thesis. - - ' st !
?he infrared spectrg’of the ice polymorphs (see'below)

were recorded on sanples held et about 100°K. The“tpanslat—

o

ional vibrations of the water moleoules will be considered

_ first, since their absorption is the most completely under-

stood. These vibrations. occur in the region* below 360 cm ™1 in’

o

all of the phases studied (18 - 20), and the iSotopic frequency

shifts confirm that the observed absorptions aré due to

: essentially pure translatiénal vibrations. Whalley and

‘Bertie (21) proposed -that the absorptlon by the translatlonal

lattlce v1bratlons con51sts of two components, the order-
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allowed and the disorder-al lowed absorptions. The order-

2
allowed absorption is a result of the torm<35>ave which 1s the

.square of the average over the crystal of the dipolé moment der-

“ ) 3 < A
ivatives with respect to diffraction—equivalentl?isplacements

of d;ffraction—equivaient sets of molecules. The disorder-

allowed absorption is a resuit of, the term <SS>§1S which

1s Ueer(d from the dlffexvnce between the actual value of

the d1poJe moment derivative with respect to a dlsplace—

ment of .a ngen molecule and the average value over the<

cryqtal for the equlvalent dlsplacemcnts of the diffraction-

equlvalant set of molecules to whlch the molecule belongs (219 .
- For the erdered phases,. <g%>ave is non-zero whereas

oQ

<§£)§is vanishes. The selection rules pésed on the first term
reguire that the value of the wave vedtor'of the -vibration

s v

g___lK_i&EmmmJai%y‘¥eE9~4ﬁﬁﬁﬁﬁ€&0f’th?- conservaEIEﬁ‘éf

momentum, 50 a small number of narrow bands is expected as ’
wér]-ueen in the.tarrlnfrared spectra of the ordered ices
IT and IX {19). Bertie 35 33 were able to assign the obser-
ved bands to vibrations allowed under the symmetry of the
unit cell (22).
' P e - [dm L.

For the disordered ice phases, (55'ave is ;xpected,
- . : ) L R
and found, to be eseentlelly ze;o, whereas <§6>dis has a
non-- zero value (21). The absorption due to'non—zero values
[ du '
Otv<§5 dis arises therently from the dlsorder, or lack of

Symmetry, in the lattice, and hence there are no selection

rules to limit the values of ®the wave vectors of,
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the vibrations which absorb radiation” by this mechanism.
Thus all of the vib;ations are formally infrared active.
Hehce, the absorption by the disordered ice phqses 1s expec-—
ted (21) to resemble the density of vibrational states curve
(23} and, ih facg, Bertie dhd whalley (18) were able.to

" show that the density of vibrational states curve deduced
Afrom the spectrum agreea rather well with.that dedqced from
incoherent, inelastic neutron scattering studies (24 - 26).

The absorption by the rotational vibrations; of the

. ' : VRt
’ water molecules ektends between 400 and 1050 cm~l'for H2O
phases and between 350 and. 900 cm % for D,0 phaees,’for alil
oof the ice phases that have been studied (20, 27, 28). Thé
v, (H,0) and vaDZO) bands of the éisbrdered ices Ih and
Ic (27) are broad with only poorly defined features, where-
A—Qﬁuen~as—the eefrespon&rng‘bands*for’the’brdered ices IT and IX
. (28, ice IX is referred to as ice IIT in the reference)"
exhibit sharp features euperimposed:en a broad.absorption.
These sharp features are broader and less intense in samples
which ;bntaln a few percent of HDO molecules, and thlS led ‘
Bertie and Whalley (28) to argde that they are due to the
unlt cell- group allowed fundamental. tran51tlons, since the
disorder 1ntroduced lnto the lattlce by the HDO molecu]es 1s
expected to re&ax the zero-wave-vector selection rule, there—
by weakening and broadenlng the sharp, order -~allowed features.
The extreme breadth of the VR bands in the'disordered

-

ice phases can be understood in general terms to arise. from



the density of rotational vibrational states curve, since
all) of the vibrations are infrared active because of the

disorder (15). No more detailed undgrstanding of these .
N
bands exists at present, but it is probable that other

faciors contribute to the breadth, since the QR bands 1n

ices T1I and IX are also exceedingly broad, with the above-
mentioned sharp features superimpesed on them; and broad
absorption is not.expected for the ordered phases. The
breadth is presumably due to ldrge anharmonlc effects (28)

and, if this is the case, a similar contribution from this

source ghould exist for thé disordéred ices.

Broad, featureless absorptions in{the range 1600 to

1790 cm-1 for Hzo phases and 1200 to 1250 cm-l for on

pPhases of all ef the ices SéUdiQd (20, 27} 28) are assigned

ﬁgg_ggeﬁﬁgo—H_Q;_D:Q:D;bendingﬁvibrati@nvazi
\
-on the first overtone of the rotatlonal v1bratlons 2vR.

Absorptions in the range 2150 to 2300 cm -1 for HZO phesesv

. and 1600 to 1700 cm —1 for D20 phases are a551gned to the'

second overtone of f'he rdlatlonal v1bratlons, 3v§, and the

combination band, Vo +vp. These;baﬂds are equally broad

‘in the ordered and distrdered icé phases, presumably due to

anharmonlc effects in- the ordered phaseb, abd'no further

uuderstandlng of their onlgln 1s known : 1'

superimposed- -

1y

A dlscu531on of the O-H- and O-D Stretchlng bands of the -

ice phases can be most usefully approqched by first consid-

P
2

ering -the absorption by the stretching vibration involving
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the isotopically dilute atom ot an HDO malecule surrounded
by ¢ither H,0 or DO molecules. The difference in frequency

between this vibration and those of the surrounding water

molecules is.large cnough to ensure that it does not inter-

act dynamically with the vibrations of the surrounding

. ot
water molecules. Therefore, the absorption by vOH(HDO) of

HDO molecules surrounded by D50 molecules, or by vOD(HDO)
of HDO molecules surrounded by H20 molecules, only reflects
the stajic field effects (29). . These absorptions (and

vibrations) are usually called the ‘isolated O-H or 0O-D

stretching bands (and vibratidns), and are simply designated

the vOH(HDO) Of-vOD(HDO) bands (and‘vibrations).\

‘Bertie and Whalley (27) observed single, featurcless
bands.with half-widths of 50 and 30 cm_-l for the'vOH(HDO)

and v (HDO) bands of ice Ih respectlvely, whereas the

LSRN 6 | 5 I A - S iy

corresponding bands of the ordered ices II and IX (28)

showed several sharp features, each with a half-width ofi
about .5 cmTl. they (27) Qere able to interpret the multiplet
absbrption'of the ordered ices in terms of the numbermgf

.non- equ1valcnt O O bonds in these structures. The larger

ks

half-widths of the v H(HDO) and v D(HDO) bands of ice 1Ih,

0]

compared to those of ice II and IX, were explained by

Bertie and Whalley in the following way. The diso;der in

the hydrogen atom positions.in ice Ih requires the pdsitidns
of the oxygen atoms to be sliéhtly.disordered, thereby

producirig a small range of 0-O bond lengths for each set of

-
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diftraction-cquivalent bonds.  This, in turn, produces o

small range of absorption freguencices tor the isolated

O=-H and O-D stretehing vibrations of ice Lh, thereby pro-

ducing broader bands than those seen tor the orderod 1ooo
T

It should he noted that the oxaoct h.llt—width:‘; aof the

(HDO) and )(”“()) Lands ot 1oe Ih o appear to depemnd on

Yo O1

the method used to proepare the intrared samp Lo \Whe-n

ice is mulled with isopentanc (27) or liquid propanc,
propylene or Freon 13 (30), the halt-widths a}v about 50
and 30 Cm_l. For infrared samples prepared by condensing
water onto a plate held at 173°K, and cooling it to 100°K
(31), Bertie ¢t al reported that the ;,!OIX(IID()) band had a
half-width of about 25 cm—].‘ For samples prepared by
freezing a capillary film of water, Ford and Falk (32)
reported that the v o (HDO) band had a half-width of 18 cm |
Lat ~173%0 - T

The very broad bands exhibited by all of the sz phases

at about 3200 cm t and by all of the b,0 phases at about

"

2400 cm_l are due to the O-H stretching vibration, vOH(Hzo),
ond the 0-D stretching vibration, vOD<D205, respectively

(20, 27, 28). Early workers (29, 33, 34) assigned the
features observed on the vOH¢H2O) band of ice Ih to crystal
vibration; derived from the symmetric, vy and antisymmgtric,

v O-H stretching vibrations and the first overtone, 2v

[

2 r
N

of the bending vibration, of isolated water molecules.

Beustie and Whalley (27) have pointed out that this assign-

o



ment is"suSpect.: They argued that the 1ntramolecular Ol

v1bratlons couple\ln the crystal to produce .3 . broad ‘band

of v1bratlonal frequenc1es, and that the same occurs for -

Vs [ <

- . .... ..‘
the Vs v1bratlons Further,-since the crystal‘has no

symmetry and the frequencJes derived from vy probably over-

lap w1th those derlved from \v they-argued that there is

3
'nothlng to preveﬁt vi and vg'VLbrations from'coupling to

produce mlxed v1bratlonc Such a scheme lS capable of

-.r_

produc;ng a band w1th several features upon it, and five

o

features were ldentlfled on the v (D O) band (27) of ice

Ih. Therefore, Bertie and Whalleyzargued that there is no
, _ O :
need to invoke 2v2 ‘to explaln one “of the features; and that:

the absorptlon should be attrleted to a. broad den51ty of

°

vdbratlonal states curve multlplled by an . lnten51ty dlStrlb—

a 2

utron functlon, neither of whlchwneed be a smooth‘functioh‘
.of freduency. These Same con51deratlons apply to. the—
»tretchlng bands of - the other dlsordtred Ice phases

Fhe ab;orptlonq by v (H O) and o (D O) of the ordered
Hforms of ice are jUSt as broad as those by the dlsordered
forms, although there is Sllqhtly more detail near the top
of the bands. The breadth is presumably due to anharmonlc
ertects (28). so it is p0551ble that even a knowledge of
the denSLty of stat%s curve of the dlsordered 1ces will not

be suff1c1ent to give a detalled understandlng ‘of the

H(H 0) and Vo (D O) bands, .

In summary’ lt can be 'said that the absorptlon by the




.

o .
e : . . P q;..”

translatlonal v1bratlons of the lce polymorphs lS well

y

understood in, contrast to the much poorer understandlng .

.0of the absorptlon by the other v1bratlons.
[ w

1.3.2 Structures and Vlbratlons of the Clathrate Hydrate

'golymorphs

Clathrate hydrates are a class of - SOlldS in whlch a wide

.

varlety of small moleCulcs occupy almost spherlcal holes

1n ice— llke lattlces fow
. @ ;
molecules {35) . - The ma%@rlty of. the clathrate hydrates

)

ed by hydrogen bonded water

studied up to the present time conform to one of two struct—
ural types called structure I and structure II.

The SIngleC rystal X- ray diffraction study by McMulJan
and‘Jetfrey (36) of the ctructure I hydrate of ethylene,“.
'okide at -25°C prov1des the most detalled knowledqe avail-
able of {he pOSlthﬂS of the oxygen atoms ln structure I
hydrates ‘ The oxygen atoms of structure IT hydrates were
91mllarly deflned by the X- ray dlffractlon study of a
slngle .crystal of the double hydrate of tetrahydrofuran and

-hydrogen sulphlde at, -20°¢C by Mak and McMullan (37).

The four types of cages found in the structure I and

23

structure. II hydrates are shown in Fig. 1.2, as.viewed along
. Kl

fhe axes of hlqhest symmetry (38), and some. geometrlc
parameters assoc1ated Wlth the unit cells and cages are
listed in Table 1.5 (39). -Only the oxygen atoms are.shown
in Fig, 1.2 and each atom is bonded to four other. atoms,

aJthough the fourth bonds are dlrected outwards from the
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Fig. 1.2. Cages of. structure T (a, ‘b) and structure II" (c, d)
ciathrate hydrates viewed along the axes of highest symmetry.
titeral identification of the sites follows thé~Hotation of
The International Tables for X-ray Crystallography. - '
Reproducéd from reference 38, . B G e

o
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.Structure II Clathratebﬂydratesaf

Parameter

- Space group, cell paraméter

2vO molecules

Non-equivalent O sites

Numbq; of H

Oxygen site symmétry
Departure of 0-0-0
angle from tetrahedral:
‘Xverage at o site
Average in structure

Average 0-0 length. .

l.arge cages:

'_Oxygeh'si;es
T ' o
Distance tp center (A):

Averagé cage radius
Small cages:
Number, symmetry
Oxygenﬁsités
v. B . o . vO
+Distédnce to cehter (A) -
" Aveérage’ cage radius

" a) Taken from reference 39.

v

Tablg 1.5

Structure Ic

“"Pm3n, 12.03
46

6(c), 16(i), 24(k) .

42m, © 3m,

4(c), 8(i), 8(k), 4(k)

4.25, 4.47, 4.06,~4.645

° -
4.33 A

2, m3
o,  8(i), 12(k)
©3.83, 3.96

. o
3.91 A

1.2°, 1.2°, 5.

25

Geometric Parameterslof the Unit Cells

and. Cades of the Structure I and’

b
Structure 1€
o . ‘ e
A ) Fd3m,.17.31 A
o B -136 1 o
8(a), 32(e), 96(g)
m o ZBm, 3m; . m
10 0°, 2.1°, 3.6°
© 3.0°
L] N ‘6
2.790 a

Ale), 12(g), 12(q),
4.729, 4.715, 4.635

o -
4.683 A

1\6, 3m .
2(a), 6(e), 12(g)
3.748, 3.845, 3.956

R o
" 3.902 A

b) The structure & parameters are for ethylene oxide hydrate at -25°C;

the structure 11 parameters are f
sulphide hydrate at -20°C.

or the tetrahydrofuran-hydrogen

c) The symmetry symbols f&llow the notation of The International Tables

for X-ray .Crystallography.



26

cages and are-not'shown,(40).’ The:smailer cages in the'twof
structurfs (Fig. l:%v ; and c) are essentially the same,
with‘tweive”fiVe;sided faces;‘they_are pentaoonal dodecah~i
edra and, in the literature on olathrate hydrates, this 1is
abbreviated to l2—hedra.i‘The large,structure I cage‘(Flg
1.2, b) con51sts of twelve ‘pentagonal. faces and two paraIlel
hexagonal faces. It 1s a tetrakaidecahedron; which is ’
usuallyAabbreQiated to l4-hedron. The. 4 axis of‘the cage
is aefined‘by the line joinin;’the:centers of_,the two
'hexagons.. The variation in‘the'radfus of this‘cage ist f -~ o
i4 pepcent (38), and i1t can be oonsidered;as an'oblate@
'SoherOLd w1th its shorter axis deflned by the 4. ax1s of
‘the cage The large structureAII cage has tetrahedral symm—l
etry (Fig; 1.2, 4) and con51sts of twelve pentagonal faces
nand four hexagonal faces. It is a hexakaldecahedron,'whlch
is usually abbrev1ated‘to 16- hedron The variation'in the
radius of this cage is only 2'percent.(38), SO itzapprox"
imates a‘sphere} The free diameters, that is the dlameters
after allow1ng for the van der Waals radll of tho water
- molecules, -are about 5'0 5 8 and 6.6 A for the 12— 14-
and 16 hedral cages respectlvely (39).

The, dlelectrlc-propertles of theimany structure>I ana
structure II hydrates that have been studled (41) clearly oo
1no1cate that the pos1tlons of the hydrogen atoms areiﬁ

dlsordered ‘as was found . for the dlsordered polymorphs of

flce (Sectlon 1.3.1). In fact, the tetrahedral diffraction
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symmetrynof the. (al-SLtrs of the oxygenvatoms in the small o
structure II cages is ¢ early 1ncompat1blé Wlth the water
.hmolecules, whose maximuam symmetry 1s-C2v, belng ordered on;f
‘Lhese smtes'(Bé); ! - - ‘

Guest molecules ay'be accomodatéd by any of the‘four
Acages-shown in Fig“ 1. 2‘_ Essentlallyfthe~on1y criteria for:
_occupancy are- that the guest molecule must bedsmall;enough

to fit in the:cag and must not react with water. In

’"'general guest m lecules W1th van der Waals. dlameters of

~ 5,5 A or less form- structure‘I hydrates, whereas those w1th
van’ der Waals 'ameters of greater than 5 5 A form structure
T hydrates agthough there are exceptlons ‘to these rules
@enerally; th larger- cages of the two structures are fully
occupied, wh reas the occupancy of the smaller cages is only
‘appre01able 1f the van der Waals diameter of the guest

‘molecule i$ about 5.2 A or' less. For example, ethylene ox1de

' ,has ‘a lardest van der. Waals dlameter of 5. .2 A (42) and

~under eq lllbrlum conditions, it forms a- structure I hydrate

. with th

14- hedral cages fully occupled and about 20 to

40 pert nt of the l2 hedral cages occupled (36; 43) 4whereas
’cyclop opane has a.,van der Waals dlameter of 5.4 A (42) .
'and forms a strutture I hydrate w1th the large cages fully
occupied and the small ones empty : Tetrahydrofuran has a
‘lardest van der Waals diameter of 5 9 A (42) and 1t forms a
EXhe cture II hydrate w1th the 16- hedr&@»cages fully occupled

wn/le the 12- hedral cages may be empty (44,v45)‘or, in the
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double hydrate (37) may be 46 percent occupled by hydrogen

-

Sulphlde molecules
There have been very few studles of the, lnfrared spectra

- of well characterlscd samples of tlathrate hydrates The

Q

far ;nfrared specfra of charac@erlsed samples-of ethylene

‘ oxide hydrate (43), cyclopropane hydrate (46) hexamethyl~

enetetramlne hydrate (47) and tetrahydrofuran hydrate (44)

_have been regorted as have the mid-infrared spectra of

hylene oxide hydrate (48) and hexamethylenetetramlne

hydrate (49) The above studleS‘of the Vlbratlons of the

-

clathrate hydrates will be brlefly rev1ewed -with the
exceptlon of those of hexamethylenetetramlne hydrate which
forms a qulte dlfferent structure from those prev1ously

.dqussed and’ is not pertlnent to the subject matter of this

4

-thesis. i

o

CBertie_and;Othen (43) have studled the far infrared
spectrum between 360 and 20 cm -1 of the structure I“hydrate
of ethylene oxide at 100°K. Continuous,~brOad}absorptiOn
. : - - =
was ohserved, and that above 100 cm'—l was sgmilar%to‘the'
absorption hy ice Ih in the same region (18). :From the
iSOtopic frequency‘shrft this absorption was assigned to
the translatlonal vibrations of the. water lattlce, and the
ract that only broad absorptlon was observed confirmed
. the orlentatlonal_d;sorder of the water.molecules in this

Structure I hydrate‘. Theoretical\considerations (21 and

Section 1.3.1) 1nd1cate that the absorption may be the
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superposition 'of nine sharp features, due to the transitions:

allowed under the factor'gpoup of the diffraction space

Y

group, on a broad absorption; resulting from the transitions
activated by the disordef. Since no sharglfeaturee were
~ceen, it washa:gued tha? the observed absorption was entiré-
ly.disorderiallowed, and approximated the denéity of states '
curve multiplied by an iétensity distributibh function, which
is approximately‘prepoftional ho the square of ﬁhe‘
freq%enCy (21, 43)5

Bertie and Othen‘(43) noted that there appears\tq be.an

empirical correlation between the frequencies of strong
&

‘absorption and the number, léngth and distribution of- hydro-

gen bonds for the orientationally disordefedupolymorphs

o

of 1ice. :They pointed out (48) that in ethylene oxide hydrate
;at 100°K, 52 percent of the hydrogen bonds are 2.75 A 1é6ng,

26'pereent are 2.79 Aflong and the remainder are,either 2.74
. Or 2~52{Z lond, compared to the single hydrogeén bond lehgth
}n ice Ih‘of about 2.75 A at 100°K. The ﬁaf—infrared spgct—
run Ofvire }h eontains a‘fairly Sharp peak at 229, 2>'cm—l (lé),'

‘'which can pe related to the SLngle type of hydrogen bond of

Jength 2.75 A The strongeot featUre in the far—lnfrared

spectrum of.ethylene'okide hydrate is at’ 229.6 cm"l (43), so

this can be related to the 52 percent of the hydrogen bonds

o
'of length 2.75 A in the hydrate. The hydrate absorbs more

qtrongly to hlgh frequency of the band maximum than 1ce, SO

i

‘Bertle and Othen (43) related this broadening to the |
.

"1
P =7
- Coe < -
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N ’ - (o)
'S pe!bent of the 2.74 A bonds in the structure. The

frequency maxima in the far-infrared spectra of ices

and VI (20) are at 200 ‘and 187 cm_l respectively, and Bertie

and Othen (43) noted that they could be related to t

welghfed mean hydrogen bond lengths of 2.797 and 2.8

in the two- structures. Features-are also observed a

F

“and 210 cmml in the spectrum of the hydrate and thes

<

cent of 2.82-

3

. . - R . Y
related to the 26npe‘cent of 2.79 A bonds and the 13

s in the- hydrate

Lhe absorptlon by the intermolecular v1bratlons

o

encaged ethylene oxide molecules was expected below
and a broad plateau was observed between 100 and 50

After . the predlcted absorptlon by the translational

30

V. {(19)
he

13 A

t 185

e were

per-

of the
100 cm™ 1,
1

cm © (43).

water

vlbratlon° was subtracted, a broad band remalned extending

to low frequency of about 100 cm -1 with its maximum
l - A

at about

50 cm . Thls band and, therefore, the plateau in the spect-

rum, were tentatlvely aSSane% to the- 1ntermolecular vibrat-

ions of the ethylene ox1de moleculés.

Bertle et al (46) have 'studied the,far—infrared,

spectrum

between 360 and ZOLcm_l of the structdre I hydrate of cyclo-

Y

propane at lOOOK‘J The absorption below 100 cﬁ_l decreased

<}

S

CapLdly wlth decrea51ng frequency, in contrast to the.

plateau observed between 100 and 50 cm 1,for ethylene oxide’

[a)

- hydrate. Thus:the tentative assignment (43) of the

plateau

{0 the intermolecular,vibrations of encaged ethylene oxide

-1

. iecules was confirmed. The absofption above 100 e&m by

<
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cyclopropane hydrate was almost identical to that by ethy-

lene oxide hydrate (43), eXcept that it was shifted to low

Lol

freguency by about 2 percent. Bertie et al (46) attributed
this shift toithe longer lattice parameter and, therefore,_b
hydrogenlgonﬁs in '‘cyclopropane hydrate. .

The far—in;rared spectrum between 70~and 7 em™ ! of the
structure I1F hydrate of tetrahydrofhran between 80 and "17°K ha%
been-obtéined by“Kldg and wh#lley (44). They observed two ab-
sorptions with half"widthsuot,abduf 15 cm -, céhﬁered at 25 and
38 em™ T at 17 °K, superimposed on broad absorption. - They

=]

assigned ﬁhese‘bands to the rotational oscillations of the
encaéed fegrahydrofurén molecule about the principal axié
pérpeﬁdicplar\to'thé plane of the molecule and about tﬂe
\axis in the plane of the molecule}perpehdicular to -the
dipélar_axis, respectiveiy; the fo%dé constants calculatéd‘
£6r these'OSCillationé were 450 and 600 ferg rad_z'respect—,:!'
ively. FrSm the_integrated abéorptivity.pf the two bands,
they obtained a value of 1.63 Débyes for the dipole moment
of tetrahydrofuran, which is close to the gas phase and
solufioﬁ values. . Théy were able to calculate a contribution
té khe low frequency-isfractive index- of 0.105 from the -
absorptivﬁty, u%ing the Kramers-Kronig relationship, énd
this agreeé wéll with the 0.11 value calculated from '

dielectric measurements (50).

" Klug and Whalley (44) deduced from the'tempéraEure

dependence of the absorption bands that the bands must
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remain quite broad at 0°K, uﬁlcss a majOf change in the
temperature dependence occurs below 17°K. They argued that
‘this means that the brecadth at 17°K is mainly due to a vari-
‘ation in the force constant from cage to cage. They stated
that. this variation in the force conspantlcan'ariseyérom
the folLoWing factérs: 'tetrahydrofuran molecules océupy

a number of non-equivalent potential minima in otherwise -
‘equivalent éageé; theivariafion ffom cage to cage of fhe
van der Waals, repuléive and electrostatic forces caused

by the disorder in the orientationS'of.theAWater motecules;
the coupling of the vibrations vaneighboufing.tetrahyarof—
VUran‘mOIeéules; and, finally, anharmonicity. They noted

-

that the first and last effects are temperature dependent
whevreas the others are eSsentially tempefature\indeééndeﬁt(
Klug andFWhalléy (44) showed that the. intermolecular
coupling and electfostatic contri@dtions'to the breadth
S are extr%mely;small for this hydrate. They had no Airect
evidence on whether.tﬁe Océupancy of non-eqguivalent potentiél
minjma'contributés significantly to the breadth of the
bands at 17°K but, if it does, the breadth should be reduéed
by this amount at.OéK. Thejlargued that anharmonicity
cannot infiuence the breadth of the bands at 0°K, and that
the wvan def Waals erCéS should be almoét independent_of the.
orientations »f the Watéf molécules, because they depénd

on the polarizabilities of the molecules and it is known (51)

that ihe polarizability of a water molecule is almost
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isotropic:y Thus van dbr Waals forces were not ecxpected to
vary.greatly from.cago to'cage or, consequently, to make
.a major contribution to the bre*dth. "Klug and Whalley
arguecd that the repulsive forcej between the -hydrogen atoms
of the water moleculés and.tpose of.tetrahydrofuran do
depe?d on the orientational disorder of the water molecules,

.and therefore are probably fhe main source of the breadth
b

of the bands. )

"The breadth of the bands greatly increased as the
temperature was raised and Klug and Whalley suggested this
could be due to the follow1ng effects the fimited life-
time of -the excited vibrational states due to transitions
to lower states, andgd interaction with lattice vibrations;
the limited life-time due to reorientation of the molecules:;
and the~increasing oceupancy of.nigher potential minima
which would have different force constants. lt'can be noted
_that the first effect ks what.was previously referred to
by these authors as anharmonicity. They showed that the
contribution to the half—width from reorientation is
negligible, even at -80°K, and concluded that the temperature
dependent broadening is due to the other effocts.

Finally, no absorption by the pseudorotation vibration

&
of the molecule, which>is Oobserved in gas phase spectra (52),

were seen in‘tne spectra of the clathrate hydrate (44).
Klug and Whalley concluded that either the pseudorotation -

is quenched in the cage or that the bands are too weak to
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be observed, because either they are intrinsically weak or
they arc broadenced by intvracﬂion with the cage.

The only mid-infrared study of well characterised
«samplcs of a clathrate hydrate which has once of the two
common structural Lypés 1s that, between 4000 and 360 vm—l,
of the structure I hydratce bf cthylenc oxide at 100°K by
Bertie and Othen (48). The absorption duc to the water
was extremely similar to the mid-infrared absorption by
jce 1Ih (27). The general assignment and the discussion of
the breadth 'of the bands given‘in Secéion 1.3.1 applies
eéually well to the spectrum of the hydrate, and need not
be repeated. ' _ | |
Bertie and Othen (48) intgrproted the fact that the

frequencies of maximum absorption in the Vv (Hzo) and

OH
vaD(DQO) bapds'of the hydraté are the,same’as those of ice 3
Jh at 100°K (27) as indicating that this frequency in the
hydrate(is.detérmined by the absorption by the 52 percent
of the bonds which are 2;75 R long. The features at the
top of the hydrate bands are broader than those on the ice
bands, and they attribufed this to the influence of the
other bonds in' the hydrate.
Bertie and Othen (48) noted that the featureless breadth
of the vOH(HDO) and VOD(HDO) bands,-which have half-widths
of nhout'lZS and 80 cm—l respectively, provided furtﬁer
»evidence of the orientational disorder of the water molecules

in the clathrate structure. They (48) presented a plot of



¢

the frequencies ot thoe \101)(UI)()) bands ot 1ces Th, lo, 11,
V, VI, and IX and ethylene oxide boydrate against the O~0 ot -

ances an the ordered phase:s and agoainst the weight cd mear, O-0
B *
dicstances in the dicordored phases.  The data were tound &

r

to Tt two straight lines ot slopes 510 and 910 cm A
. . /
for the ordered and disorderod phasdt, respectively:; how-
cver one point for the orderod 1ce phase, IX, f¢ll on the
line tor the disorderced phases.  The pofnt for cthylene
9] '
oxide hydrate fell close to the line for the disordered
i1ce phases. Bortl@and Othen (48) argued that, since only
’

4 single band was secen for cach disordered phase, the

half-widths of the v (HDO) bands should reflect the range

' oD
of crystallographically nom-equivalent bond lengths in these
hoses.  They were ablcbto‘obtain an approximate correlation
berween the half-widths and the weighted mean deviations %

Trom the weighted mean of the hydrbgcn bonﬂzlengths in the
: )
disordered phases.
The absorthOﬁ bj:tho encagedﬁethyleng oxide molecules
was. in general, readily assigned by comparison with the
abeorptions of gaseocus and liquid ethylene oxide. ‘Bertie

and Othen (48) noted that the strongest ethylene oxide

-1

absorption, at 870 com T, in the spectrum of the deuterate

is reduced to an inflection point on the v_{H,0) band in

R 2
the spectrum of the hydrate. The} attributed this effect

</
to transition dipole-transition dipole coupling between

“he gues” and host vibrations. The most notable feature of
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o

the ethylene oxide absorptionSTWas the fact that the-

'absorptlon due to the rlng breathlng mode is split 1hto a
'doublet separated by 2" cm,g ' Bertie. and Othen remarked

hi : ;
that the p055151e causes of thlS eﬁfect are 1ntermolecular ,_Z

houpllng between nelghbourlng ethylene ox1de molecules‘\v,__,/

© “ Lhe" prtsence of two preferred orlentatlons for the quest

moleculr in- the. l4 hedral cages, -and a‘dlfference in

irequency of th¢ ring brot'plng<dee of an ethylede oxide

molecule in tr- 12- nd ls - he“ral cages. They'EOncluded e

o . , o » . ' R
-that the most lix. .y reaszon fc- the splitting is the

.

presence of two pre  rod sric-tations of the ethylene

cxide molecule . the l4-hedrz:1 cages.

v

L.3.3 Physical Prorcrtics o1 the Clathrate Hydrates of

:frimethylene Oxide . o C

‘Rossd ~and Carbonnel (5?) derlved the phase dlagram for
'Lle trlmgthvlene ox1de -water System by thermal analy51s,
dnd lt'LH showdiln Fld 1.3, The four’ SOlld phases are
iee Ih, .solid trlmethylene ox1de,'the structure T hydrate

. a

of trimethylene ox1de‘(hereafter called T™MO hydrate I)
‘and_the‘«tructure II hydrate of trlmethylene oxide »

(hereaftcr called ‘TMO hydrate II) All of the- parameters

Of the phase dlagramtare llsted in Table l 6 The llquxdus
Eq,

-and -solidus associated with the metastable eutectlc
-Aare indicated as dashed lines in Flg 1.3, ‘and the associated -~

- .

s0lid phoses, %hlch 4 not shown in Flg 1.3, are TMO
Ll - ©

hydrate £ and solld»TM

!
. } - o
)

._4’9:}.‘-. R
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in water, for example a solution With the structure I”compw'

o
=}

'Ehe phese diagram is most efficiently described by con-
sidering the.cooling of a soLution of trimethylene oxide

I

osition of TMO.7.63 H30. At about ~10°C, the liguidus Tl S

(fig. 1.3)113 encqyntened, whiqh results in the formatidn

Lo

o8 : ‘o

nf someéTMO'hydrate II ahd a corfesponding’intrease'in the

° <)

o

.rnoling results in more encounters With the Tl 2 liquidus

and theﬂformation of more TMO hydrate»II.; When. the

pétitectic §oint Tzrisﬁreached“ there is an equilibrium
e .

' petween an aqueoﬂs solutron of compOSition 53 8 weight

yﬁrcent of trimethylene OXide, TMO hydrate II and TMO

=

hydrate . Further coolin- down the liqu}dus sz results

in the formation of TMO h wrate I. At the eutectic point'

a .=

:E ,;there is an eqUiliprium between an aqueous solution of

2

°

~coqp051tion 93 l weight percent of trimethylene OXide,

) TMO h}drate I and’solid Emimethylene ox1de.:~Thusqthe

l o

:tampleteLy solidiiied mixture beiow —lOl°C contains TMO

K o

hydrate I, T™O hydrate I and solid trimethylene OXide

o Q o
Powder X- ray diffraction photographs confirmed that

che “two: hydrates have the well known structures I and II,

and“gave the cubic urit cell parameterwas 12.02 +0.05 A v

: se .o o . o - i
“at —I30°C‘and 12“15 +0. 02 A at LBOOC for TMO hydrate I (54),

‘o

and 17. 095 +O 006 A at ~-138°C for TMO’hydrate II (55).
Rosso and Carbonnel (53) reported the composition of

AO hydrate I to be TMO 6 5 HZO or 7. l TMO. 46 HZO This

.39

- \‘;’g. )

thncentiabion of trimethylene oxide in the-liquid, Further_‘

T~y



corresponds to full occupancy of the large cages and 55
percent occupancy of the small cages. Davidson et él 145,

concluded that the compOSJtlon is® TMO.7.63 H,O or

2
6 TMO 46 HZO whlch corresponds to full occupancy of the -
large caqes and zero occupancy -of- the emall cages The,

largest van der Waals dlameter of trlmethylene oxide is

40

54}

o]
6.2 A, so it is too 'argé to flt 1q the small.cage- (qectlo//(f

2

is believed to be correct and is used in the phase diagram

X.3.2) and therefore, follow1nchavadson, TMO 7.63 H. O

(Fig. 1.3) and elsewhere in this thesis. Rosso and Carbonn

‘(Sj) reported the composition of TMO.hydrate IIito‘be

{
[
el
‘fe

‘

:TMO 17 HZO which corresponds to‘fﬁll‘ocCupancy.of'the large

cages and zero occupancy of the small cages, it was assumed]
\

that thlS value is correct. The results of all of the prepf

aratlons of TMO hydrate I and II in thlS work (Chapter 25

qupported the adopted comp051taons for the two hydrates.\

o

|
IL should be noted that trimethylene ox1de and. cyclopropane

are the only molecules known to form hydrates of both struct—

ures. They are among the largest molecules that form
structure I hydrates and the smallest that form structure

IT hydrates..

]
o

' ,Dav1dson et al have studled the dlelectrlc relaxatlon
of the water molecules of TMO hydrate I (45) between 118

and 248°K and of TMO hydrate IT (56) between 4 and 250°

N

It was found that the water moleculés- of T™O hydrate I relax

about twenty times faster than those of TMO‘hydrage.II at

v

-

.

LerE

.

\

Vo

\
i

. l ’
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about 170°K. The vaiues for the Xrrhenius activation enerq—'

ies are 5.8 and 7. O kcal mole or TMO hydrate T and
TMO hydrate 11 respectlvely

'Dav1dson et al have studlec the dielectric relaxation

ar -

of the’ guést moleculescof. TMO fhydrate I. (54) and TMO _ ' o P
hydrate If'(56) between 1.8 d 200°K Of‘particular

Lo ' o :
interest, is the Behaviour £ the llmltlng low and hlgh

frequency permltthltleS agsociated with the dlsper51on due

»

.towthe reorlentatlon of t guest molecule,

> “02

ures such that the measuring'

and ewé
,reSpectiyely.i'At temper ’
‘frequency“is far below he frequency of reorlentatlon, 62
is measured and usually 1ncreases slightly with decreas;ng
temperature (56) ‘As the reorlentatlon frequency passes
through the measurlnq frequency w1th decrea51ng temperaturo.
the measured permltt vity drops to € 2, whlch then remalns

essentlally constan . as the temperature is, decreased‘further,.

ThlS behav1our was /*found by Dav1dson et al (56) for TMO . B
hydrate - Il For‘T 0 hydrate I, however,‘Dav1dsQn et alf

(54) found that 02. decreased sharply from about 13 to 5
hetweenhaboutAl O and 80°K ;_even though thé reorlentatron
.frequency was well above the measurlng frequency at these'
temperathres. A further decrease in the perm1tt1v1ty as
the reorienta>1on frequency passed through-the measurinq

observed at lower temperatures. Davidson et al

frequency was
(54; attrlb ted the decrease in 502 between 1?0 and 80°

to a trans'tlon 1nvolv1ng the parallel orderlng of the



jox TMO~hydrate I below the orderlng transitlon (54) and

‘the dispersion (e

@& poles of néarest nelghbour trlmethylene ox1de molecules.

Dav1dson et al (54) also studled the reorientation of

the guest molecules directly, at temperatures below 80 K,

‘by measurlng the frequency of max1mum dielectric absorptlon

({or loss) at varlous temperatures. They found-the Arrhenrus

actlvatlon energles for the reorientation of the

-1

.trlmethylene oxide dipoles to be 2.1 and 0 41 kcal mole

-TMO hydrate II (56) respectively. Thus it is clear that

a4 ltrimethylene oxide molecule experiences much more freedom

in the 16-hedral structure 11 cages than in the l4—hedral

structure I cages. This is alsoyindicated by the temper-
atures at which the guest mbleoule reorientation rate is

.1l kHz, which were°found (54, %6) to be 51.5 and 12.1°K for

TMO hydrate I and TMO hydrate II:respectively.
‘Davidson et ai (54) also noted that for samples of
TMO hydrate I which had been quenched through the transition
region by dimmersion in llquld nltrogen, the amplltudes of
02 2) and loss decreased with tlme to

an equlllbrlum value, whereas samples cooled slowly through

the transition reglon ylelded values which did not greatly

vexceed the equlllbrlum values. \\has is the only example of

time dependent behav1our found in a clathrate hydrate (54).

.Davidson et al (54) also measured the\proton magnetlc

resonance absorptlon by the trlmethylene oxide molecules of

TMO deuterate T as a- function of temperature between 250
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. ) .
~and 1.8°K. Their plot of the proton Secdnd moment against
temperature shows a rise from 0.31 Gauss-2 at 243°K to the
rigid 1att1ce :alue of 13.4 Gaussz et 5°K, with a piateeu
reglon between 95 and 70°K. This is in contrast to a
similar plot for TMOQO deuterate II (57, 58) which shows the
normal tcmperature dependence, which is a rise from a low
value. Lo a ‘high valut with decreasing temperature, with no.
plateau’region (57) . Thus the plateau region of the struc-—
ture I élet is clearl; associated with the'transition
deduccd from the permittivity measurements

Dav1dson et al (54) suggested that, during the ordering
transition, the guest dipoles alién elong the 4 axis of the
l4-hedral cages (Seetioh l.B.é)ﬂand that this is potentially
possiblevas lothas the guest—water.interactions favour,

Y. . ‘ . N

or at least permit, it. They (54) performed a calculation
of the van der Waels'and repulsive interactions between the
weter molecules ‘af the l4¥hedral cage and the trimethylene
Qoxide molecule using the ﬁennafd;Jones 6-12 poteﬁtiél and
concluded that the most stable conflguratlons are those
‘with the dléolar axis of the trlmethylene ox1de molecule‘
Vcolllnear with the 4 axis of the cage, tdgether w1th the
dlsplacemept of.the tr1methylene.ox1de molecule from the
center of the eége such that its ongen\atem-approaches the
feenter of the hegagonal_ring (Fig. .1.2). They found that
‘the potential energy~9aried asithe molecule totatedlaboutv

the 4dxis of the cbge,-passing through 6 minima during a



360° rotation.' The mrnimu occurred when the plane of the
trimethylono oxide ring nearly coincidea with the‘planes
through the cage center which contain pairs of opposite
water molecules of the hexagonal ring"(Fig. 1.2). Theﬂ
barriers to rotation betweon the six potentlal minima were
Cdlculated to be less than 1 kcal mole 1, and the energy
of the different minima were the same to within 0. Oa kcal

»

mgle-lm Pavidson et al (54) calculated that the dlsplace—A
ment of the trimethylene oxide molccule placed the guest

. . ) (o)
dipole, treated as a point dipole, about 1.2 A from the cage

center. They (54) calculated the 1nteractlon energy

'~between thlS dipole and the average, dlpolar, electrostatlc

i1eld ‘of the water molecuies to be  about l kcal mole L
higher at thls position than at the cage center, and con*-
¢luded that there 1is a Statistical tendency for the |
HJpolar flelds to counteract the dlsplacement favoured by
‘the van der Waals lnteractlgngf |

Daviéson et al (54) pointed out that the interactions
between the guest, dlpoles favour parallel orderlngkof
nearest nelghbour guest dlpoles Further, the most stable

configuration of the lattlce is that in which neighbouring

44

Jquest dipoles point in the same sense along chains  extending -

in the x, y and z directions, with the sense alternating
- hbetween adjacent chains. They (54) calculated an enerqgy
of ~-0.72 koalimole_l'for this completely ordered state

with respect to the state with random orientationsi which
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they stated corresponds to aﬁ ordering transition tehpcruturo
of about’ 360°K. They Eonclddod that it is not surprising
-that the perturbing effects of the fields of the water
molecules cause the tempqratﬁre of the transition to be
lowered to about. 105°K. They wérc, thus, "able to provide
somé‘justification‘for their iﬁterpretation of the exgcri;
mental results, but their calculations were based on simplc
ﬁodels'and are clearly éppfoximate.

There are no other published data oﬁ the hydrates of

trimethylene oxide.

1.4 Vibrations of . Trimethyleneé oxide
The trimethylene oxidé molecule’is shown in Fig. 1.4.
It ébntains‘ten atoms and therefore has 24 fundamental'
intramolecular .vibrations. It can be considered to bélong
‘to the poiﬁt gfdup_czv (see below), so its normal vibrations
form a basis to the represenfation: |
BAl >+ 4,1\.2 + 681 + 6B2 . - -
.The Al, Bl, and B2 vibrations . are infrared éctive and
all of. the vibrations are Raman active.. The fepreéentations
'forﬁéd by the internal coordinates ére'éhown in Table 1.7,
The ring vibraﬁions can be defined$in terms of five iﬁ—plane
internal cqordinatés andvone outfof;plaﬁe internal co-
ordinate.
. The 82 riﬁg vibration, Vog o which is usuall? called
.the ring puckering vibration, has been studied e#tensively

by far-—-infrared (59 - 64), Raman (63, 65, 66)



Fig. 1.4. Molecular structure of trimethylene'oxide The
plane zx defines the plane of the ring.  The hydrogen atoms
bonded to each carbon atom, which should be,ecllpsed have
been offset for clarity.
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Table

Representations

1.7

formed by the

Internal Coordinates of Trimethylene

Oxide under the Point Group sz

C-Y - 1

'H., deformation
wag

CH. twist

CH. rocki

Ring vibration

2Al t A, B, + 2B
- 2Al B
Al 2B

2A, + B

Az + 2B

3Al 2B, + B

8A. + 4A2 6B, + 6B

47



and microwave (67 - 69) spoectroscopy. Since tl}i:; work 1s
not. dire\tly related to the subject mattor of this thesis,
only a brief summary ot the results will be given. The
potential function governing the ring puckering vibration
of trimethylene oxide contains @ barricr at the planar con-
figuration of L15.1 cm_] (63). The ground state vibrational
encerqgy loevel 'l"u*s. 12.2 ¢m © above the top of the barrier
(63), ana phun Lriﬁothylenv,nxidu can be considoered to be
planar, and its poin{kdrunp 1s Coyr ' ‘

The mid-infrared and Raman spoectra of the various phases

of trimethylence oxide have been studied by a number of

workers (70 - 80). Only certain of the more recent studies
(74, 76, 78 - 80) will be considered, since the work in
references 75 and 77 has been repeated in references 78 - 80

and the larger volume of information and the higher reswlut-

ion available to Wicser et al‘(78 - B80) make their results

T

more reliable. The results are summarleed in Table 1.8,

together w1th what 1s con51dered’the bGSt assl@hment of

the 1nfrared spectra of ga\eoms, llqu&d‘anQ selld trimethy—

-
lene oxlde. The axis syStem (Flgﬁ 1.4) adopted in thlS work

‘.&J

and in references 74 and 76 results ln lnwplane v1bratlons

of Bl symmetry and out of plane v1bratlons of 82 symmetry;
&

however tha

_dopted in references 78 to 80 1nter hanges

5 -~

L= S~

the x and y”ﬁkes (Flg.f1.4) and results in in-plane vibrat-

ions of B symmetry and out-of-~ plane vibrations of B

; '{,2 1

“The numbering and symmetry of the modes referred

symmetry:

44
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to in references 78 to 80 have been changed in accordance
w1th the axis system adopted 1n thlS work (Flg. l.4). For'

?W‘mlence the correspowdence between the two'systems is

Iin in Table l 8. ‘ W;
Lafferty (74) and Wleser and co- workers (78 #'80) .have
studled the mld Lnfrared epectrum of gaseous - trlmethylene

oxlde.- W1eser et al (78 - 80) have obtained the C—H

c

stretchin? and4CH2:deformatlondregions of.the specttdm of
normal (Bl, d-dz, B—d and «, a'—d4.trimethylene-oxide and
they were able to a551gn the fundamental v1bratlons as well
" as the. progr9551ons of the combination bands with the ring -
puckerlng mode.. Lafferty (74).alSO‘stud1ed“these regloneK.
-however; the latger volume of- data avallable to wleser
’éE al (78 -~ 80) and thelr far more complete analys15 of tth
data; makes thelr a581gnment more rellable,vso only ‘their
results w1ll be dlscussed. | | -

‘The momentsdof lnertla of n—trlmethylene ;oxide are- -
euch that the 1nfrared v1bratlon rotatlon bands for the
51;‘Bl:and B2‘Ylbrat;ons are of typeeﬂ(Slx A, B and C

'feﬁpectively (74):f>AZC;type band was'obsetved_(SO) near'
-%ﬂof'cm_xkin the lnfrared spectta of n} oi.—d2 and-g? a'-dd'.
trimethylene oglde, whereaS'it was not obsereed in the’ .
sbectrnmlof B—dé trlmethylene oxide. This band was'thue

aselgned to the- b CH;, antlsymmetrlc stretch, Vig(By).
The 8-CH2 symmetrlc stretch 'vl(Al), was not observed ln-the.
'lnfrared spectrum, however a sharp, intense,’polarized line
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;observed in the spectrum of «a, —d* trlmethylene Oxlde.

»<omb1natlon band was as51gned at 2929.2 cm” }, An- estlmate

" to the @ gap of the B- type band at 2887 1l cm ~. The

'remalnlng C-H stretchlng v1bratrony v9(A2), the a4CH“

>
o

\)\k . ' . . o . ' ,— A )
?1n the Raman spectrum (80) of the gas at 2979&p-cm 1 was

.0

asslgned to thlS v1bratron 'Wieser et.al }80? noted ‘that

the frequency of thlS mode appears to have been’ Lalsed

l

Sllqhtly by a Eerml resonance 1nteractlon with the flrst

overtone of the B- CH deformatlon mode, (A at 1452 cm lh

2
The promlnentrcetype band at 2957.3 cm -1 was ass1gned tb the

a—CH2 antisymmetric stretch 20( ), since it was not

<

This ‘band is shlfted to’ high frequency by FermJ rcsonance

between the v20 = 1 level of vzo(B ) - and the comblnaplon

A

2

Alevel_v: =1 Vog T 1 lnvolv1ng the o- CH2 symmetrlc stretch'

v, (A ) ‘and the rlnq puckerlng mode v24(B ) (75; 80)f. The'

!,»,

of . 2938.3 cm -1 was made of the frequency of the V20( 2) fund—
amental unperturbed by Ferml resonance, since a dlstlnct C- type -

band was observed at thlS frequency and a551gned to the

hot>transrtlons Vv ) +.nv 24(B ). w1th nz 1.

20 (B 2 24 (Bp): =

A correspondlnq band was observed at’ this frequency in the

_,an spectrum of the gas under perpendlcular polarlzatlon

The Q CH symmetric stretch ¥! (A ), was unamblquously

2
aSSaned to the A type band at 2893.9 cm- 1 by ylrtue of the

2

1ntense; polarlzed Raman band at 2894 7 cmfl and ltS

pronounced 1nfrared sequencge- based on the ring puckerlng

mode. The o- CH symmetrlc stretch ( ) was a551gned A
B 2 l3 1 -
zé\\\\\‘-‘ij

5 ant;—



. to.this vibration. The second «~CH

“and in a later paper (80) it was assigned near 1480 cm

- . . C

Symmetrlc stretch has an 1nfrared lnactlve fundamental

. | | ' | ; ) A
but the‘comblnatlon trans1tlons v9_+‘(n + l)x24 24

<
.

are,infrared active, The frequenc; of the fundamental was

estlmated to be about 2940 cm -1 from the serles of comb- -

ination- bands observed ln the spectrum of B- d2 trrmethylene‘

¢ o. ‘ R . . - . .1" .
oxide (80). . . o T - f“ : . o

©

The 1nfrared and .Raman spectra of gaseous n,'a d2,

B-d

5 and o, af-d4 trimethylene oxide in the’ CH2 deformatibn..
region have been studied by Wieser et,iis(78,_79).'_The
«-CH, deformation, vjﬁAii, was not observed in'the'infrared,

spectrum (78) of n-trimethylen? oxide, however a distinct
Raman. band was‘observed at lSOS,.AO"cm—’l (79f and ass;gnedA

{(By)

dtformatlon, vl4

2 1
‘was. not, observed in the infrared or Raman spectra (78 79y,
however it was tentatlvely aSSLgned to a band gap at 1479 cm -1

o

in the infrared spectrum of p~d2 trlmethylene oxide (78),

_l

‘.

in n—trimethvlene oxide on the basis of unpublished results.

The B-CH 2 deformatlon, v4(Al), was ass1gned to a band at

“”1452 0 .cm -1 in the lnfrared spectrum by an examlnatlon of -

AN
ats infrared actlve comblnatlon bands w1th the ring pucker- . .

ing mode, = o : °

_The remaining discussion of the assignment of the |

infrared spectrum of gaseous trimethylene oxide is based -
.upon-the unpublished study by’Lafferty (74) . . afferty

obtalnod tde 1nfr1rtd spectra of oiseous and llquld



.

“active in the infrared spéctfum is the a-CH

o

n- and dg—trimethy}ene'oxidé, and with the aid of. the

qnpublished Raman spe%trum of the .liquid obtained by.Rea

(74), he assigned the infraréé spectrum bﬁAthe,gas.
Lafférty's‘éhalysis of éhe compli?atéd infrared .spectrum
of the gas wasvfar less detailed than that of Wieser et al,
'so, in general[dthe aséigﬁed fréqueﬁcies for the gas must
bé'considefed less certain. .Use willlaléo be made ofvthé
-infréred"aﬁd Ramah spectra oé the liquid;(presumably at
: ;ooﬁ temperature) ~and the solid (lOéK for iﬁf%ared, 85°K
”fog'Raman) publiéhed-by Le'érumant (76) .

Thé é—CH2 waqg, QS(Al), was co;fidently assigned.by
'L;fferty to the A-type band at l343'cﬁ—1,‘wh;ch éorrwgponds
to a polarized (%3) band in the Raman specﬂrum of the o '

L ,

liquid at 1339 cm . WNo absorption due to the'othéf-a—cﬂz

wag, vls(Bl),'was_observedvin'the infréfednquctrum dethe
. gas, however, a weak Raman band occurred at 1283_cm~l)

wﬁich‘Lafferty assigned to this vibration, Le Brumant (76)

" observed a medium ihtéﬁéity baﬁd.at‘l353 cm-l*in_tﬁe»ihfra— -

red spectrum of $olid trimethylene oxide at 10°K, which he

assigned to v, (B ~and a band at 1288.2 cm—;'whiph,he

15 (By)

. assigned to the a-CH twist le(Az). The correcﬁ assigh-

2
ment is uhcleénr so the most recent one (76)-has been used.

g

2
c:band_infthé infrared spectrum of the gas at 1230 cm”

. The g-CH, wag, ylG(Bl), was assigﬁed to the'strong B—typé.

74y

Thé oniy CHzltwisting.vibratipn;which‘is formally
5 twist, le(BZ)f

< . -
-



This was assigned (74) to the C- type band at 1136 cmol,
whlch corresponds to a ‘band in the Raman spectrum of the

llquld at the same frequency. The‘g—CHj twist, vilgAz),
was aSSLgned to'a band at 1194.2 cm—bl in &ﬁe infrared

spectrum‘of the solid (76) and ‘to bands at 1184 and-ll95

cm in the Raman spectra of the llquld and the SOlld

'respectlvely (76) .

Lafferty (74) a551gned the sharp Q branch at 839 cm -1

in the 1nfrared spectrum of the gas to the a- CH rock,.

2

(B ) - The corresponding band was observed.at 825 c:m,_l
V22 ‘ -, .

1n;the-Raman spectrum of the~liquiq (74) . The assignment

>

1Qf'the QeCHz rock;'v?j(Bz), is_uncertain; vLafferty (74)

assigned-this‘vibration‘to a band at 784 cm~; in the
1nfrared spectrum of the gas, however, only very weak bands
were found in thlS region of the infrared and Raman spectra
of the lquld (74, 76) and SOlLd (76) Le Brumant (76)
a551gned a medlum 1nten51ty band at 730.8 tm.l in t%é‘
1nfrared spectrum ot ‘the SOlld to thlS mode It;;s Bur "f&i
1ng that the frequency of thlS mode dlffers by about Sg
cm—l between the two phases, and so the correct qssignment

1s uncleer .The a-CH, rock, v 2(A was aSslgned {76) to

2 20 -

a band at 827 8 cm -1 in the infrared spectrum of the ‘solid.
Lafferty (74) assigned the strong, polarlzed band at’

1028 cm -1 in the Raman spectrum of the liquid to the rlng

breething mode, 6(A ) ' The Q branch of this mode was

obscured in the 1nfrared spectrum of the gas by the strong

gt -



absorption at about 1000 cm‘1,~although a poorly defined

(Ay)

shoulder was seen at about 1030 cm—; arnd _assigned to Ve

(74) .. Thus the exact frequency of this mode in the
infrared spectrum of the ga§ is Uncergéin.

The riﬁg defqrmation modes, v7(Ai).and vI7(Bl), are
both expected to cdnéribupe to the very intenSe abéofption
C&Htéred at about 1000 em™ L in the infrared spectrum of the

A\
Qag. lHowever the Lompllcated structure on the top of
thb band makes a préc1se a551gnment dlfflCUlt- Lafferty
assigned the strong peak at 1008'cm 1.to v7(Al) and the
Q gaé t 999 c%ﬂ}_ao 917(81): The exact'ffequéncies of
these v1bratlons ln the\gas must be con51dered as uncertain.

The ring- g;formatlon vls(B ) was a551gned to the dlstorted

Q gap at 940 cm 1 in' the infrared spectrum of the gas. - The

exact fréqgéécy'of-this.modé'is probably:slightly uncertain.
- There is no‘ghcerta;nty assdciatedeith the frequency of
Ehe ring defofmation v (Al),‘Which yas‘éssigned to the
A-type band at 908 cm } in the,iﬁfraféd spectrum of the

9%§ (74) -The pemalnlngbriﬁg deformation is the riné
puckering moqe,vv24(b2)} wﬁich was assignedv(GBXVto'tﬁg
baﬁd at 53.5 cm_; in the faf—infrared speétrum of the gas.

The frequehcies quoted by Lafferty (74) for the

features in the 1nfrared Spectrum\@i\ggg‘?as agree- to w1th~;
\

ih 1 cm -1 w1th unpubllshed results obtained in this

R laboratory;

56
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1.5 Objectives of this Study

The objectives of this sthdy can be divided into those
involving the vibrgtions of the water mole cules and those
involviné the vibratiohé of the trimethylene oxide molecules.
A. Vibratrons of the Watoer Mclecuies. |

(1) Tolfurther ;nvestigate the behaviour of water
molecules in so6lids formed from hydrogen-bonded water.

The:mid—infrared absorption by the disordered water

"molecules of the structure I hydrate of ethylene oxide

<

and the.disordered‘phaées of ice was known when - this work
Qas'started (Sertion 1.3), so one’ objectlve was to compare
it w1th the. mld lnfrared absorptlon by ‘the disordered
water moleCules of‘the'hydrates offtrimethylene oxide'to
see'tc what extent.the absorption depends on the structure.
In particular, a compariSon cf-thé abéorption by the water
moiecglee'of the structure I'hydretes cf trimethyleﬁe oxide

N

and ethylene=oxide.was expected to indicate the'effect that

the size OFf the gutst molecule has on the water v1bratlons

since the’ dlpole moment of trlmethylene ox1de is approxl— ’
mately equal to,that of ethylene oxide, whereas its

van der Waals diameteg,isiconsiderably lerger than tﬁat of
ethylene oxide. Further, the mid-infrared ' absorptlon by

the water molecules of -a Structure II hydrate had not been

preVlOuSl} anestlgated, So it was of interest to obtain

thlS lnforﬁgtfcn~ﬁmf4ﬁﬁ%fﬁfﬁeture—ff*hydrate—oi%tzjmmthy“‘—~*-—*——

lene oxide and compare it to that of the structure I hydrates.
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It was also thought that a comparison of the water
absorption by the tLucture L and structdre IT hydrates of
trlmethylenc oxxde might prov1de ev1dence of the dlffo ences
between the interactions of the guest and water leecules
for the 14- and 16~-hedral cages |

(ii)ATo investiqate the-temperatu;e dependence of the
w;ter absarption of a clathrate hydrete. -

It is certain that hot "bands contribute to the water
absorptlon bands of the clathrute hydrates and the ice. poly—-
morphs at 100°K, so a study of the temperature dependence
of these bands was expecteq to provide'evidence of the
extent of thiSAcontribﬁtion. Evidence Qas also sought on .
whether the order- dl sorder’ transition proposed by Davidson

o

(54) has any detectablt effect on the water lattice.

B. Vlbratlons of the Trlmethylene Ox1de Molecules ‘

(i) .To record the-v1bratlona§ frequenc1es of the guest
molecules of the stlucture I and II hydrates ot trlmethy»
Jene ox1de.

It was thought’that'avcomparison of the vibtational
fLequenc1es of trlmethylene ox1de molecules trapped in 14-
and 16- hedral cages might ptov1de information about the
guest—host 1nteractlons in the two cages. Further 1nform—

ation on guest- host interactions was sought from a comp-’

arlsOn of the>v1bratlonal fregggncy,sheées-1’1htlve‘to»the»’~———~-—~

es, of trlmethylene oxide and ethylene oxide

molecdles trfapped in the l4-hedral cages.
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(11) To secek furthct evidence ud the | roposed preferQ.
Lntldl orientation of qguest mclcculcs in thy l4-hedral ceges.
Davidson (54) -has suggested that the trlmethyiene
oxide molecules are preferentiaily oriented in the l4-hedral
cages cf the structure 1 hydrate, and Bertie and Othen (48)

have 5ugqtsted that preferential orlentatlon of the.
‘ethylene oxide molecules in the l4-hedral cages of ethylene
oxide hydrate'may account for tﬁe ddublet observed fof the
ring breathlng mode 1in the mid- lnfrared spectrum Thus

Lt was of interest to see whether evidence of preferred
“orlentatlons could be obtained trom the mid-infrared spect-
rum of the structure I hydrate of trimethylcne oxide .

(iii§ To record ‘the temperature deperdence of the
guest absorptlon of a clathrate hydrate.

Generadly, the temperature dependence of'tte guest
absorptioh-of é”clathrate hydrate should pro&ide evidence‘

: . 5
concefning'the anharmonic contributions to the bands, the
effect of changes in the reorientation rate of the gueet
molecules,-and effects due to the temperature dependence
of the guest-host interactions. It was of particglar.
interest ithhe case ot the structure I hydrate ‘of trimeth-
vlene oxide, since Davidson (54) had obtained evidence that
‘the gquest dipoies'align in a paréllel fashion alcng the

-4 axes of the l4-hedral cages when the hydrate is cooled

e

BeTéW*IU/ﬁ’T so further ev1dence of thlS tran51ET6ﬁ‘W§§‘*~”

o

sought: from the vibrational spectrum.
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Chapter Two. Experimental Techniques

I

2.1 Chemicals

Reagent grade Lrlmethyleno ox1de was lnltlally obtained
:from K & K Laboratorlto , and $ator from the Aldrich Chemical ‘
Company. Gas-liquid ch:ematography,.using a 20'-x 4mm, JO%
DEGS on chropasorb w column, and:lH n.m.r. specctroscopy
were used to determine the purity Sf'the K & K sample; The 
chromatograms showed the presence of two impuritiee, both more
volatile than trimethylene oxide, amounting to a tota] of
0.2%. No iméurities were detected in the lH n.m.r. spectrum,
A 10 ml sample of the K & gtproduct was-separated into three
fractions by evaporatian on a vacuum line.- At infrared
spectrum of a muilf in‘liquid propane (Section 2.4j, of a
solidified éortion ef»the'least volatile;fraction was
compared to the infrared spectpum of a mull of the solidified
comﬁerc%al produetﬁ and no‘differences were observed. * Thus
the commercial K & K product was used without further pur-
- ification. The inérerea spectrum of a mull, in liguid propane,
of the eeiidified Alarich sample, however, contained two
Qeak bands, at 703 cm T and 985 cm_l, not preeent in the
speetrum of the K & K sample. Fractional distile :ioﬁ of
the material'failedfto remove these bands?from its spectrum,

and therefore the use of the Aldrich product Was diécontinued.

The water used in the hydrate preparatlons was obtained

. ————

e

from the dlStllled water supply in the laboratory. For

‘deuterate preparathnS, deuterium oxide supplied by Columbia

60
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Orgahic Chemicals was used. This was shown to have an
isotopic purity of 99.7 $0.1% by comparison Of the area of
its p.m.r. peak with a series of areas obtained from deuterium
oxide samplés of known hydrogen COneentration.

The 'ihfrared'qua]ity' cesium iodide and potaesium brom--
ide, for haking pellets, was usediqs supplied by The Harshaw
Chemical Goméany.

2.2 H_ l‘rate Preparation

Inspection of the phase diagram for the trimethylene
oxide - water system, shdwn ini?ig. 1.3, reveals the existence
of two different structural types oﬁ clathrate hydrate,
namely TMO hydrate I and TMO hydrate'II. It is not possible
" to make pure‘samples of either of-these~hydratesAby simply
makihg a soldtion of the appropriate composition ahd cool;ngb
it slowly, dhe.to the two peritectic'points,'Tl and T,. For
'instanee,vih'the case of TMO hydrate I, Sléwly‘lowering the
tempcrature of a solution of molar comp051tlon 6 C3H6O 46 H2o
would 1n1t1ally cause the prec1p1fatlon of. TMO hydrate II
followed by TMO: hydrate I. Similarly, in the case of TMO
hydrate T7, the first eolid to precipitate would be ice.

The _reparation of TMO'hydrate I was attempted by
fouradifferent methods:

(i) A 60 weight percent solution of- trimethylene or}de in
water was made in a glass vessel, and degassed dn a vacuum
line. It was cooled to -78°C in'a solid carbon dioxide-

methanol bath, and subsequently held at -35°C for four days

inia,Neslab LT-9 low temperature bath. The glass cell was

-
L
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then suspended hear tho t-_"cﬁ) ot an uninsulated metal can

R " i s S
containing. boiling lisuid nitroyen. After opening the cell in
. ’ W, Y

the dry nitrogen . atmospherc w,g thiﬂ,‘;lt;‘he can, tHRexgolution wag
) oon VL ' '

S N .
poured through a . #1000 sieve). F h&;&,solid wdas transferred from

5

the sieve to a ;)er-C(x)lrll\stxlixlfas;s steel mortar resting on
a platform inside the can. ‘A pre-cooled Stdinless stool'
pestle was used to grind the sample to a fine powder. This
sSampie was then transferred to a cold, screw-top, glass via%
whicn was placed inside a seconq, larger, screw-top vial
containing liquid nitrogen. A length of piano wire was
attached to the 1id of the larger vial, to allow - to e
suspended from the neck of al five liper dewar for storage.

All operations inside the cdn were carried out using lo:iu
tweezers and spatulas, which had been preyiously coolea in

the liquid nitrogen. .
i1y A degassed, 60 weight percent solution of trimethylene
oxide in water was held at -35°C in a 1, 2 dlchloroethanc'
slush for one hour. The cell was then 'opened to a vacuun

line to pump off the excess trimethylene oxide. fhe‘pressure,
as measured by a mercury U-tube manometer, of the excess
frlmethykene oxide atA—35°C, was 8 Torr. The crust which
Eo~med on the surfaceée during pumplng, was broken up by a1 3-
mignetic stirring rod. The pressure dropped to below l Torr-
after the cell had been pumped for 2 hours, and it was assumad
.fhav +11s was the Qapour pressure of trimethylene oxide above

Lhe hydra':.. The solid sample was broken into small pieces

3 wse 01 prae-cooled metal spike, and then removed from th( =11,

’
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qi‘oxﬂld and stored in liquid nitrogen by the previously
outlined method.

S0

(11i1) A sample of molar composition 6 C 0.46 H20 was

36
preparaed i the following way. A single beam balance was

usoed to JC(:uxutoly“‘woiqh 2.0 gm of trimethy lene oxide, and
this was Lrunf;fo_rrud to armortar i1n a can containing liguid
nitrogen, using a syringe. Then 4.74 gm of boiled, distilled
water were placed 1n a second mortar. The contents of each
mortér were fiﬁély qrouﬁd, and then the powders were mixed

and reground. This sample was placed in a glass clathrate
cell, consisting of a glass test tube coupled to a stopcock by
a gfound glass joint, and then packed down firmly usiné a

plug of.glass wool. The cell was very carefully evgc%ited

and then transferred to the Neslab LT-9 low temperature bath
and heid at -27°C ftor four‘dayé, at which time the sample

was teground and stored in liquid nitrogen.

(iv) A sample of molar compositien 6 C3H60.46 Hzobwas maae by

I

separately degassing 2.0 gm of trimethylene oxide and 4.74 ‘gm

of H,0 and then vacuum distilling them into a clathrate cell

cooled in liquid nitrogen. The cell was then allowed to warm

to room temperature, producing a solution of trimethylene

oxide in water of exactly the TMO hydrate 1I composition.

This was rapidly;coolédito -196°C in liquid nitrogen, and

then transferrea to a low'temperature;bathh,and held at -27°cC,
for about two weeks. The sample wasgg;ouhd in .the usual
mawﬁer and skored in liquid nitrogei&

The hyv7-ite produced by method (i) was found to contain!
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T(ii)’and'(iii)m some TMO hydrate 1T was formed together

64

eXcees”trimethylehe.oxide. . In the samples produced U}vmethods'

)

with the. TMO hydrate I._ However , method (iv) prOduced_al:'
pure sample o@ T™MO hydrate I as determined*by powdcr X-ray
hS '
1ffractlon results (see. Section 2. 3) . Method (iv) was,

therefore, adoptéd as the standard.method for making TMO

hydrate‘l.: TMO deuterdté I/éamples were made by the same

. method and using the[same temperatures.

-

A variation on me thod (1V) was.used to make TMO hydrate 11.

After degasslng 1.0 gm of trﬂmethylene ox1de and 5.28 gm

“uf HQO ‘they were vacuun dlstllled into a clathrate cell

’
;p&udUClng a solutlon of the correct COmpOSlthn, C3H60 17 H7

N for TMO hydrate ¥1. '»ThlS solutlon was rapidly cooled in

-

—bquuld nltrogen, and then held . at -18°C for about-two weeks |

v

The samples were sﬁbsequently ground and stored.

A 3 Hydrate Characterlsatlon by Powder X ray lefracklon

Powder X~ ray dlffractlon was used to characterlse
eath hydrate preparatlon.b A bkass table was placed'inside f
an unlnsulated metal can, which was filled with.liquid_nitrogen'

o Just below‘the top of the table. A metal mortar, and a.

fE;ase block containing a small hole, were blaced on the

_rable: A 0.5 mm quartz-capillary tube, with a wide neck,

sataineideithe_hole. The top of*the can was covered with
plexi—dlagf.and the apparatus was left’for half—anéhour“tOf
cooltﬁ?At fﬁi@”??he, the sample v1al was lowered ‘into the ;
can, and the screw top was removed with pre-cooled tweezerrf

A small ambunt of the sample was placed in the mortar, us il
: . ®
[ . K . . 8



‘about.half—an—hourj; Then a small portion waé-plaéedtoh a

-spatula,,in which a.hole had been drilled. Eh hole was'w

AThc bakellte support contalnlng ‘the caplllary/tﬁbe was held

L _ 65
/ :
( ' . »_. . )"\

awcoLd spatula : A small volume of ice- free lquld nltrogen

was . addtd to. the mortar to exclude the p0551blllty of thermal

..

decomp051t;onldurlng_grlndlng. ' The sample.was ground;for‘

-allgntd w1th the tOp of the caplllary tube; and thc sample

was pushcd into the. tube and flrmly packtd down, u51ng a

flne‘glgua rod. When the tubevwa§.full a bakellte support

containing a smearﬁéf401l was placed over the end of the
7
caplllar} tubs. a§t&odh as’ the o1l had Solldlfled figlng'

the tube-to the support .a small metal potﬂ w1th an lnsugated
-

‘.handle, contalnlng llquld nltrogen was lowered %nto the can

under’ the llqul nltroqtn in thHe metal pot w1th~a pair of,

o,

tweezers, and was ‘then transferred to a gonlmeter head

. on. the h ray camera} A stream of cold nitrogen gas, produced

N

5

by b01l1ng llquld q}thQtn;"was transferred through a de ar

-

/—-\ s
. tube to cool the sample on the gonlometer head. A ch\‘ ﬁirm..

;AnltrOgen gas, co- axlal with the.cold nltrogen stream, pre-= -’

thted lte from formlng on. th& eaplllary tube. . :. B fgCB
"Thg Xeray beam was produced by an Enraf - Nonius Diffractis

- ‘ IR R &
601 generator."Filtered“COpper K, radiation, wavelength :

[0}
l 5418 A, was used to obtaln the powder photographs The
camera was a Jarrell - Ash-prece531on camera, which was‘used-

as a flat—plate powder camera AN iréA- constantan thermocouple.

placed ntar the caplllary tube 1ndlcated a temperature of .

- ;;”3 R ,.*{‘.'4 . D
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“140 +20°(E However a thermocouple 1nserted lnto the caplllary
tube through the - bakellte support 1nd1cated a. temperature

of ~170 £10°C C, which is, clearly a better estimate of-the

sample temperature The sample to fllm dlstance was Cal—
1brated by measurlng ‘the powder dlffractlon pattern of ice
lh(82), and was found to—be within the range 59.7 to.g'mm.

274 Ma11 Samples for Mid—InfrarednSpectroscoBL

The cell used to contaln the mull Samplcs 1s sHown 1n
Figt 2.1. It is made of. stalnless steel ehcept for a/copptr
samp1e holder, and lt was ‘constructed in the Chemistry
;Department Machlne Shop “The inner part, consisting_of.the
~liquid nltrogen reserv01r A, and the sample hoider B,dfits
yrrnslde-the outer jacket C, which contalns the cesium 1od1de
‘ w1édows D. When fully assembled, the cell was eVacuated
'tu a pressure of about 10;2 Torr v1a the valve E, and the
vacvum was sealed at the junctlon of the.%wo parts by the
gconcentrlc, Buna N rubber O- rlngs F. The seal between the
“outer )acket andmthe windows is achid®ed by two further
Buna N O+rings G. »Thehtemperature of the sample may be,
vvarLed over a-small ranqe by u51ng the two heaters 'H. The

A

Lemp<ratures at the top and bottom of. the sample hoider were:

monltored by two iron- constantan thermocouples, each 1nserted

in a hOIe in the sample holder, and held/ln pﬁace by Wakefleld

thermal compound No. 122. The sample,_obntalned between two’

f

T1um 1odee W1ndows, was flxed flrmly in posrtlon by a spring
,attarhed to 2. copper rlng, whlch was screwed to the sample

hl l’?r T .

b

T
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-the can.

. the inner ell were attached to each other and to .the ca’,

was left open to allow access- for worklng. Heating tape

ready to be %ooled.

'the surfaoe of the table, and was left to cool for about

" 68

The lowitemperature.mulling techniguv omployed here

was,developed by Bertie and Whalley (83). All operations'

“were carrled out 1n51de en1un1nsulated metal can to which

a xectangular slde arm had been attached. A section of the

. can had "been erOVCd to allow passage between the can and

the 51de arm. A rectangular brass table was placed inside‘
. , . . N . -

.. :
the can. At the front of the table, there were four circular

wells. - A stainless steel. mortar was placed in one of the

e - -

two larger wells. A small circular metal platform, which

N

"ggf attached'to a rod held by a retort stand in thEﬁsude

arm, was' positioned on the lef;—hand side of - the'table The
copper ring, with attachedAsprlng ' waSLPlaced'on the rlght—
bhand side'of the-table. The "inner part of thehlow.temperature

cell re%iid on the bach of the table, w1th the flange out of

Two pleces of pﬂéxl -glas, cut to flt snugly .argy

by masklng tape. Aﬂ&ectangular plece éf plexl glas was used .

7

to cover the side arm. - Thus only the front half of - the can"

Q

~

" was wrapped around the'lnner cellﬁ’fgt below the flange. The

.glass ball joint attached to the valve at the top of ‘the cell . -

was connectcd to a vacuum llne by a’ length of rubber pressure”&“

tublng Out51de the can, the outer jacket was slowly flushed_

' wrth‘dry nltrogen gas. At thlS stage the apparatus was .

%
. ‘The can was fllled w1th llqu1d nltrogen to just below

._5_

% .
N -~
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preTen—.

half:-an~hour. From.this point onwards, allfOpcrdtions were

Carried out wearing rubber'gloves and using pre-cooled

tweezers or spatulas. The sample container was removed from

A

storage and placed on the table " The lnner Sample vlal was
then JOWLICd into a well at the. tront of the tablc,'and a“
small amount.of the sample was transferred to the mortar
Tne steel pestle was'cooled to llquid nltrogen temperature
and, after half fllllng the mortar Wwith 1cc free liquid .
nlrro 0nb mﬁ'nsample was ground for half -an- hour Durlng

ok

F

’f'rther ggdltlonq of”’ llguld nltrogen to the mortar

¢ oy
W o
Towards the end. of the grlndlng procedure, two cesium

PR

) “ .
1od1de w1ndows were placed in the can, ‘one_on the c1rcular

metal platform and the other on ‘the: copper rlng.' After they ‘

had been allowed to cool tor about flfteen mlnutes, some

tluely powdered sample was . sprlnkled onto the: w1ndow restwng

on the plattorma A large vial was then cooled in the llquld
nlfroqtn, and- placed in the mlddle of the’ table.‘ Mulllnq'
agent was condensed 1nto thlS vial; by catllng the glass . .

plpette at the end of the dellvery tube attached to the qas

CoL. A
cyllnder. PrOpane, rlfluorochloromethane and propylene were-

the three mulllng agents used durlng this study. 'A'few“' '
‘drops oOf llqu1d mulllng agent were placed. over the sample onr

the w1ndow, and the second wlndow was,put on top. A.small

'indentation in the middle of this window allowed the. mull to

be =smeared uniformly, by rubbing one window over the'other

wiil. a pair of pointed tweeierst 'Thevsteel‘piat%orm was
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then released from the retort stand and carried to the cell,
where the . w1ndows were tlpped into the sample holder by
a pair of pweezers. The copper sprlnq was placed agalnst

the windoWs, and screwed lnto place by a long screw driver,

[

dnse;ted through a hole in the 51de of  the can.

LY

At this p01nt thc outer Jacket of the lel previously

1

flushed with dry nltrogen gas, was lald 1n ﬁhe 51de arm of

-

the cah. The heatlng tape was removed and a small amount

of 11Qu1d nltroqtn was added to. the reseruclr{cf the inner',
ce]l.“The plex;—glas covers were dismantled, and the 1hne%*"
cell was very qurckly lnserted 1nto the outeryiacket angd
jevacuatcd The complete cell was.then removed from the side’
harm, tllled with liquid nitrogen and thoroughly evacuated
:and lhe remalnlng sample was returned to the storage dewar.
The cell was then ready to be transferred to the sample
compartmenquf the spectrophotometer where it was contrnuéusly*

:evacuated while the spectra were recorded.

2.5VPellet Samples for Mid—Infraredfépectroscopy

2.5.1 Pellet Preparatlon o . : _
24, N . » iﬁ‘(‘ RN A Y :
The peJlet samples ‘were made by mix tfte hydrate and

powdured potassium bromide or ce51um lOdlde at about 77° K

plac1n9 thc mixture 'into a plston—cyllnder pressure_apparatus

_atpabopt 77°K, and pressurlslng it to 2F§ Kbar at 230°K.‘ .
The pl,ton cylinder pressure apparﬁiﬁs used to.prépare

. the pellets is shown in Flg. 2.2. The sample Sbwas held betweenh

‘the faces of the two plStOnS, A-and B, which were inserted

intqvthe qylinder.cl The retaining block D supported this

S
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Fig. 2.2. Piston-cylinder pressure apparatus: A and B,
pistons; C, c¢ylinder; D, retaining block; E, back-up rings;
'"F and G, pressure distributing blacks; H, spacer;

J, containef; P, pressure.. ’



whole assemhbly, A brass back—up_rinq E was scated in a groove
on each piston face, to prevent the sample from'extruding‘
into.thev0.00l"'clcardnce~between the"cylindcr and the pistons.
The fine hole drilled through.thc length of the top piston

A onds 0. O“" from the face, and it was used to house the

thermocouplc which recorded the tefaperature of the sample

.

duriuq pressurjsution. The large diametrical hole through
€u h plston facllitatcd the removal of the plftons at.low’
,temperature after the pcllo had. been made. Thc containor
Jois a clrcular stalnless ., Steel pot w1th ‘a lld - Variation
of the voltage across a.zoo watt pencil heater, immersed in
,7‘ .
liguid ‘nitrogen, allowed the rate of flow of cold nitrogen
gas to be’ controlled A curved metal shleld,_coverlng the
gas~entrance side~arm, dlspersed the ©old gas inside the pot
The blocks F and G serve to dlstrlbute the pressure,'and
the block H is merely a_ spacer. The arrows P- - represent the
appllcatlon of - pressure by a standard 100 ton press._

The pistons A and B and the blocks D, F, G and H-were
made ot Vascomax 350, L8%*n1ckel maraging steel, heat treated
to 54 Rockwell C. ohce the pellet sample had been madeh the
cyl!inder served =z »émple holder and was screwed dlrectly
inio the cryo-tip ot a llquld hellum cryostat When the
cryostat was assembled and evacuated, the sample was cooled in
paxt by thermal conduction through the cylinder. The cyllnder
therefore had to be a reasonable heat conductor at low '?

temperatures, as well as being strong enough to thhstand

the pressure applled to form the pellet. Two percent
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b'eryllium—cuppur was choeosth as a g;Llltill)lt‘h material for the
cylinder. |
‘Thv r\maineer of this section describes In detail the
procedur o developed in thiswwprk fcr'making thchpéllets.
This'procwdure‘rc“ultud from.about twenty-five trials in which
the pellcet rhickncss, the Pressure, and the time of.prcssur—
isation were variud.‘ ThlS proceduru producgd 0.35 mm thick
pellets wﬁich enly minimally aftenuated mla—infrarcdkradiat—
ion, and did not produce:interfercnce fringes ir the spectra.
In the edrlier experilmental work, .40 gm of cesium
iedidc or 0.28 gm‘of popaSSium bromide.ﬁere accurately
weighed in a small glass Qial. ‘This was then qulckly placed
1nslde a glaqs tubc Whlch was Lvacuated overnlght at a
pressure of about 0, 001 Torr In the more recent experlmenté}
.28 gm of pOtaSSlum bromlde were, placed dlrectly in a smaller
'qlass tube, which was then evacuated to a pressure of aboet
10 = Torr and’ heated to abOut 175@chn a covered heatlng
mantle, whlle pumplng for two days. |
' The apparatus-shown in Fig.“2.2 was assembled in the
unlnsulated steel can contalnlng 1lqu1d nltrogen. . The steel”
pot conLalnlng the bottom block F was placed in the side arm
of the can, together_w1th the top steed block é- Two mortars
were placed in wells at thé .01 of the brass table
(Section 2.4) inside the céﬁ, and the retaining block D con;
*taining the lower plston B and supportlng the cylinder C was
placed in a thlrd well in .the mlddle of. the table. The

spacer H was placed ‘at the back oﬁ the table’ ~Plexi;jlas

©
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‘C.ovcsr:; waie put over the side arm and the back half of the
Cati. /'Husn the can was filled wiLil Ligquid nitré)gun to just
L .
below: the surface of the table and left to cool for half- .
-n-hour. During ﬁhis timc; a small amount of water was
V{ingud into the hole in the top piston.A and a copper-
constantan thermocouple .was inserted. The piﬁton Qas thn
(.)Ju.co.d on the spacer H with-the thermocouple leads protruding
svew the ean. The water quickly froze, securing the thermo-
—ouple t%p inside £he %iston.
Wh§n the contents of the can were cold, the evacuatoed

Lube ébntaining th pelletiﬁg agent,kKBr or Csl), was
filled .with dry nitroéen‘and quickly. placed on the table in
the can, tbgether with the vial contaihing the hydrate sémplo.
~ small amount of the hydrate'WasAground in one of the mortars,
s dc‘ in %ection 2.4, At th;s point, *the pelleting d
dgént was very carefully emptied,fme‘the glass tube into

the mortar, using two pai;s:of tweezers. Essentially comp-
kute‘transfer was &séufed b;ggently tapping thé tube against
the Side of the mortar. A few‘grains of the powdered hydrate
were added to Ehe‘pelleting ageht, andwthe'powders were

wixed thoroughly by grinding them for five minutes. The

L -

mixture was then totqlly transferred to the cylinder C. The .
mixture wa5~evén1y diétributed inside the cylinder, fjirst by a
spatula, and thén by sﬂaking ghe,rgtaining,bioék thle hold-

ing it by metal pincers inserted into diametrically opposed holes.
The)same méta@ pincers”weré_tﬁenvhéokéd’into the.di;ﬁepfiqal'

hole in the top piston, which was:thep‘insertéd\inté the
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cylinder. Some liquid n‘i;tvroqu.n was poured into At;hu :;t‘&cl

pdt in the side arm, Lh(,; metal pincers were again hooked into
the hole in the Dctaihi block, and the bistgn—cyljhdur
assémbly was placed into thé‘stucl pot. It was possible to
stay WLthln the dry nltLogth atmo‘phtLo of the can throuﬁhout
this transfer. The SpdCQr'leCk, which is notched to accoﬁj
odate the thermocouple, was blaﬁcd on top of the upper piston,
the 1id of the pot was put in piaco aﬁd, flndlly the top
stecel block G was added.

The dompléte cell (Fig. 2.2) was rapidly traﬁsferred to
the insulated plétten of the 100 ton press. An lnsulatod
rubberrtransfér’tube‘from a 50 liter dewar of llqu1d nltroge
was attached to the entrance side® aru of the pot, and flrty

-

volts was appllcd to the anCll heater in the dewar to \

produce a stream of cold dry nltrogen gas. The therm0touph

leads were attachod to the terminals of a strlp chart recorder,

the reference thermocouple was placed in' an ice-water bath,

and the tempcfatﬁre of the Sample;was allowed to rise to‘
—40°C." When < a steady_tempetature had been achieveé,n300 barsjl
pressure%was appliéd to the sample for 30 minutes, and then
the pressurebwas r@leased for 5 minutes. A pressure df
2506 bars was then applied for 75 minutes and subsequently
Areleased for 5 mlnutes Thls;latter combination was
repeated“twice:* Liquid nitrigen was then added. through the

exit tube of the pot, which was then qﬁickletransferned

back to the side arm of the ¢
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L]
The cylinder containing the sample was then ready to
be placed 1n the intrared cell.  The cell used for all of the
work with pellet samples was a ligquid helium optical cel].

This cell,dtogether with 145 associated Ccryogenic cquipment,

bp~hnxt section.,

The liquid hclium%stut' used in this work was a

is briefly described in

2.5.2 Liquid Helium Cryo

]

Model LT-3-110 Liquid 4ransfer Heli-Tran Refrigerator,
purghascd erm Air Prgﬂucts and Chemicals Inc,, Allentown;
Penhsylvania. The liguid holium cryostat consists_oﬁ/a

cold ena:and a vacuum éhroud, collectively called the optical
celi, a flexible transfer tube, and a standardv25 or‘SO‘liter
liquid helium dewar.

_A schematic. view of the cold end is .shown ip Fig. 2.3.
~The liguid heliuh flowsxinto the cold end ffom the transfer
tube in éwo pérts, the tip flow, whiéh cools the sample ﬁolder
by passingfthrough the needle valve and is then warmed and
vented, and ﬁhe‘heat shicld flow, which cools the héat shield
in the:transfer tﬁbe and ié directed back through the tube

from the rtold end to increase the efficiency of the heat shield

cooling. The ratio of, tip flow, which controls the temperature

of. the sample, to heat shield flow, can'be.regulated by aéﬁust—

ment .of the needle valve, using the screw near the top of the
cold end. The sampie tempeféture is furéher controlled by
vérying the voltaée applied to the‘control heater. -This

is d<2OAQatt non-inductive heater whiéh'réquires aﬁ3ijoit,

maximum, 60 Hz power supply. Three temperature sensing devices

o

LA e
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. .‘ ’
: o
1nserted lnto ‘the end of the cryo—tlp cover the range 2

\ Y

to 300°K. _A,germanlum resistance sensorlls useful between
T 2°K and 100°K, a platinum resistance sensor covers the range

20°K to 300°K, .and 2 chromel vs. ‘gold -0. 07\atom1c % iron

thermotoupLe has apprOAlmately the .same useful range as the

-

a .

pln+.num sensor.

’

a

The  s.ample holder screws 1nto ‘the end of the’ cryo tlp,

thn qood thermal contact being prov1ded by an 1nd1um gasket.

R

A rddlatlon shleld is placed over the sample holder,*and ' oo

.strewed ornto the ciryo-tip. . The vacuum shroud contalns two

,el.ﬁm lOdJQe ;lndows,,and is placed over the radLatlon snneld
dqunq operatlon, formlng a vacuum, tlght seal w1th the cold T N
.enu, through the-o-rlngs._ The end of the cryo-tip- and the‘.. |

<

‘rar. ﬁClOP "hleld connectlon are maﬁe of OFHO copper. '~ The
'rema"nder of; the cold gnd and theyvacuum shroud, is made of

npn~m;gnet;c stainless steel) except for the tio flow vent

whi... "1s brass.
- A schematic view .of the cryostat an? perlpheral equlpment
is .hown. irn Fig.;244= The 11qu1d helium’ dewar A is connected

to ihe opi{cal‘cell B by the - flex1ble transfer llne c. A
pos&+ine ,l.)sure cf hellum gas 1n51de the ligquid hellum

Cewar 1s & ..,:lied Dy the hellum gas cyllnder D throughctmg_”"—‘
dew=r press:nisation connectlon, ThlS pressure is measured
by gbefoangt G: and is regulated by valves on the cylinder
and ny Sa%ﬂty vent Va%vesvon'the transfer tube and on ‘the

déws- itse s . The pressure in the .dewar must nét exceed ™~

5 . ng, f.o <Xgar of --acking the dewar and a consequent
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expiosionu The‘pump‘H‘evacuates}the vacuun‘Shroud to.the
requiréd pressure._'The helium‘q%s flows from the tip

ﬁlow vent J, and thehheatmshielﬂ vent K, into the two flow

. meters L. vThe leads-from the'éemperature sensors and control

heater are attached ‘to the temperature controller M. .This

+

is a Model 5301 Temperature contloller purchased from Artronix

Instrumentaﬁion, St. Lou:s, ﬁlssourl, whlch wall 1f requ1red

t

.automaticabdy adjust the volLage applled to the control heater .

. u / .-
- to glvs/a temperature stablllty of 0. OF’ The vacuum‘]acket

o

Jn the. floxrble transfer ]rne was evacuated throughilts pump—'

out valve to a pressure of less than 10 =3 Torr’before each
. .A e '
tlme it was uSed.y ' i Ny P .

The descrlptlon of the apparatus is now complete. ' The

3

procedure f r plac1ng the pellet samples in the optlcal cell
\

whiie keeplng them cold and free from ice, and .the coupllng
of the optlcal cell to the other cryogenlc equ1pment is
‘descrlbed in the next Sectlon ‘ . ) .

2.5.3 Pellet Handllng Procedure and Cryogenlcs

‘The procedure for coupling the sample_hOlder,‘that is
the cylinder.& (Fig: éfz) cdntalning the pellet, to the cold.
end’ and attachlng fhe vacuum shroud will be descrlbed flrst.

The unlnsulated can contalnlng a.table, whlch is
descrlbed in Sectlon 2 5. l‘ was used for this procedure. \The,
cold end was suspended veltlcally.1n51de the can from a retort
- stand, with theqo-rlngs of the 'vacuum shroud seal just above

Lhe top of the can.' Two cyllndrlcal brass holders, whlch were

Vde31gned to hold the radlatlon Shleld and the sample holder,

"0 .



uwéré&FIaCEd oo'brass inots‘screwed to the table.'vmhe'
V_radlation‘shield-was placedoln the appropriate holder and
pre#ented from rotatingulnside the holder by polYethylehe
‘screws .Y The vacuum port on the cold end was attached to a

o o~

vacuum llne by rubber pressureutublnq. A plex1 glas cover
was placed over the back half of the can. Thls coverwcontalnv
~ed a slot to allow the cold end to be ea51ly moved between
the two.. brass holders The can was then fllled to just below
"“the surface of: the table w1th liquid nltrogen, and allowed td
cool for‘30‘m1nutes.

The steel pot, cdéntaining the samole in the pressure
aéparatus cooled with llquld nltrogen (Sectlon 2.5. 1),_was
. then transferred from the JOO ton presc to the side arm of =
‘thie. can The retalnlng block contalnlng the plstons and
sample holder, was placed in' a well in the table inside the
'cag\\\The metal pincers were lnserted in the hole in the top
piston, and gently ralsed to remove. the plston and- leave the~_
rpellet lntact in the.sample hdl&er. A long stalnless steel .
rod was screwed onto the sample holder from the s;de arm of‘
'th@ can and, w1th the help of a palr of tongs, the - sample
n_holder was. llfted free of the bottom plston.. Great care wast‘°
vrequlred durlng thls operatlon in order not to dlslodge the
fraglle pellet from the sample holder. The sample holder was
then placed in the cyllndrlcal brass holder, whose inner shape
prevented“the sample holder from rotatlng 1n51de 1t and the

P
long steel’ ‘rod wasvremovede . o
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-

The -end of Lhe cryo—tlp was placed over the thread on
the sample holder, and the cyllndrlcal brass holder was rot-
ated to screw the sample holder:flrmly onto the" cryo tlp,,
tompre551n9~¢he 1nd1um gasket. The samgle holder wasrthen

lifted clear of the cyllndrlcal brass holder, thelcold end "
P R
was moved across the table,: and the cryo—tlp Plus sample .

1 ..

wag placed inside the radlatlon;shleld.j Thls was"screwedJ‘

into place by rotatlng its holder.n The polyethylene screwsb

tlamplnq the- radlatlon shleld were loosened ‘and - the radlatlon

_bhleld was removed from 1ts holder. The vacuum shroud whlch

had been f]ushed w1th dry nltrogen gas, was placed in the ‘side -
arm. The cold end ‘was qu:ckly mated wlth the vacuum shroud -
to comp]ete the assembly of the optlcal cell contalnlng the
pellet sample. ‘The cell was then evacuated ‘and removed

from the can. vIquJd nltrogen was poured into the central_

‘.tube ot the cold end to malntaJn &4 sample temperature of

N

below 100°K.

The flnal stage of the assembly of the cryostat was to

' . connect the flex1ble transfer tube from the dewar of lquld

"hellum to the cold end. The plck-up tube at the end of the

‘transfer tube was slowly 1nsefted 1nto the llquld-hellum

h_dewar, allow1ng vae mlnutes for the helium gas to flush

out the alr Jn the transfer llne.» The'’ pick up tube .was ‘then
completely lnserted 1nto the dewar,.and secured to 1t by a
rubber connector. The dewar was’ then pressurlsed from the

gas cyllnder to 5 p51g, \hd the llne from the heat shleld vent

. tube was connected to one of the flow meters. . Tﬁe tube whlch

N - : %
i . ) R <



\
dellvers the llquld hellum to the‘cold end was placeddjh a
glass cyl:hder, and the , mouth of ‘the cyl;nder was plugged
with cotton‘wool., The temperature of the gas emerging from
the delivery tube was mon&tored contlnuously with a-
thermocouple. | | .‘
At first,»the rate of flow through the heat'shield‘

was Very erratic. However, over a period of 35 minutes, it

-stablllsed and rose to - value of about 7 lltres of gas per

mlnute X,At thls point, -the temperature of the gas emerglng

|

he optlcal cell was then removed from the vacuum llne, and

gas emerglng from the dellvery tube approached '100°K, the

uthermocouple was removed from the glass cylinder, and the

“remainlng lquld nitrogen was emptled from the optlcal cell.
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“from the dellvery tube started to”drop below room temperature,

xplaced close to the dellvery tube. As the temperature of the

-‘The glass cyllnder was then removed. from around the dellxeryr

tube and the ‘tube was 1nserted into the optlcal cell as .
qulckly as p0551ble. The tube from the second’ flow meter was

attached to the tip flow vent, of the optlcal cell to ensure

that the needle valve had noé been blocked by ice durlng the

roupllng.lpThe pressure in the dewar was decreased to 2% psig

- at thls point.

The cell ‘was then secured'in'the sample compartment
of the spectrophotometer, and the tip and heat shield flows -~

were adjusted to glve the de31red ‘temperature. vathe sample

. was to be stored overnlght, the gas flows -were adjusted to

. give & temperature of about 200°K, and a strlp chart recorder

T a



was used to record any temperature variation during the nJght
R

The va(unm shroud could be cont nuously evacuated overnlght

althouqh uigally this was not done.

x@ "u(& Il}%@red Instrumentation

Qﬂ; d*lnfrared spectra between 200 and 4000 cm !

were recorded on a Beckman 1R-12 spectrophotometer. A variety
of opexating conditions were used. However, the most common
ones emplcyed a sl%{ programme which. gave a resolutlon of
about 4 cm—l between 200 and 650 cm l, and 2 cmll between 650
and,400ﬁ cm~l. FUl} scans between 200 and 4000 cm—l were run'
at a scanning speed of 20 cm;l/minute. The variable scale
expansion option on the instrument was often used; A fiducial
marker was Setﬂto/gzle a mark every 25 cﬁ-l below 2000vcm—l,
and.every 50 om_l above 2000 cm liv In conjunctlon with other
peop}e ir this: laboratory, malnly Frances E. Bates, the
»frequenc1es at whlch these marks occurred were callbrated
agalnst gaseous water ammonla, carbon dioxide, . hydrogen cyan;de,
deuterlum r‘yan:uzie, methane, hydrogen chlorlde, ‘deuterium
chlorlde and hydrogen bmomlde (84) The accuracy of tne
‘frequencnes of the fiducial marks is belieoed to be at leaét
¥0.5 cm—1 below éOOO'cm_l, and +1.0 cm_1 above 200b cm-l. All
frequencies reported herein were measured with respect to the |
fiduoial marks.
The iow temperature cells were sealed in_the‘sample comp-
- artment by plexi—glas covers and plasticiﬁe; The instrument .

was purged with ‘either dry air, from a Puregas Model HR—211 112 -9

dryer, or dry nltrogen gas; b011ed from a liquid nltrogen



dewar and warme

L4

copper coil.

d to room temperature by passage through a
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Chapter Three. Mid-Infrared Spectra of Structure I

Trimethylene Oxide Hydrate

}.1 Genefai'

In this chapter, the results of the Sthdy of the
nmid-infrared spectra of TMO hydrate 1 contained in mulls
and pellets will be pgeéanted.; The technique df record-
ing the infrared speczra of hydrates disperséd in" mull-
ing agents is now well-established (48, 49),150 these
épectra show definitiwve evidence‘of the.vibrations of
TMO hydrate I at akbout 95°K. The technique of recording
i-he ibfrared spectra of hydrétes dispersed in pelleting
aéents‘was developed during this wbrk so that the
tem?erature dependence of the ébsorptidn could be studied.
The'validity of the resui?s obtained from the pellets
vill be determined by comparison with thoSe'obtained
From_the_muiis. »

The first half of this chapter will deal with the
mid-infrared spectra of mulls of TMO hydrate I. The
.reasén for dispersing the hydrate in mulling agents with
a2 ,refractive index comparéhle to that of theahydrate is
to reéﬁce the réfléctioﬁ and scattering of radiation to
<he point-wherepthe transmission spectrum is a goédA
'_approximation to the absorption speétrum,ieven when the

¢Giameters of the hydrate particles approximate or
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exceed the wavelength of the radiation. However 1t is
nécessary to tho;cuthy grind-the hydrate and to keep
the mulling agénts liquid razher than' solid. The
physical stat; of the. three mulliﬁg agents propane,
-propylene and Freon 13 was easily determined from thgix
mid—infra;ed absorﬂtion bands and, if.necéssary, was
correctéd by héatinq"the sample (&pcﬁf%n 2.4) .

. ' No impurity bands were detected in the infraféd'
spéctrum of the triméthylene oxide (Section 2.1). How-
ever there are ba51cally three other possible lmpurltles
ln the spectroscopic samples extr1n51c ice depOSLted
on the windows during the preparatlon of the mull
sample, -solid trlmethylene oxide due to an/excess of .
trimetﬁyléne~oxi§e_heing present ;uring the hydraﬁe
preparat;on, and TMC hydrate II due to either a solution
of incorrect concentration'béing used for. the sample
preparatlon or 1nSLffJCLent time belnq allowed for .
annealing the samplé .

- A common 1mpur1ty in hydrate sampies is intrinsic
ice, which is formed\during the preparation of the
hydfate_because an excess*of water is presené. fhe
powder X-ray diffféction photographs sthéd'thét this
Qas not a problem in samples of TMO hydrate,I;‘becéuse

the intense lines due to icé at 20 values of 22.7°,

24.2° and 25.6° (Cu K radiation) were not observed.

87
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This is to be expected .because care was taken to prepare

the solutions'w;th the correct stoichiometry and any

excess watcrAwould have formed TMO hydrate II (see Fiql 1.1%),

not ice. . - / e
The possibility of contamination by extrinsic ice is

solely dependent on the care téken when prépaKing thé

hinFrared,Sdmples in the cold can (Sectien 2.4f. Possible

soﬁxces are the liﬁfjg‘nitroqen used to coél the sample

during grinding, ]iquid nitrdgeﬁ splashes on the cesium

iédide Qindows during cooliﬁg, dislbdgemeng of 1ce from the

rim of the can apd condensation of ice on the cesium

iodidé windows while mating the inner and outer parté

of the liquid nitfogen cryostat_(?ig. 2.1). 'Contamination

'froﬁ all of these sources was shownh té have been essent~‘

ially:eliminatedAby the extrehelf“iow intensity of\the

broad abébrption at 3220 cmtl.(Section 1.3.1) in the spectra

nf Freon 13 and of‘TMO‘déQterate I in Freon 13.
Contamination ¢f the hydrate samples by solid tri-

mefhyleﬁe o¥ide was a rare occurrence because g;e amount

of trimethylene oxide :eéuired for the hydrate preparation °

was accurately weighed on a single beam balance. Such

-
U

_contamination‘was readily determined by the presence of a

tine with & 20 value of 20.2° (Cu K, radiation, Section 3.4)

in fhe X-ray photoq;aph of a con§aminatéd Hydrat& sampﬁe.

Also the»peak frequenéies'of powdered trimethylene oxide  ’
-

in a propane mull were determined, so that careful measurement

-



89

¢f can intrared spectrum of a contaminated hydrate sample 7 0

revealed the presence of solid trimethylene oxide, as shown
. - »
in Fig. 3.1, boxes A, B and .

Im fact the most common contaminant ot the TMO hydrate |

samples was TMO thrate If.. This was expected from a con-
sjdergtion of the tri&ethylcnu oxide -Ywater phase dxuqramL ~
(Fig. 1.3), which "shows that on cooling a solution of the‘
T™O hydrate [ composition, the tirst solid to form is
TMO hydrate II. In order to minimise the amouné‘of TMO
hyd;atéll{ formed, the solution was fapidly coaled from. )
yoom temperétdre té 77°K. 1f any TMO hydraie IT formed

KN

during this rapid cooling, a corresponding excess of
triwethylene oxide remained, so the sample was apnealed

at -27°C fof about two weeks: to allow these‘ﬁwo con-
taminants to react to form TMO hydraté I. Occasionally
samples made by this method containéd_TMO hydrate II. Thi;
was easily identified by the presence of a lihe with a

28 value of 9.0°(Cu Ka radiétion) in tée X-ray phptograph.
This is one of the m&re‘;ntense diffractién lines of TMO
hydrate II (Section 4.4), and its 268 value is ;owef than-
any observed for TMO hydrate-I; so it provid;s a sensigive.’
tesc for'éontamiﬁation by.TMO hydrate Ii. The infrared
spectra of TMO hydrate I inp m%lls,weqe found to be less
sensitive to the presénce of TMO hydraﬁe IT thén the - .

X ray photographs{‘ All of the infrared spectra féported in

thiy_chaptér Qere recqréed on TMO hyd;éﬁf I samplés; which

- . . ‘ G"
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Fig. 3.1 Mid-infrared mull spectra of TMO deuterate I (1),
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each curve are: A- TMO, 73, 27, I + TMO, 71, 66; B- I + TMO,
71, 66, I, 59, 471; C- T™™O, 73, 27, I, 59, 41; D- 11, 86,

81, I, 59. 41. . ‘ ‘
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\. ] ! ./ N‘ ' '
wereguncontaminatEd by . TMO hydrate. I1I as determined by
X-ray diffraction.’ ’

\

-Before presenting the spectra, it is convenient to

digcuss' 2 band observed in the infrared spectra‘of'the mulls

- 91

T at 1025. ?'cm~1 whlch coqld not be attributed to TMO hydrate I,

TMO' hydrate II,QlCé or solld trlmethylene oxide. This band‘

@

. was observed in all three mulllng agents but its 1nten51ty

_relatlve to that of the hydrate absorptlon was hlghly vari-

< A r

jable ‘even w;th the same mulllng agent. Curves I in Fig. .

3.1, 'boxes B,.C, D, were taken from.avspectrum in which the

)absorthon at 1025.2 cm -1l was very strong.> The dbSorption.”

T in the ‘same reglon "by. TMO hydrate IT (Fig. 3.1, box D, curvek

vII)FAshows a peak aE,lOzS.S cm -1 superlmposed on a broad

‘band to.slightly lower frequency.- Thus the fundamental

absorption at 1028.5 em™ ! of T™MO hydrate II is clearly not

responsible for the 1025.2 cm—:1 band observed in.the spectra-

. - of TMO hydrate I, and, in“fact, the latter band also appears

‘to be present in. the spectra of TMO hydrate II. The

absorptlon by powdered trlme%hylene oxide . dlspersed ln llquld

-1

propane (Flg. 3.1 boxes A and C curve TMO)} at 1026.1 cm is

about 1 cm l'to high frequency, and one- third of the half—
width, of’the band in qUestion. Thus on thlS evidence alone,
it is unllkely that the band at 1025. 2 .cm -1 is due to excess

trlmethylene oxide. Thls -is conflrmed in box B of Fig. <3.1,

where it is seen that a slight'excess,of trimethylene oxide

-

nin a TMO hydrate I sample (curve I + TMO) results in an

¢

1

‘absorption at 1026.0 cm ~, 0.8 cm_lﬂto high frequency
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,;which were taken . from different'origihal“speCtra were

of the uncontamlnated TMO hydrate I sample (curvc ). Box

A of - Flg. 3 1 shows' ‘the 51mllar1ty in absorptlon of the
il - u

powdered trlmethylene oxide sample (cutve TMO) and the

S

TMO hydrate I sample contamlnated by a- sllght excess of

trlmethylene ox1de (curve I + TMO) ' The nature of the

. species which absorbs at 1025. 2 cm-’.l is unknown and thlS

band wrll ‘be lgnored in the remalnder of thlS the51s.g

o - i

3.2 Mld Inrrared Spectra of Structure I Trlmethylene

Oxide H*drate in Mulls o .
= A

3.2.1 General -

a

o

Typical originai spectra of TMO hydrate.l and TMO -
»deuterate I mulled with propane, propylene and Freon 13
at‘9SOK‘are shown in Figs. 3.2 and $f3. The spectrum of ('
€ach compowvnd with the mulling agent abeorotion removeo has

been composed from spectra in each of the three mulling

agents and is shown in Fig. 3.4" for TMO hydrate I and

Fig.»j:S for TMO deuterate I. The intensities of features

\
scaled so that the relative intensities shown in Flgs. 3.4

’

and 3.5 are approx1matelv correct. The orlglnal Spectra

(Figs. 3.2 and 3.3) were recordeg at a resolution of better

than 5 cm™! between 300 and 650 cm™ ', and better than 2.5 cm

v

between 650 and 4000 cm 1. The frequencies of the observed

teatures and thelr estlmated accuracy: are listed 1n Table

3.1. All of the features, 1ncludlng the weak ones, were

«

reproducible.

B
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TMO Hydrate 1

v/cmfl

Frequencies of the

Structure I Trimethylene 0

>

\

Obseryed Features

in the Mid-Infrared Sﬁéctra'of

)

ide Hydrafe

and Deuterate 'in Mulls'at 95°k°

~3335
- 3231 24

~3127

3019 +2

2983 3

2946 43
2930 #5.

/2887 2

sh.

vs,

sh

sh

sh

sh

br

Assjignment

T~

Von (H,0)

: )
vOH(HDO,

Vg (TMO)

.vl(TMO)

2 x vld(TMO)?

Yzo(TMO)

vg(TMO)

le(TMO)_

VOD(DZO)

{

TMO Deuterate .I

v/cm”

3297 +4 s, br
~3237 " sk~

3018.4kt1‘ﬁ
2984.9 $1 s

2073.t2  sh
2946.1 #1 m
293o.§ﬂ:; mw
2887.7 *1 s

2499 10 sh
2428 *4 vs, br
~2367 sh u
~2303 sh



TMO Hydrate I

v/cm—l‘

-2439 x4 . g,

~2414 - sh
2235 20 m,

1650 +30 m,

1456.5 +1' m
1283 42  yw

1244.5 +0.5

1202.7 +1 w
1137.9 0.5

1033.8 0.5

991 *3 sh
978.1 :0.5
541 +5 sn
900 5 sh

br

819 *3. vs, br

713.1 21w

Vg/ Vg

Assignment

vOD(HDO)i

BvRKHZO),

Vs (HZO) + ‘R ('H2O).

'v2(H20)

v2(D20) + vR(DZO)

v4/vl4(TMO).‘

‘vlo(TMO) ?

916(ﬁmo)

vZ(DZO) “
vll(TMO)
VZl(TMQ)'

96(TMO)

(TMO) -

yl8(TMO)
v8(TMO)

v22(TMO)

vlz(TﬂO)

vR(H2O)

v23{TMO)

TMO Deutcerate I

\)/cm"l

1630 20 w, br

1457.5 #1 m
1283 %2 vw;
1244.8 £0.5 mw
1225 15 @, pr
1201.4 .41 W
1137.3 0.5 m
1033.6 0.5 m .
989 +2  sh..
{97&.8 +0.5 vs
940.9 +1 m *
904.9 #0.5 s
0846}0 +1 mw

831.2 1 w



iﬁo Hydrate I " Assignment TMO Deuterate I

- -1
v/cm 1 : - v/cm

— —————. e i i, | —— —— e

(1
oy

~ 670
€11 *+5 vs, br

yR(pZO) 'J 451 +5 mw -

e

420 10 mw

v, (H,0)
525 %5 w, br R2
502 +5 w, br
4 .
a) vs = very strong, s = strong, m = medium, mw = medium-

weak, w = weak, vw = very weak, br = broad, -sh = shoh}der.
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The temperature of the sample could not be measured
accurately ., However itrwas always*necessary to heat prop-

vliene and Freon 13 mulls to melt the mulling agent, and

»

sometimes this was also nccessary for propane mulls. The

"
s

meltlng pOlnt% for propane, propyltne and Freon 13 are
84, 88 and 92 K respectively, so the te CMpP X cature wasu
cleardy in the range 95 +10°K.

The interaction between the water and the trimethylene
oxide molecules ih the clathrate hydrate is weak compared
to the strengths of the covalent bonds within eaeh species
and the hydrdgen bonds between the water molecules (Chapter l?z
‘Thus, in the first approximation, lt_ie logicalbto consider
the vibrations of the water molecules and the guest molecules
separately. The absorptlon by the water moldcules is readll\
ldentlfled since it is broad and occurs at approx1mately

5

30% lower: trequenCLes in the spectra of the deuterate, while -

the absorption by the guest molecules 1is sharp and occurs

“at about‘the Samebtrequency in 'the hydrate .and deuterate.

The assignment of the water’ abborptlon to specific v1bratlonal
mode's Follows rrom-a comparlson with the spectra oF'ice
»(Chapter 1) and ethylene oxide hydrate (Chapter‘l). The
assignmedt.of the trimethylene oxide absorption to spec1f1c
fvibrationai modes follows from - prev1ous studles Of the'
spectra.of gaseous trimethylehe.Oxide (Chapter 1) . fTheeem
aSSi%nmehts are giveh in,TableFB.i.

-



3.2.2 Absorption by the Water Molecules

The band due to vOH(Hzo) (see Section 1.3 for nomen-

~

clature) extends from about‘2800 to 3600 cm_l as shown in

Fig. 3.6. It has a peak frequency of 3231 cmnl with poorly
detined shoulders at about 3335 and .3122 em™ L,

width of this bahd is about 300 cm 1. The five weak

The half-

features between 2850 and 3osb c':m'_l (Fig. 3.6, Table 3.1)
remain unchanged in frequeney in the deuterate spectrum anu
must, therefore, be due to trimethyleneloxide.b The band due
to'uOD(DZO) extends frem about 2200 to, 2760 cm ™t (Fig. 3.6).
The peak frequency is 2428 cm-.l with a high frfeguency peak
at, 2499‘cm—l”and poorly defined low frequency'shoulders at

about 2367 and 2303 Cm_l. This band has a half-width of

about 250-cm_1. The ratio of the peak frequency of the
v H(H20) band to that of the Vo (D 0) band is 1.331 0. 007.

The band due to v HZO) is very broad and poorly de-

2(
" fined in the spectra of the mulls (Fig. 3.4), §ince all
three mulling agenté'absorb within this region. The band
maximum is most clearly seen 1n the propane mull (Flg 3.2)
at a frequency of about 1650 cm -1 +30 cm 1. The correspond-
ing band-of the deuterate, vz(DZQ), has its band maximum

at 1225 Cm:l'fls_cm—l, and extends over the region 1050 to:
1300 cm™ ! (Fig. 3.5). The feur sharp features at 1283,
:3244.é, 129;;4 and 1137.3 cm ' observed on this band (Fig.

'.3;5) remain unshifted in the hydrate spectra and must be

due to trimethylene oxide vibrations. The exact shape of

101
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Fig. 3.6. The v g (H,0) band of structure I trimethylene
oxide hydrate (lgwer box) and the v D(DZO) band of structure
I trimethylene oxide deuterate (uppgr bGx) dispersed in
wulling agents at ‘95°K. .
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this band is uncertain due to mulling agent and guest
abso}ptioA, howevef the slope on the high frequency side
appears to be much s;eepex than that on the low frequency
side. The ratio of thé peak frequencies of v2(H20) and
v)(DZO) 15 1.35 10.05. "
The‘band due to vR(Hzo) extends from about 450 to
1000 mel and is somewhat more cémplex than the water bands

already described (Fig. 3.4). The maximum of the main band

1 and the half-width is 160 cm™'. The

is at 819 15 cm
sharp feature at 978.1 cm—] and the shouldérs at 991, 941

and 900 cm.1 are all 6learly 6bserved as bands at almost
identical frequencies in’the deuterate spectrum and are, thus,
assigned to trimethylene oxide vibrations. The feature at
713¥l cm—l i1s also éésigned to trimethylene oxide althougb

" it was not observed in the spectrum of the deuterate,

possibly because this frequency falls within the vR(DEO)

band (Fig. 3.5). The four broad, weak shoulders at

aﬁout 6;5, 577, 525 and 502 c;‘l are beliéved to be genuine
features%of the vR(HZO) baﬂd(

-

The corresponding band of the déutérate, vR(QZO), has
ints maximum at 611 5 cm ) and a half-width of 100 em™ ! as
shown  in Fig. 3.7. This band is uncompiicated by tri-
methylene oxide or mulling agent absorption and clearly
shows éfvery broad high freéuency shou1der‘at about 670 émm].
The gafio of .the peak freqhencies’of vR(HZO)rand vR(DZO)

is 1.34 *0.02. Using this ratio, the bands corresponding
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¥ig. 2.7. The v (DZO) band of structure I trimethylene oxide

deuterate dispersed“in .a mulling agent at 95°K. The dotted
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- ta the“four-broad weak low frequency shoulders observed

for vy (a 0) ‘would be expected at 458, 431, 382.and 375 em™ Y,

al] 8 cm- %, in' the deuterate spectrum In. the propane

mull‘of Fig.'3.3; two broad bands are observed at

451 t5 Em‘l'and;420 z;o_cm'l which agree well with the

predicted vaiues. The-region-between 350'cm71 and'400~cm“1

a

%Al° obscured in the ,propane. mull by propane absorptlon,

however in the propylene muLl (Flg. 3.3) a very weak broad

.Am

-barnd centered at about 375 cm -1 is seenY ‘The"assiqnment

of thlS band t to a real feature .of the v (D 0) band is

'tentat1Ve due to its broad weak appearance. The band

A v \«.
. predlcted at. 392 cm l, Presumably, merged. with the other éﬂ?

a

- bands (Flg. 3.5) . B e SE

i”; “’Overtone and comblnatlon bands of the fundamental

water v1brat10ns, dlscussed above, werevalso observed in

the spectra The second overtone 3v (H O) and-the combv'
ination’v'(H'O) + Ve (H O) are both expected at about 2250 cm -1

by comparlson w1th the spectra of  ice Ih (Chapter l) and -

ﬂothylene oxide hydrate (Chapter 1), and so the band observed

at 2235 cm =1 (Flg. 3. 2) JS a551gned to these two modes‘

Similarly, the broad weak band observed at about 1630 cm -1

in the deuterate .’ spectra (Flg‘ 3.3) 1is asslgned to 3v (D O)

0 k)

and>y2(D O).+ Y (D O)., The peak frequency 1sotope ratio
for; these bands 1s 1.37 to0. 03. . -

‘The OH and OD stretchlng v1brat10ns,'va(HDO) and
vos(HDO),hof isolated HDO molecules, ‘that 'is of* HDO"

-
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molecules surrounded by HZO or 020 molecules, were studled
in samples prepared from solutlons of approxlmately 4 and 10
‘mole percent of HDO .in DZO and approximately 10 mole perr
cent of HDO 1n HZO Although these water solutlons were
welghed qulckly in air, undoubtedly some 1sotop1c exchangeu
occurred and so the actual concentratlons are probably
about 6% and 12%’HDO ln D,0 and about 8% HDO in H,0. For-
_abrevity, these hydrate camples w1ll be referred to as 98%
D?O 95% DZO and 95% H2O samples. The band due to Vo (HDO)‘
of a 35% D. O sample has a peak frequency of 3297 t4 cm -1
and a half deth of about 155 cm l, as shown .in Fig. 3.8.

Thls,band also exhibits a poorly defined low frequency

shoulder at about 3237 cm-x. The_correspond&ng bandlxnot ,

‘ showr): from a 9&§'D20,sample was.ldenfical-except that the
Ahalf—width waslreduced to ahout 125 ém—l? The ‘band due to
(HDO) (Elg. '3.8) of a 95% H20 sample has a peak frequency
of 2439 x4 cm™! ana a half—w1dth of about 95 cm™l. This
band also shows a very sllght low frequency shoulder at
~about 2414 cm l, The ratlo of the peak frequenc1es of
(HDO) to Vo (HDO) is 1.35%° +0 Ol.

3.2.3 Absorptlon by,the Trlmethylene Ox1de Molecules

The absorptlon in the C-H stretchlng reglon of TMO

deuterate I is shown in Flg‘ 3 9. vThls reglon of the
i)

,spectrum was- studled u51ng the mulllng ‘agent Freon 13, whlch

e
- R 47

does not absorb in .this frequency range . The bandsare
seen clearly 1n the spectrum of the deuterate (Fig. 3-9).

whereas in the spectrum of the hydrate (Flg. 3 6), they
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" box) dispersed in mulllng agents at 95°K. The broad band
near 2225 wavenumpbers is 3v (H 0) and Vs (H 20) +»“R(H20)‘
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are superlmposed on the low frequency side: of the very

1ntense v H(H2Q) band. The stronq, broad-absorption observed
-1

r

(Fig. 3.9) at 2887.7 cmf¥ with a half- w1dth of about 15 cm

©

Ve is the third strongest guest absorptlon and it appears

clearlv at the same frequency in the hydrate spectrum Thef

9,~1s observed as a- weak

Pand in the deuterate spectrum and a poorly defined shoulder

L]

absorptlon at 2930 9 cm l; due to v

©

in the hvdrate spectrum, as is the case with the sllghtly

strong er- absorpﬁion at 2946 1 cm ;, due to Voo ' The second

strquest absorptlon in the C-H stretchlng region of the spec-

—
i — s

trum is seen at 2984 9 cm l.ln the deuterate spectrum w1th a g

-~

shoulder at 2973 cm’ l. The peak assigned. to v occurs at

ll
".29'83.cm~-l in the hydrate 5pectrum but the low frequency shoul-

)

der i1s not observed. The hlghest frequency guest band due to

19, is observed as a medlum intensity absorptlon at 3018 4

cm , w1th a half w1dth of about 8 cm l, in the-deuterate
Y o . N

spectrum (Flg. 3 9),_and-as a shoulder at 3019 cm?l in the_
hydrate spectrum (Figs 3 4 and .3. 6)

The bands due to the other C-H v1bratlons, namely the

o

deformatlons, thsts uags and focks are shown ln Flg 3LIO.

117 Vie a9 Vo3

. frequency scale of 50'&m’1 per 1nch whereas the remaining o

The bands due to v are presented with d
.bands are presented with a frequency scale of 20 crn_l per
Ainch. The bkand due to»v4 and vl4 has been re-plotted’ at

lO_cmé%_per inch from a spectrumArecorded at 50 cm -1 per

inch. The noise has been smoothed on-the bands due to

«
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v4 and vl4, 21 and v23, and was of the magnitude shown

o

111

-for theé-other bands.b .
Both V4 an’d«v14 are expected between 1400 and 1500 cm l,'
so both are assigned to the ‘only- guest absorption observed

in thlS region, at «1456. 5 cm } in the hydrateospectrum (Fig.-

°

3.10) and 1457.5 Cm -1 in the deuterate spectr , The half-
:)u

w1dths of these bands are about 5 cm 1.‘ A ve eak guestd

©

absorption a551gned to the CH2 twiSt JO’ is observed at
about 1283 cm ; in the hydrate spectra _(Figs. 3}2“ahd 3.4)

and the deutérate spectra (Flgs-‘3<3 and 3.5). Tt was,

however,ltoo weak to include ip Fig. 3.10. A weak absorpt-

ion due to vV, .1s observed at 1202.7 cm™! in the hydrate

© Spectrum (Fig. 3.10) and at 1201.4 cm™ ) in the deuterate

(8 .
spectrum._ The half—w1dths .of these bands could. not be

' measured rellably, but are about 6 cm I: “The absorptlon
due to le in the spectrum of the hydrate 1s shown super—
,1mposed on a broad band in Fig-. 3 10. Thls broad band is
due to the llquld propylene mulling agent;‘ The peak fre—
quenc1es 1n the hydrate and deuterate spectra are almost
1dentlcal at 1244.t and 1244 8 cm -1 respectlvely, and the
-half-w1dth is 5.4 cm 1;‘ The absorptlon due to v21 is
'seen at 1137.9 cm -1 in the spectrum of the ‘hydrate: and at
1137 3 cm -1 “with a half—w1dth of 3.1 cm % in the spectrium
‘of the deuterq e (Flg 3.10). ' Two broad; overlapping bands
atv831 2 and 846 0 cm: -1 -in the spectrum of the deuterate

(Flg 3 iO) are a551gned to ylz‘and Voo respectlvely. The

\ ;th of the v band:;s 10fcm_;. The,frequencies ]

22 P& N

half
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of these two bands are c105e to. the peak ‘frequency of .
vR(Héo) in the spectrum cf therhydrate{aand they were
not observedr The remadningvband in Figqg. ano, 923,-

is'observed at 713.1 cm‘] in the spectrum of the hydrate

and is absent in the spectrum of the deuterate, as noted

in Sectlon 3. 2.2. . Its half-w1dth could not be . reliably -

measured but it is about '8 cm‘l° ' A ’

.o

The remalnlng guest bands are due to v1bratlons of the

[

trlmethylene oxide rlng, and are shown in Fig. 3.11. The .

selcond strongest guest absorptlon is the band a551gned to

8 whlch is observeg at 904 9 cm -1

-2 cm -1 in the spectrum of.the deuterate (Fig. 3.11).

" with’ a halffw1dth of

The contour of this band was particularly suseptible to the

/

/

quality of the mull, ,and it varied between that shown in

i

curve A for a good mull and that shown .in curye&\ B for a

poor mull.‘ This strong band is reduced to a shoulder at

fabout”900 cm -1 in the spectrum of the hydrate (Flg. 3. 4)
“A Similar.susceptlbll;ty to thevquallty of the mull was
observed for the band at 940.9icmf1, Vigr in the spectrum
offthe deuterate (Fig. 3.11) . Curve AAshows theﬂéontour'

obtained from a good mull and curve B shows the one from

" a poor mull. The half-width for th measured from
theispectrum‘ofaa.good mull,vwas 6.0 > correspending
absorption of the hydrate is obse g #aculder on the

s . - /.
.vR(HZQ) band at about "941 cm l. Ti. Tv; ngest guest absorpt—u

o

_ion isibbserved atv978=l-c=m_1 in the spectrum of the -
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hydraté and at 976.8 cm—l in the spectrum of the deuterate.

(Fig. 3.11); A well defined shoulder is seen on the high

4
L \

frequency side of this band at anout 991 c:m_l in the

~spectrum,of the'hydrate and about 989 cm—l in thevspectrum

[

of the deuterate. Thtrt is also an 1nd1catlon of one,
or possibly two,’ poorl} deflned shou]ders to low frequency

of .the main band (Fig. 3.11). The half-width of this band

is 6.9 cm—l and the frequency dlfference of 1. 3 cm -1 between

the hydrate and deuterate is conSLdered to be réal The

two main features are assigned to v7 and vl7, and the

114

SpelelC aSSLgnment will be discussed 1n Chapter 5. Finally,

the ‘harpest guest absorptlon due - to. the ring breathlng

is observed at 1033 8 cm -1 in the spectrum of

mode ¥
. ! 6" s

AW

-3.3.1 Generai

1
~the—hvdrate-—and 1U33 6 cm 1n the spectrum of the deuter—
ate (Fig. 3.11), with a-half- ~width of 2.0 cm Y. The broad,

weak absorptlon obServed .to low frequency of V6 in Fig. 3.11

(s}

hasvbeen-dlscussed in Sectlon 3.1.
The sllght dlfferences in the frequenCLes of corres-
ponding trlmethylene oxlde absorptlons of the hydrate and

:deuterate. (Table 3.1), except in the one case . noted above

are w1th1n equrlmental error ‘and are, thus, not 51gn1f1cant.

3.3 Mld Infrared SDectra of Structure T Trimethylene Oxide

o

Hydrate in Pellets

~

- In order to 1nVest1gate the order dlsorder tran51tlon

’ ©
in TMO. hydrate I reported by Dav1dson etewal (54), it was
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o \ -V'-b Ll

€ _spectroscopic

T reyoe e e,

samplé between 75 and 135°K. The variationidf tﬁéf B

temperature of a sample dispersed in a mulling agent

within this range results in three different thsical
phases of thé spectroscopic sample: a mull with solid
mulling agent, a mull with liquid mulling ageht, and a

dispersion in vacuum of the hydrate particles after the

vaéorization of the mulling agent. The consequent changes

‘in the refractive index at the surface of the hydrate’

particles produce corresponding ch;nges in the amount of
light'scattered by the sample, which in turn alter the
apparent shapes of the absorption bands; These changes in

o

band shape are sufficient to make the study of the temper-

¥4*EEE;5~Eependence_of the bands impractical. It was for this

reason that the temperature dependence of the mid-infrared
spectrum of TMO hydrate I was studied using hydratevsamples
dispersed in an alkali halide pellet. .

The use of'péllets rather than mulls has the obvious

added advantage that there ‘are no uncertainties in’tha

spectrum due to absorption by the mulling agent. However

-fhe,uncertainty that can exist is-whetherlthe pressure

apﬁlied during the formation of the pellet has changed the

sample. Basically two methods were used to determihe

wﬁetherisuch a change had.occurred. In the first method

.the spectrum‘of the pellet sample, at about 95°K, was = .

compared with that of the mﬁll sample (Section-3.2) to

-



determine 1f there were any differences which could be
attributed to the pressure trcatmcnt. In the sccond,

method T™O hydrate I was subjectod to a normal pellet
pressurisation procedure without any pelletizing agent. The
restLting pellet Yas ground and the X-ray diffraction photo-

\
graphy and the inﬁrared spectrum in a.propane mull, of
the resulting powd%fed sample were recorded. ‘These results

were then compared to those obtained from TMO hydrate. I

that had not been subjected to pressure. Both the X-ray

N ~
o

photographs and the spectra of the second method showed
that TMO hydrate I was‘unaffected,by the pressure treatment,
and this was confirmed by the comparison-of the pellet and

mull-spectra of the first method. It should be emphasised

that the most definitive criterion‘is the comparison of the
pellet and mull” spectra in method 1. This is because, for

TMO hydrate II, method 2 indicated that no change in TMO

- »

hydrate II occurred under pressure,fwhile method lsshowed
that the pellet spectroscopic sample contained more hydrete
I than hydrate I1 {(Chapter 4). | » \
Once it had been established that TMO hydrate I was

unaffected by the pressure treatmdnt, 1t was necessary to

’

®etermine the factors which controlled the gquality of the
mid-infrared spectra of pellets;‘ he temperhturelat which
the pellet was made was determined by. the facts that TMO

hydrate I decomposes above -20.8°C while potaSSium hromide

and cesium rodide flow more effectively to form p\iiets~44r~f”j

"

e



~ )
. g 3
‘A

117

as the temperature is raised. A temperature of -40°C

was chosen. The thickness of the pellet was determined by
numerous trials. It was found that pellets over 0.5 mm

thick transmitted mid-infrared radiation very poorly, whereas
pellets iess than 0.3 mﬁ tgjck transmitted very well but
produced interference frinées in the spectta at the

2.5 cm—’l resolutibn that was desired. This was _most trouble-
some at frequencies below 1000 cm—], and often disappeared
@at higher”freqdencies. HoweQer it was found that 0.35 mm
thick pellets transmitted‘ah acceptable level of mid-infra-
red radiatioq,without causing interfetence fringes in the
spectra, so this thickness was adopted. The pressurisatibn

treatment is given in Section 2.5, and requires ‘a pressure

—————-0f-2506-bars.— It was found that the use 6Ff less than
2500 bars reduced tbe light transmission of the pellet,
however the specific combinations of pressure and time given
in'Section 2.5 are probably not criticel.

One pbint which was critical was the amwtbt of hydrate
used in the pellet. It was found that usiﬁg a wery small
amount ofzhydtate and employ;ng the variable scale expansion
option of the spectrophotometer gave much better spectra
than were obtalned withi a larger amount of hydrate, since
the latter resulted in unacceptably low background trans-
mission in the spectra.

Ideally the refractlve index of the hydrate and the

pelletlng agent should be eq’al sirnce in that case light

A d



. 11w
passing from one to the other would ndt b ot ter ed e
o
cttect ot a ditterence an refractave fndex wan oboerved by
comparing the spectra of THO hiyvdrate |oin potansrum bromide
and cestum todide pellbeta, The averaage tntrared retractive
index ot TMO hydrate 1o owas caloulated to Le about 1,48 trom
the refractiviticos of fce and Tigquid trymethy bene oxide
The dnfrared retractive indices ot potassium bromde and
ceslium iodide are close to their sodiyp-D line refractive -
-1

indices, 1.56 and 1.79, respoctively (85), and above 500 om
they are ossentially constant since these compounds do not
absorb in this reagion. The refractive index of the hydrat.e
changes on passing through an absorption band (86)% such that
the value to high fregquency of the band is less thon the average
,vqlue} and hence the difference between it and that of the
pelleting agent 1s greater than the avoraqo.valuo of the
difference. Thegrever3w4is true on the low frequency side of
absorption bands. Thus one expects more light scattering on the
high fregquency side of 6'MO hydrate I absorptionibands than on
the low frequency side for both potassium bromide and cesium
iodide pcllefs, with the effect being more pronounced for
cesium iodide pellets. This effect was clearly observed

)

in the spectra. . The distortion of the bands for cesium

todide pellets was guite severe, whereas the distortion for
potassium bromide pellets was gnly noticoablo,gor the stronger
bands, for which the change in refractive index is larger

than for the weager bands. It was, therefore, decided to-
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Axng no hydrate, whtch was made by the same technlque used . "*

119

use"potassium bromide as“the'pelleting agent:

[}

Anothercfactoruwhich-was critiCal for obtaining*the“

correct spectmum of TMO hydrate I from pellet samples was

+the dryness of the pota551um bromlde as the followlng

tacts and arguments ‘show. Inltlally pellets were made

with potaSSLum bromlde whlch had been pumped on a vacuum

Allne overnlght at room temperature and a pressure of about

L A
10 4 Torr. Part of Lhe spectrum of. such a pellet contain-

for maklng pellets contalnlng hydrate, is shown in the'

lower box of Faq.43 12 as curve. A<) It can- be seen that the

absorptlon due to t-he water molecules, centered at about
3450 tm 1, is extremely weak. The same req1on of the.
spectlum of a pellet ‘containing TMO deuterate I made with
pota551um bromlde\whlch had been drled 1n the ‘same way,~1s
qhown Jn Flg. 3 1z lower box, - curve C. ‘It 1s seen that

P

there is & very strong absorptlon centered at about 3300 (:m-~l

°

"which is not due to pure TMO deuterate I (Sectlon 3 2).

A broad absorptlon at this frequency is mos t probably due

to the O--H stretthlng .vibrations of hydroqen bonded water

molecules There are two possible sources of these K E *

<

hydrogen tontalnlng water moleCules.,extrlnslc lce,'and
traces of residual water in the pota551um bromlde.. The
-1

peak’™ frequency of about 3300 cm 1, cd”pared to about 3220 cm

etor'that of ice Ih (27), eliminates extr1n51c lce as the

——

’DOSSLble source and lndeed this is confirmed by curve.A

-
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58; C,'92,'7l;'lowerﬁbox, A, 55, 52; B, 57, 29; C, 69, 14,
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'Jene ox1de (Flg. 3.12, curveac, uppe; box) , whiCh‘was

of.Fige 3.12 which shows that extrinsic ice was not

© ° v

lntroduced In SLgnlflcant amounts lnto the pellet samples

by the technlque used. Thus lt was concluded that the' -
resldual water in the pota551um bromlde must have been the

'source of the 3300 cm ;‘absorptlon by the pellet contalnlng' o

the deuterate, even though the pure pota551um bromlde pellet

¢

'showed-extremely weak water absorption.

The Shlft 1n the peak frequency and. the enormous
enhancement im lnten51ty can be ratlonallsed in the follow-

1ng.way. It is shown in - Flg..3 8 that " the band due to the

\

isodated 0O-H stretchlng v1bratlon,'v (HDO), in TMO
, 1 )

deuttrate 1 occurs ‘at about 3300 cm .__Thls suggests that

<

LhE HZO molecules in the?® pota351um br&mlde exchanged with'

the DZO molecules of the deutarate to. produce HDO molecules

° o . o i

1in Lhe host ‘lattice of the deuterate, presumably durlng the"

pellet preparatlon at -40°C‘ It 15 well known (87) that

o

‘the ‘O—-H stretchlng v1bratlons of strongly hydrogen—bondedl

O-E groups absorb orders of magnitude more strongly than

_non hydrogen bonded O-H grqpps, and this . undoubtedly ) e

explalns the enormous. intensity enhancement

e 3

In addltlon.to <thls 1sotop1c exchange process, water e
in'thgbpotassium bromide can react with TMO deuterate.I to

o o ©

form some,TMO deuteraterII: Ev1dence that thls did, in

fact, occur is shown by the absorptlon by v, of,trlmethy~’

a

6

taken from the same spectrum-as curve C of. the lower qu.
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Thefstrong,band at 1033.5 cm—l'is due to v6-of trimethylene-
oxide in TMO deuterate I (Section 3.2), while the weak band

, 6 1n

TMO deuterate II (Chapter ‘4, Fig. 4.6). _ A SRR

at'1028c4'cm-£ corresponds,to,the absorption by v

The proof that the residual water in the potassium‘

.bromlde was the source of these effects, and the extent to
G

'whlch they were removed from the spectra to be presented

o - [+

- is ‘also shown in Flg. 3-12 Curves B were taken from a spectrum'-

-

of a pellet, contalnlng TMO deuterate I whlch was made

from potassxum bromlde which had been pumped on a vacuum .
> Y

llne at a temperature of 175°C and a pressure of about

o

10 STorr for'twq days. It can be seen that-the intensit{

of the vOH(ﬁDO)'band'has been reduced considerably,'and
-1

- that the TMO deuterate I1 band at 1028 4 cm. has been

o

essentially ell—m‘dn * Also shown in Flg. 3.12 is the:v
absorption by v7 ,vl7‘, Curves B and- C were taken from
the same spectra as the correspondlng curves 1n the other

.boxes. 'T™MO deuterate II absorbs strongly in this reglon

-at about 990 cm -1 (Chapter 4, Fig. 4.6) and the_presence

of some.TMO deuterate_II in the sample'responsibie for
curve C JS sho&n by theogreater 1nte;s1ty of this band
relaéiue to that of the band at 976.9 cm l*ln curve C_than_.
in curve B. The residual 1nten51ty at about 990 cm -1 in

6

believed'to'be due to TMO deuterate I; which'is.known to

curve B is, by comparlson with the result for the_v band,

absorb at this frequency (Section 3.2).

°



‘which was at least as dry as that used for curves B in

rable in the spectra to be presented.A'

It was therefore necessary to obtain a correlatloh'between

" the . temperature of the pellet and that of the cryo tlp.

123

All of the spectra reported in this chapter were

T recorded on pellets whlch were made freom pota551um bromide

e

Fig. 3 12. Thus, sllght re51dual contamlnatlon due to

the water in the pota531um bromlde was present in the

samples, but no 1nfluence of thls contamlnatlon is observ-
The fraglllty of the pellet SQmples prevented thelr

temperatures from being measured by the 1nsert10n of a

senslng device 1nto the pellet, and so the temperature of

the .Cryo- tlp,‘lnto whlch Was screwed the sample holder

contalnlng the pellet was measured using the platlnum'

resistance thermometer at sensor temperatures above 20° e

S

.

'Thls ‘was achleved 1n conjunction w1th Frances Bates and.g'
) Allan Clement by attemptlng to depOSlt varlous gases ‘onto
'a transparent pota551um bromlde pelletL The success of. the

~dep051tlon attempt was determlned by a VLSual lnspectlon

of the pellet ~The temperature below wthh a partlcular ‘

gas will depos1t was calculated from a knowledge of the”
'pressure 1n51de the cell and the vapour pressure‘of the

“‘compound. The gases used, and the" references for thelr

O

' vapour pressures, are methane (88), krypton (88),-

xenon (88) and carbon ledee (88) Temperature correl—”

atlons were obtalned w1th the cell evacuated to a pressure
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of less than 10'—4 Torr; with a pressure'of about:ld—léi
-Torr of air in the cell as: a heat exchange gas and w1th aA
pressure of about 10 -1 Torr of hellum gas in the cell as
a heat exchange gas.’ It was found that wlth the cell evac~

uated to less'than 10 =4 Torr, the temperature of the

"pellet dld not drop below 95 +lO°K, even when the tempera- -

ture of the cryo-tip was 4 K ‘as 1ndlcated by the fact that

3carbon d10x1de would condense whereas xenon would-not. 1t

was also found that air was a more effectlve heat exchahge

-1

gas than hellum gas. Wlth a pressure of -10 Torrfof air

and a sensor temperature of 50 °K, the temperature of the

v

pellet was 62 +4°K whereas wlth 10 -1 Torr-of.hellum-gas

.in "the cell,'a cryo-tlp temperature of about 20°K was

'required before the sample-temperature-reached 62 t4°K

- as determlned by the fact that krypton condensed ‘but- methane

'dld not. At sensor temperatures below 45° K, the air exch-

ange gas was condensed on the cryo tlp,‘and consequently

. the sample temperature rose to 95 +10°

'

The temperature effects observed 1n the 1nfrared spectra

were completely compatlble with these correlatlons.‘ The .

'spectra obtalned wrth about 10 -l Torr of alr;lnsrde the

_ cell‘exhibited a’reversal.ih”the‘frequency and half-width

_trends of both<the water and the guest bands after the

temperature of the sensor dropped below 45°Ke The result—

' ing trequenc1es and half—w:dths were about the same as those *

o

-obtalned at a sensor temperature of 100°K. - The spectra v



_4'

obtained:with a pressuré of less than 10 Torr in the cell

exhlblted the same frequenc1es and half—wldths for. all
&
sensor temperatures below 100° Conflrmatlon that these

effects‘were due solely.to a change in temperature and

not due to“a physicalitransformation taking place within
the hydratefwas obtained when, with a pressure of’lO_—1 Torr

1

of air in the cell, a 51m11a1 reversal in the frequency and

ha]f~w1dth trends was. observed at sensor temperatures below
4%°K for a potass1um bromlde pellet contalnlng naphthalene

All of the pellet spectra presented 1n this chapter

-1

- were recorded u51ng a cell contalnlng about 10 Torr of

air. At‘sensor temperatures below 45°K, the sample u
”temperature was’ taken to be 95 +10°K, and at sensor

'temperatures of 50, 75 85, 125, and 175°K, the sample

o

temperature was taken to ‘be 62 *4, 80 tS,~90.£5, 125 *10

I3

and'lTS +10°K

4

-1 of TMO

The infrared spectrum fromo300 to 4000 cm
_hydrate X 1n a potas51um bromlde pellet at 95 +lO°K lS
,shown_rn'Flg; 3.13, and thatwﬁor'TMQ deuterate I in a pot-—
assium bromide pellet at 95 th°K is shown in" Fig. 3.14.
The-spectrum labelled A iﬁ fig.u3.l3 is of a saﬁple cf
TMO hydrate I contalnlng 10 mole percent of HDO, ‘while the
sample of curve ‘B was made from normal water. The reglops
}of surve A which are not 1ncluded in curve ‘B are identical:

xln the normal ‘and the isotopically substltuted samples.

Botn the- spectra labelled A and ‘B in Flg. 3;14 were recorded

1

* T i .

125
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lfor samples of TMO deuterate X made'from 99.7% D20. -However,
as discussed earlier in thi*‘chapter, the-incotpofation of
a'>mall amount of HDO from the water in the pota551um |
hromide was unav01dable, even for the most strlngently
dxle%.pel]et sampies, and so these Eamples contained about
7 (cur&e A) and 12 (curve'B) mole percent of HDO (seqtion
3.3.2). - d - ’ |
The s;ectra-shown in Figs. 3.13 and 3 14 were recorded

at a reoolutlon of better than 5 cm -1 between 300 and 650
icm-l, and better than 2.5 cm” -1 betWeem 6§Oiandv4000-om‘;‘
The ftequenoies of the obeervedAfeathres at 95 t10°K are
];sted:in Table_3,2, withitheir estimated aecuracy and the
. aseignment. The;temperature dependence between'l75'and
62°K‘of the frequencies, half4;idths and peak heights of
'yhe.bamds due to mOD(DZO)y“vR(pzoj, VOH(HDO)"vbD(HDO)’-
guest’modes in TMO hydrate I and gueét modes in TMO
deuterate I are llsted 1n Tables 3.3 to. 3. 6 and are shown
in ¥Figs. 3.15 to 3 20 respectlvely.

. _The bands due to vR(HZO) and VOH(Hzo) are‘oot.partic_
urarly well defiaed in Fig. 3.13, and were not Observed
well in pellegs, for reasons given in the'next section.r
Ne&erthelees; the spectra of TMO hydrate I and‘TMO deaterate
'_I in mulls (Figs. 3.4 'and 3.5, Table 3.1) and pellets
(Figs. 3.13 and 3.14, Table 3.2) are sufficiently similar’

to leave no‘doubtfthat'the sample did not Cchange whilefbeél

ing pressed‘into‘pellets. 'Special features of the pellet

A



Table 3.2
'Frequencjcs of the Observed Features
in ﬁhe»Mid—infrared Spectra of .

xide Hydrate.and

Structure I Trimethylene

Deuterate in PotasSium Bromide Pellets at 95°Ka'

TMO Hydrate I | gAssignment ' " TMO Deuteratg'I
S v/em” T ’ v/cm_l'
~3438° sh . o ' .
3263 #29 vs, br ) vOH(HZO)_ )
~3122 . sh
| | vOH(HDQ)' E '; 3?98 $5 ms-
3o;s':z m . Vg (TMO) . 3017.1 +1 m
2982 2 ms . v, (TMO) 0 .2983.1 ¢1 m
2 x v;,(TMO)? 2973 42  sn
e 14 _

2946 t2  w ‘. Vo (TMO) 2948 2 @ w
2931 +3  sh | vg (THO) | S 2930 #2 . ww
2888 +2 s v,y (TMO) 2889.0 1 s

_ - ~ 2433 +15 vs,br
‘vOD(DZO)

. “ ~2367 sh

- ~2309 - sh



TMO Hydrate I

v/ém-l
~2550 sh
~2432 . _ sh

N

2443 15 5, br

. ~2425 sh

~2400'  sn

y.

2248 10 m

1645 $+10 s, br

1500 +20 wvw
© 1456.4 $0.5 m
1339 $2  vw

1283 +2 . vw
5

+
o

1244.0

1203.1

1l w
1137.6 +0.5 m
ld33.ﬁn§ 5 m
990.3 +

979.5

I+
o + o
IERT I VR
o
)
e e

968 +2

Assighment TMO Deuterate I
. v/cm;l

Vop (HDO)

{3QR(H20).
vy (H0) + vo(8,0) 2

. N
Vop (HDO)
3v§(H20Y. 'f ',;

"{VZ(HZOY +.vR(§20)‘

Av?(HZO)

'{3vR{D20)'v . 1634 +10 w.
v, (D,0) + v (D,0) S
v, (HDO) - . 1500 +10 v

“v4/v1;(TMb)v i 1457.3 £0.5 m
vs(TMO) 1340 té W
Vo (TMO) - ',,. 1283 2 vw
V6 (TMO) 1243.5. ¢1 w
vé(DéO) 1225 +15 ms
vll(TMO) '120}'14 vw
v, (TMO) 1136.9 +0.5 m -
vg (THMO) 1033.5 $0.5 m
_ - 989. 4 +1 sh
V7/Vl7(TM0) '978.i 0.5 wvs

sh

130 .
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TMO Hydrate I Assignment ) TMO Deuterate 1

A_ﬁ\)/cm“l ‘ \)/cm.-1
940 t5 sh Vg (TMO) ©940.3 #1 m
901 +5 sh vglmMo) 905.2 0.5 s
v22(TMO) - ,‘844.0 t1 w )
829 *5 vs, br Vg (H,0) - el
716 *5 sh v23(TMO) .
~670 sh
! 615 5 vs, br
vR(Dzo) .'

445 +10 YW
413 +10 “*vw.
616 t5 vw E

577 220 vw N vR(HZO)

498 15 W ’//\\\

a) vs = very strong, s = strong, ms = medium-strong,
m = medium, w = weak, vw = very weak, br = broad,
sh = shoulder.



Table 3.3

Temperature Dependence of the vOD(DZO)

and vR(DZO) Bands in thg Mid-Infrared

Spectrum 8f Structure I Trimethylene Oxide

Deuterate 1in Potassiudﬁiromide Pellets?

ﬂs‘i. VR (D,0)

613
614
95 615,
80 , 616
62 617

a) The units are: °K for temperature, c:rn_l

Av%, absorbance loglo

Avg

115

108"

105

100

99

FPeak

Height

0.310
0.367
0.386
0.410

0.427
o

I
T

vOD(DZO)

2445
2440
2437
2434,

2428

Av%

266

260

259
258

256

°> for peak height.

Peak
Height

0.803

0.870

0.§§6
0.91g

0.939

for v and .

b) Av% is the full width of the peak  at half height

o]
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T Temp.

175

125

95"

80’

a). The units are: YK for
To
abbsorbance loolo T/

b)

.\%

Yop

Tempéféthre Dopendence of the

(HDO) Bands in

‘and Hydrate in Potazsiu

(HDO) . gvbb :

H ) 3
2311 163
3302. < 159
3298 150
3238 150
3309 { .
3280 | 150

is thegfull width

the Mid-Infrarcd

. of Structure I .Trime: . lor

0207

0.230"

0.241

0.254°

0.261

\;3‘\: 1\

Bromiioe

dHe1d 1}_’¢“Sk)D(II Q)
) i

2448.

2444

2443

2443

2442,

- S -1
uemperature, cm-

for peah helght

Y OH

[
e

“of tho pg@\ at half helght

.....

3 L
QHDO) and -
'Qpebtra'
”e;tegateA
Pc;;etsé
b‘ ‘Peak’
Av% Helght
92 +0.138
87 0.158
87  0.171
86 ¢.171 .
§5. " 0.179
for v égd-gyg,

2,
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Table 3.5

Téméefatpré Dependénce of Cuest
Feétures in the_Mid—Infrared Spectrup.
'éf Structure I Trimetﬁylene Oxide |
e HYdratea_in Potassium Brémide Péliets{'

S :  Peak : - Peak’
-‘Temp:A ﬁy7/vl7 . AY% Helghf' ' v6_" “Av% _ ?e}ghﬁ

2

(S

175 981.0  10.1  0.236. - ° 1034.6.. 3.7 ' 0.051

;125 4 980,2' 8.4 o0.284 1694,2 S 3.3 . 0.079
95 .:'éjé.sA, 7.6 . 0.339 "ioéa.é 2.7 30;102 ' ’
8o 97b.of‘ 7.4 0.366 1033.6 C2.7 7 '0?;09’&5
62 - 978.5 5.3'"-0.374: 1033.4 2.6 0.119
LT b .'P??k' ' . p. . Peak
Temp. "v2l‘f. ,Ay% B He;ght VlS_ " A?¥. .>§elght
175 * 1137.8'_-4-3  g.022 12§1f1 “ 9.5 0.020
125 1137.6 3.4 “o.038 1243.1 . 6.8  0.036 |
95 1137.6 3.3 0.050 1244.0 5.7 % 0.057°
80 113706 3.2 0.055 ©  1244.3 4.9  0.065
62 1137.6. 3.2 © o 0.061. - '1244.8 4.4 - 0.081 .

Y? N
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. o ) © ° ° e ©
_ o - bh‘ Peak - ° , =% o T,
o & N : o o » : 5 A .
Tepp. \)_4/\)l‘4 A\_)Lj Helggt : R oo ] . (
- 175  1456.2 6.2 . 0.025 D A
= - . <« 7 e N L ° ) e s, "
125 . 1456.3° 5.8 0.028 © s S A
. . D " i v o o S 0,;-,. = RS ) o
95 1456.4, 4.9 " 0.040 s T T e e L
80 ' 1456.4° 4.8 l0.040 2.
e ° o T 2 R Lo e U
62 . 1456.5 4.6 - 0047 . . .0 . .
- < . ) . Q o - ’ ., ¢ <
v [=] 5% "» o o . ”0 5 o :)
) o @ " ‘9 o v, o . <
[ N 4 N ° ® uo o0 Q 3 -°

a) The unlts are: °K for temperature, am } Ffor ° v and Av

. o a o, !5 PR - °
‘ DR § . . ce . .
_oabsorbance <loglo 0) for peak heLght. °

I
‘njﬂAv% fs fhe=full wrdgh of ‘thé peak at half nelght. )

o o
e 4 o s g a . >
<. - ° EE . L. D - o [ 2 s

N : 3 . ° o EA -

° I . ) . 9.

o : - o
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Table 3.6 .
. ) 0 t
- Temperature Dependgnce.6f_Guest.Features~iﬁathe
Mid-Inféared Spectrum-of StructufewlﬂTrimethylene
P : o : “ o a . ) . . N
, . Oxide Deuterate in Potassium Bronide Pellets 2
° Peak - @ . b Peak <
Vg Qv%A_c Helght o " Visg Av% -Hélght
A T - . : e
175 906.3 % 9.7 0.104. 937.7 13 0.013 .
7125° . 905.6 7.2  0.163 . ©939.9 9.9  0.029
95 g65.2 6.4 0.203 1940.3 7.6  0.044,
80 '904.7 - 5.6  0.248  940.6 5.9  0.064
- %62 904.4 5.2 0.285 . . 9 ..5.3  0.084°
5 a K . o ; . ) .
o o o o . Peak . o p. Peak
:tgpp. y7/v17 A\s;5 ~Height . ~; Ve, A\);5 > o Height
-2 17y 979.8 11.8 0.419- 1034.2° 3.8 0.064
-125-  978.7 '8.8° 0,519 .° .  1033.8 3.2 :0.093
95 9781 - 7.9 0.622 °©  1033.5 2.9 0.114
80 9731 7.6 .0.673 - °©  1033.2 2.6 - 0.135
62 . ° 976.9 7.6 .° 0.69%5 . 1033.0 2.4  0.146
) Y v >



-Temp.

175
125
95
80
62

Temp .

175

125

62

Va1
1137.5
1137.1

1136.9

1137.0°

1137.0

V13

2891.8
2690.0
" 2889.0

2887.4

o

2886.2

b\)lA

‘2982.5:

2982.9

12983.1
.2983.7

. 2984.1

16.0 .

5.0

14.2

12.8°

- 12.8.

Peak
Heigpt

0.023

. 0.035

0.050

0.059

 0.069

Peak

'Height

0.101

0.134-

0.151

0.197

0.216

Peak

vHeighf

. 0.043

.0.057

0.067
0.083

0.097

v

ALV

1456.8
1457.1

1457.3

1457.4

1457.6 -

2951

2949 .

2948
2946

2944

19

3018.3

3017.9

3017.1

3016.9

3016.3

Y

13.0

9.4

7.0

7.0 .

Peak
. Height
0.030
0.043
0.053
0.064
0.072
Peak
Height
'0.003
0.008
0.012
0.021

Q.032

\ Peak:
..\Height

. 0.0013
0.02

- |
0.023-.
0.032

0.037

137
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o b Peak - " ‘ : Peak
- Temp. v16 éy% mﬁg;ghL : -sz »Avg Helgpt
,55"'71343;5' . — 844.0 "
90 1244.5 e A — - 844.1 2, _ ;
.62 1245.1 4.4 = ——— 844.9 10.7  ————

o

a) The units are: °K for temperature, em™ 1 for v and Av%,
e R 2 o : : .
absorbance (loglo f9> for peak height.

'
-

b) Avy is the full width of the peak at half height.
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175° K
125°K
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-175°K
125°K
-80°K |
62°K

1

i L

2600 2400 2200

5
Fig. 3.15.

offset
respec: .
33 (8, 1:

vy

The v (D 0)

parenthesis)

v: left beox,

22) .-

v/cm”!

1
700

1
500

s

.L"
. 600

.

‘ p (D> (Left box) and v, (D,0) %:ight(box) .
bands of stru turg‘I‘ trimethylene oxide deliterate dispersed
in a KBr pellet at 62, 80, 125 and 175°K. The makimum and ~

minimum percent tramsmission of the 62°K band and the raised

of the 80,
95, 10 (11,

125 and 175°K bands are
24, 34[;-right~box, 88,
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-
.2 1 I S
E 1250 1230
B .
O . ) :
|
- 175°K A oo T
- : ‘ 175°K
125°K .
§ 125°K
5 : .
o 80°K "80°K
62°K" . 62°K
““\if/”ﬁ? Vg
N W lQ 1 4 1 . R 7 1 A 1
1000 980 960 1040 -~ 1020
o ° v/em) ©

. Fig. 3.17. The guqst bands of structure I trimethylene oxide
hydrate dispersed in a KBr pellet at 62, 80, 125 and 175°K.
The maximum and minimum percent transmission of the 62°K
bands and the raised offsets (in parenthesis) of the 80, -
125 and 175°K bands are respectively: vélé 82, 71 (3, 5, 7);

Vg/Vy4s 69, 56 (3, 4,:5); v o, 83, 68 (5, 9, 13); v /v .,

.78, 28 (11, 23, 31);vv6, 82, 62 (7, 12, 15).
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175° K.
125° K
80° K
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' 62°K

E
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c

o

R
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SR 1 [ SR S B L
3020 2980 4940 2900 - 2860
v/cm™! |

Fig.. 3.18. The C-H stretchlng bands of structure I tri-
methylere oxide deuterate dlspersed in . a KBr pellet at 62,
80, 125 dnd 175°K. The maximum and minimum percent trans—
missior.at 62°K is 73 and 44, and the raised offsets at

- 80, 12 and 175°K are 16, 12 and 15 percent - transmission
respectively. ; .

-
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\ . 175°K
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175°K : .~ BO°K
~— 950K / ,
- ' 62°K
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. 90°K
[ - .
RS :
4 - 62°K | -
Z 4
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i ég 1 . L P
1240 1230 . 1140 1130
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<
|
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a ~ 175° K
- 125°K
80°K
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850 830 - 1460 1450

Kt | ‘ ) V/Cm~]

Fig. 3.19. The non-ring bands of structure I trimethylene
oxide deuterate dispersed in a KBr pellet at temperatures
- between 62 and 175°K. The maximum and minimum percent
transmission .of the 62°K bands ‘and the raised offsets (in
parenthesis), in order of increasing temperature, for the
bands at higher temperature are:"le} 67, 59 (4, 9, 14);
vji, 73, 62 (3, 5, 6);vv22, 81, 71 '(3, 7);.v4/vl4, 86, 72
4, 7, 9). - '
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Fig. 3.20. The ring bands of structure I trimethylene oxide .
-deuterate dispersed in a KBr pellet. at 62, 80, 125 and 175°K.
The maximum and minimum percent transmission of the 62°K
bands and the raised offsets (in parenthesis)of the 80, 125
and 175°K bands are respectively: 08’ 87,'45 (12, 20, 24);

V1g- 88, 73 (4,78, 11); vy, 82, 58 (10, 17, 22); v, /v .,
86, 17 (16, 33, 47). |
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spectra are discussed in the remainder ,of this chapter.

The spurious band at about 1025 cm-l, discussed in
Section 3.1, was less evident in the pellet spectra than
in the’mull spectra. It has been ignored.

3.3.2 Absorption by the Water Molecules

In order to observe the features of the vOH(HzO)
band witH the correct relative intensities, as shown in
Fig. 3.6, and to observe tne temperature’ dependence of the
band, a pelletkEQntaining an extremely small. amount of
TMO hydrate I was prepared. The resulting spectrum clearly
showed the presence of TMO hydrate II. This amount of
TMO hydrate II, which resulted from the residual water in
the potassium bromide (Section 3.3.1), was normally insig-
nificant in comparison to the amount ef TMO hydrate 1
present, UnfOrtunately'this~was not the case when such

a small amount of hydrate was ln the pellet. Therefore it

was decided not to present a frgureﬂﬁﬁow1ng the tempenature

dependence of this band whlch was, hqyevér, qualLtatxvely

similar to that of the vOD(DZO) band (Flgw 3 15) 1n”that

ol -
L '5\

the features were broad at 62°K and brgaaenedﬁfurther w1th
1ncrea51ng temperature.; The- frequencxes reported ln

Table 3.2 for vOH(Hzo)gwere obtalned from samples whlch
absorbed too strongly to‘
sities, but which gave con51stent frequenc1es of the features

N

The temperature dependence of the band due to’ Vo (D O)

a4

'%1dsthe correct relatlve inten-

is shown in Fig. 3.15. VThe band changes from being fairly
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: -1
symmetitire with o peak trequency of abouat 2049 cm and a

: -1 . 4
halt-width of about 266 o at 179 7K, to beang asymmeta e

‘\” ] - . .
with a4 well resolved high cduency Shdulder, o poeak

frequency ot about 3428.&m“l and a halt-width ot about
- ] .
256 cm ! at 627K (Tablae 3.131). The band at 95K (Flg. 31.14)

is esgentially identical to that scen in the mull (Fig. 3.6)

except that 1ts poeak troquency 109 \‘m—l higher ('l‘dl)l(‘l:»

e A
3.1 and 3.2). This shift 1s smal), X‘(/‘ldt lve to the breadth

of the peak and similar small, 1n this sense, shitts to

high frequency were noted Jor many of the bands in the

:;pv:tfd of pellets (Tables 3.1 and 3.2) .« They are attrib-

uted to opposite retloction and scat tering ef focts (Section

3.3.1) 1n the peilets than in the mulls, since the refract-

ive indices of thc.mullinq agents are between 1.29 and 1.38 ¢
o v

(85, and are, thus, lower than that of the hydrd
(e}

nad
much lower than that ot potassium bromide (85) . The
frequéﬁci@% of the gigh}frequoncy shoulder and the two low
froquenéyushoulders on the vOD(D2O) band at 95°K (Table 3.2)
agree well with thbse dbta;ned from a mull ( Table 3.1)

?he broad band dueyto v2(H20) is sﬁown in Fig. 3.13.
It extends from %275 to 1850 c:m—l and has a peak frequency
©f 1645 +10 cm ' and a half-width of about 295 cm™ ! at
95 K ?Table 3.2) .7 A bﬁoad, weak shoulder is observed at
about 1880 cm_l (Fig. 3.13) which is also present in TMO
deutcrate I (Fig. 3.14). It {; gnlikely.to be a guest

"absorption, because of its brcédth, and the fact that it

iz,
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vccurs at the same;frequency in both the hydrate and deuter—A

o

ate spectra makes 1ts a531onment to a real feature of the

-1

v, (H 0) band 1mpos51ble. The sharp absorptioniatel456.4 cm

2
and the very weak bands at about 1339 and 1283 cm -1

:(FJQ. 3. 13) are due to the guest. The exact contour and
:peak frequency of the v2(H O) band were not clearly defined
by tae mtll£spectra, and so the pellet spectra have provided

,add tlonal 1nformatlon. The band due to v (D 0O) in a

pellet at 95°_ (Eig. 3.14, 7Table 3 2) is essentlally ;_3it;

N

‘i-yldentlcal to that observed in the spectra of mulls (Flg. 3 5,

“rable 3 1). 'The temperature dependence of these bands was
”lnot studied. - ’ |
:The detalled study of the VR (H 0) band (Flg. 3.13) in
ﬁ“.the pellets encountered- the dlfflculty descrlbedqabove for
the o (H O) band. Tbus the detalls near the band maxima
(Fig. 3. 4) were not. well deflned in the spectra of the
pellets,"and the detalled temperature dependence of thlS
- band will not be glven.‘ However, the features near the\
peat of the band became\less well deflned as the temperature:v
- © was raised to 175°K so the top became smoother and more
symmetrlcal.u The band maximum is at 829 tSJcm‘l at 95°K
= :(Fig, 3<135 -10 cm-'1 higher‘than in the spectra of mulls
a becau’e of reflectlon and scatterlng effects (see above)
The half- yldth at 95°K is 175 cm 1, in good agreement with
the value(obtained from the mu}ls. The broad, weak features

at 6.6 and 577 cm—l, which were seen in the spectra
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of the mulls (Fig. 3.4, Table 3.1), are confirmed in the -

spectra of the pellets (Fig. 3;13; Table 3.2), but the
: — B < - : S o ‘
gfeatures at S md 502 cm 1 (Fig. 3.4, Table 3.1) are
< W o o TR ' :
¥hgledbroad band at 498 *15 cm %v(Fig._3.13,

breplaced b

;Table 3.2) .

‘The temperature dependence of the:vR(DZO) band is

shown 1n Flg. 3.l5l Thlsqbroad band.thh'a peak frequency'
.of 613 cm’}rand<a half—width.of 115'cm—1 at'l75°K,vsharpens

on coollng to 62°K to a band w1th a peak frequency of

617 cm L’ “1 (rable 3.3).. The
‘presence of the'hlgh frequency_shoulder-at 670'cm_1 at.

“and- a half—wldth of 99 cm

95°K (Figs. 3.7Aand 3;14)>was'more evident at lower
temperatures. Bread weak features were seen in the spectra
of mulls_at‘ASl, /420 and 375 cm -1 (Table 3. l) 'The flrst
CtwWO are,ccnfirmed in-the Spectra;of the pellets (Tablé*3,27
-fig. 3‘14)- but the thlrd very weak one could not be
fclearly 1dent1f1ed ’ ThlS may be because‘thls spectral
reglon shows the effects of the changlng‘refractlve index
?of “and absorptlon by, ‘the pota551um bromlde. —

The broad banﬂ assmgned to 3v (H O) and VR (h o) +
uz(HZO) is rather better deflned in the spectra of the

pellets than in those_of the mulls, because of theyabsenoe
R - . : . - N A .

of the weak absorption by the mulling agents. The peak
occurs at'2248 cm_l (Fig. 3-13{ curve B, Table 3.2),
‘13 cm-l hlgher than in the spectra.of the mulls, with a

half w1dth of about 300 cm 1A definite, broadeshoulder
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. R : v
is observed“at‘about_2432 em L

-1 . oo L -1

: . i - o
ibly at: 2620 to 2670 cm ‘The shoulder at -apbout 2432 cm

4

coincides with the Vo (HDO) band (Flg 3.13,) curve A,lTable

o

3. 2).with;n measurement error but 1ts intensity appears; °
«to be tOOXgreat for 1t to arise from the 0.03 mole percent

of HDO molecules ine- normal water Y If it is a genuine

Y

feature of ‘the overtone and comblnatlon band, it would be

=3

expected -at aboutil770 cmvl in the spectrum of theddeutpr;:‘
:ate. UnfOrtunately the over€one and.combination band'is'
very weak 1n.the spectrum of the deuterate and - lﬁ was not )
possible to obtain good spectra from a pellet whlch con-a

D

'talneo enough deuterate to yleld a sufflclently intense

band to enable the presence of a shoulder at l770 cm -1 to be
: observed -Thus, the asslgnment of the shoulder ‘at about -
Lj2432'cn}'~‘l to a feature of the comblnatlon and‘overtone

) band must remain unproved. The band due to 3v (D O) and
{v (D O)%& vZ(D O) in the spectra of the deuterate in pellets

is -seen rath li re clearly than in the spectra of ‘'mulls,

at about 1634 am -1 (Flg. 3.14, Table 3.2), with a half- ..

Hldth of about "85 cm- l. The temperature dependence of °
. il < - . ~ ~
these bandSowas not studied ' ’

The temperature dependence of the ‘band due to v (HDO)

1s shown in Fig. 3.16.. The - symmetrlc band at 175°K w1th -

. a peak frequency of 3311 cm’ -1 and a half-width of 163 cm -1

becom%s a slightly aSYmmetric‘band at 62°K with a peak
'frequdnoy-of 3309‘cm-l,‘abshoulder'athabout 3280'cmflkland

[y
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with a second shoulder poss— -
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a total half—w1dth of 150 cm t (Table 3.4). Since this

‘band arose from the res1dual water: in the potassxum bxomlde,

! °

i;t-ls,necessary to compare lt ‘to the vOH(HDO) band
_obeeryed }n.the spectra ot mul;s} in order to obtain an
estimaée of the cencentration of Hao molecules.o Qomaarieon
of the peak height of this band in: the spectra of pellets
‘and‘mulle,urelative;to the.peak height of the v?/yl7 gueSt
‘ band, showedbtnat the molar concentration‘of HDQumolecules

in the sample ysed for Fig. 3;16 was 10%, and in theﬁsample
used for.curves A and B pof Fig.b3-l4 were 7 and 12%%_reSpect—
ively. The peak frequency ot this" band in the pellet
spectrum at 95K (Table 3,,) is the same ae that obtalned
from a mull (Table 3. l)' ° |

' The temperatuxe dependence ot the band due to Vo (HDO)
- is shown 1n Fig. 5516l‘ fhe featureless band ‘at 175°K with

-4 peak’ frequency of 2448 cm ; and a, half—width of 92 cm_l
. becomes an asymmetrlc band at 62°K with a peak frequency
of 2442 em™! and a half-widen of 85 cm "1 (rable 3.4).
Below 1250 K, three shouldexs become apparent- a high frer-
quency shoulder at about 2550 cm l,va shoulder at about
2425 cmfl, about 18 cm t to lowrfrequencyﬂof the band
maximuhyband a;yery broad'bhoulder centered at about

- )
2400 cm-;l ghe frequency of the band maxlmum reported

. .
from the spectra of mulls (Table"3.1) is within 4 cm ¥ of”
the one obtained from the pellet at 95°K (Table'B,Z),

A comparison of the vOH(HDO)'band obtained from the

IFEe
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mu’j‘lls (Fig- 3.8) with that -from pellets (Fig. 3. 16)‘ shows
that the dlStlnCt asymmetry of the band obtained from the
/mulls, due to the low frequency shoulder at about 3237 cm 1,'
.1s absent at all temperatures 1n the band obtalned from
the pellets - Also, this asymmetry is eSSentlally absent
.invthe:v (HDO) band obtained from the mulls (Flg. 3. 8) .
‘Thus, it is probable that the low frequency shoulder on
- the vOH(HDO) band obtained from the mulls 1s a result of -
' reflectlon and scatterlng effects. sSuch effects have been
prev1ously noted (27) for the correspondlng band of HDO
hice. A shoulder at about’ 3280 cm -1 ~1s seen on the Vo (HDO)_“:
band (Flg. 3.16) aE 62°K, and this corresponds to'the-
shoulder at about 2425_c'm“l on the”v (HDO)hband at temp-
eratures belo&ul25° iFié 3. 16) The latter shoulder
- cquld not be deflnltlvely Lndentlfled ln the spectra of
mulls~ but the spectrum (Flg 3.8) is consistent with the
exrstence of a shoulder at about thls frequency. Flnally,_
‘the verv‘weak shoulder at about 2550 cm-1 on the Vo (HDO) J
band obtalned from the pellets'(Fig. 3.16) was not present
- -on the‘LOD(HDO) band in the spectra of the. mulls (Flg.,-'B);'
and also a correspondlng shoulder on® the J’ (HDO) band E
obtalned from the pellets (Flg. 3 16) was absent. Thus,,
the a551gnmont of this shoulder to a real feature of the
ba;d must rerhain tentatlve | |
The only remalnlng absorption by water molecules ls

" centered at 1500 cm—l in spectra of hydrate and deuterate



samples containing about 8 mole percent (Flg. 3. 13 ‘curve A)

‘and about 12 mole percent (Flg.-3 l4 ‘curve B) of HDQ, and

oecame weaker at lower HDO . c0ncentratlons (Fig. 3. l3 curve

k)

B; Flg. 3.14, curve;A). It is assigned to‘vz(HDO) ﬁ'

3 -3. 3 Absorption by the Trlmethylene Oxide Molecules

The bands due to trlmethylene ox1de'absorptlon in tne:
spectra of TMO hydrate I in potassium bronide (Figs. 3.13,
3.]4 3.17 to 3.20) are essentlally ldentlcal to those 1n
| the spectra of mulls (Flgs. 3.4, 3 5, 3. 9 to3.11). An

5exceptlon is that the C- H stretchlng bands . of TMO hydrate

I are resolved much more clearly in the spectra of pellets N

(Fig. 3. 13) than 1n the spectra of mulls (Flg.‘3.4).‘ These
fbands are superlmposed an the broad O-H stretchlng band,

and it is belleved that dlfferent reflectloncand'scatterlng
&f s ects in the mulls and pellets are the source of this-
dlfference. A further exceptlon is that the very weak

vband duekto Vg at about. 1340 cm -1 in the spectra of pellets
(Table'3~2; figs. 3;l3, 3 14) was not observed in the '
bspectra of the mulls. The weak Vl2 band at 831.2 cm” -1 in
lthe spectrum of the deuterate‘(Table 3. l, Figs. 3. 5 3 10)
could not be clearJy observed in the spectra of the pellets,
because of overlapplng, Weah absorptlon by v (HDO) The
frequencies of the guest absorptlon in the spectra Of the
pellets at 95°K (Table 3.2) .are t&e .same as in the spectra»
of the mulls (Table 3. l) within experlmental error, WIth"wf

4the exception of those bf the very strong bands due to

a

e f
(30

a
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v7/ 17 at about 978 cm Iy which are 1.3 to 1.4 cmf1 higher
in the spectra of Lhe pellets As was discussed in-section
1.3.2 for the water absorption, this differenée.ds undoubt~
edly due to reflection and scattering effects.

The'frequencies Of,the guest.absorptiqn in peilets 'byh
the hydrate are the same as those by the deuterate at 95°K
(Table 3.2) within'experimentai.error, except for those ‘
of the strongest queet band; due to v7/vl7,-which differs
_by 1,4'cmfl, with the hydrate band tovhighdfrequeneyi This
nand is-superimposed.on the high frequency tail.of the =
Vg (H,0) band‘in the spectrum.of the hydrate, and'thisiie.
undoubtedly the'cause of its higher frequency -

The temperature dependence of the medlum and streng‘
Lrlmethylene oxide absorptlon‘bands of TMO hydrate I is
shown in Flg. 3.17, and the frequencies, half widths and 41wl
peak heights are listed ianaple‘B-S. The temperature |
dependence of the,absorption by the C-H stretching v1brat—
ions in the spectrum of the hydrate was not studled, and
the othe: band;'whlch are not’ lncluded in Figqg. 3 17 “and
Table 3.5 are elther too weak to yleld useful results or
are shoulders which d1d not develop into- peaks with
decreaSLng temperature - The temperature dependence thall
except the very weak quest bands-of TMO deuterate I are "

shown in Figs. 3.18 to 3.20 .and the parameters are listed

,ﬁgﬁn Table 3.6. The te pelature dependence of the frequencxes
. ”"-f% .

©0f the guest bands wag determined by Agggvthe;hand at

.

3
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e'.h temperature with respect to'the same fiducal marker.
When the bands were sharp and well.defined, their frequen-
cies could be heasured in this way with a precision (repro-
ducibility) of £0.2 cm™) below 2000 cm™! and 0.4 cm™?
aboveﬁgooo omfl. However the accuracy of the frequencies
depends on;theraccuracylwith which the frequency of the
fiducial marker 1s known,;and this is only $0.5 cmf% below
2000 cm"1 and *1 cm_l'aone_éOOO cm“l.

The-flrst point to note is that no marked changes occur
‘bfor any of the guest bands between 175 and 62°K. All of
the bands become sharper and increase their peak heights
'upon cooling,.and seven bands decreaSe their freqoenoies
”whlle five increase their frequenc1es on cooling. No clear
slgns of abnormal behav1our between 125 and ‘75°K are evi-
.dent. Several shoulders become clearly ev1dent in the
Spectra an coollng the_samples towards 62°K. These may be

seen ‘at 2912, 2973, 2978 and 3000 cm ! in Fig. 3.18, at

1134 om™ ! in Figs. 3.17 and 3.19, and at 896 and 968 cm-l.
/in Fig. 5.20;~ In all'cases, their,increased prominence
at the lower temperatures appears to be a oonséquence
ksimply of the decreased half—width of:the neighbouring
bands. C(ertain bands show sllghtly dlfferent Lemperature
dependence in the spectra of the hydrate and deuterate.
bThe frequenCLes of‘the«bands due to \ / 14 and v21 are

essentlally lndependent of temperature in the spectra of.

the hydrate, while that.ofval‘decreases slightly, and that
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of vd/vl4.increases by 0.8 cm~1, qn cooling the deuterare
irom 175 to q2°K. More notireably, the shoulder due to
v,/v 4 at 990 cm” 1 remains‘a shoulder aslrhe hydrate is
cooled.to.62°K (Fig. 3.17), while it develops into a definite
peak when the deuterate is cooled ro GEOK (Fig-. 3.20).. The
~cause of these differences is'uﬁdoubtedly the water absorp-
‘tion which underlies-iq/v14 and~v7/v17 in the spectrum of
the hydrate and VZl in rhe spectrum of the deuterate (Figs.}
313, 3.14). For the v./v . band of the deuterate, the
emergence of the peak at 989.7 em”1 at 62°K from the shoulder
observed at the higher‘temperatures (Fig. 3.20) appears to
be olely'a consequence of the smaller half- w1dths of the
“bavnds at the lower temperatureA A

~The trends of the frequency ohanges with temperature
for the bands due to le and Voo (Table 3. 6) anthe deuterate
spectrurn are consrdered to be rellable, although the
absolute values of uhe frequenc1es at the hlgher temperat—
ures are dlfflcult to measure due to. the broad, weak nature
of these bands. '~ .

3.4 Powdervx—ray Diffraction Pattern:of Structure I

Trimethylene Oxide Hydrate
Powder X-ray diffraction.photographs were taken of
all samples of TMO hydratend and TMO deuterate I to ensure

that the correct phase had been obtained and to determlne

its purity. The two best photographs of different sampleq;

of TMO hydrate I were each measured twice to determine the dlft—

. !

raction parameters The inside and out51de dlameter of each



&

4
diftraction circle was measured with an accuracy of +0.1 mm.
This data was supplied to the programme POWDER, w.rit.,tn.\n in
this laboratory by S. Sunder, which cal-cu.ldtos the mean
diametor of cach clircle, the COI‘I.‘(;‘S})()'IIU.Lllnr]b 20 value of the

¢

reflection and the interplanar spacing, J. Thus, four

.

set’s of 20 and d valuces wore obtained.
by ;

The 20 and d values were ifdexed using .the relation-

ship for a cubic system,

- . D S S T
< a? d2 ’

where h, k and 1 are the Miller indices, d 1s the value

of the interplanar spacing and a is the unit cell parametor.

-An approximate value for the unit cell parameter, obtained,

. . .

during the indexing procedure, was refined for ecach set.

P

Q

o data using the programme DREFINE (89). Fhis prograumy

agcepts the indexed experimental 2¢ values, the initial

s

set of-unit cell parameters and the wavelength of the

X-ray radiation, and then refinés these unit cell parametors

by a least squares mothod until. an optimum fit between tho
calculated and experimental 29 values is obtained. Four

values -of the unit cell paramcetoers weore obtained in this
‘ . . . R “ .O ' .
way and averaaged to yvield thé value 11.95 +0-.027°A, where

o

"0.02 A indicates the range of the values obtained.

N

he powder NX-ray diffraction pattern of- TMO hydrate I

at 100 $20YK is aiven in Table 3.7. The calceulated inton-

. e .
sities (do) wore doteormined from the structure. tactors ot
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Table 3.7

Powder X-ray Diffraction Pattern
o * of Structure .l Trimethylene Oxide

 Rydrate at 100 $20°K

Observed®* Observed

Calculated® Cllculntcdb' d Calcylatcdb’ 4 Observed®’ a a
o

Index _Intensity d_Spacing (A) 29 (°) 28 (°) ‘; q_Spacing (;) Intensity
110 14 8.4%0 10.47 10.51 «(1) .42 (D) "47
200 2 5,978 - . ©14.83 '
210 4 <0.01 . 5.344 16.59 . 16.63 (1) 5,331 (4) 4
11 10 4.979 10,18, 18.19 - (2) 4.878 (6) 12
220 . s 4.225 21.03 21.00 (1) .23 (1) 6
" 310 12 . 3.77y . . 23.54 23.56 (2) 3.776 (4) 25
222 49 3.450 : 25.8) 25.81 (1) 1.452 (@ 63
120 “s4 T 3.4 26.90 26.90 (5) 3.315 (6) 74
121 100 3.194 27.94 C 27,96 (5) 3.191 (6) 100
w0 ) 2.987 - 2991 S 29.88 (1) 2.9%0 (2) 14
<10 23 2.8398 30.85 30.86 (4) 2.997 (&) 22
a1y ‘ ‘ i " e
JJO} 1 2.017 . 31,77 31.80 (3) 2.814 () 12
<20 0.7 2.672 _ 33.84, . -
a1 10 2.608 4.3 T 34038 (o) 2.608 (3) 21
132 s 2.540 35.23 35.25 (8) 2.546 (6) - . 8
@z, 0.7 2.439 ¢ ‘ 36.95
430 2.3 2.3%0 37.63 37.58 (6) © 2.391 (4) 3
sto 2.3 2.34% 38 38.43 (5) 2.342 (3) ‘s
T3 - - . -
s 8.6 . 2.219 . 40.66 40.64 (2 1.220 (1) 17
521 1.2 2.182 4a1.38 '
4“0 “0.04 2.112 42.81 a
413 w ‘ os1 (1 9
s3 . : 2.049 44.19 44.16 () 2.051 (1) 2
sn .3 2.020 4“.87 . .
::’g} €4 1.992 -~ 4s.54 45.52 (3 1.992 (1) 7
€10 2.4 . 1.965 . 46.21 -

611 . s : 3 . ’ X .
s 13 1.938 “.07 4623 () 1.940 (1) o2
€20 1.0 1.899 ) 48.16 . " . .

540
‘u} 2.5  1.%66 48.80

.

a) Integrated intensity ‘for flat-plate camera, calculated from I <[(1 « cosIZO)/lxnzﬂcoaﬁ]cotleprz,
whwere p is the multiplicity factor and F 13 the observed structure factor from (36).

. . °

b) Calculatsd from a =~ 11.9% A N ° \ . -

€) The average of four measurements. The figure in parenthesis is the standard deviation in the
last ‘figure.

; ' o
€) Cu K, tadiation, wavelength « 1.5418 A.
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ethylene oxide hydrate at -25°C (36), and the observed
intensitiei‘were measured as peak heights on microdensito-
meter traceg., The calculated 26 and d values were obtained
by suéplying the programme ZTHETA,"written in this labora-
tory by R. J. Lamont, with the averaged uhit cell parameter
given above and the wavelength of the X-ray radiation. The
observed 26 and d values are a&erages of the fdﬁr sets of
values obtainéd from the”photogpaphs. |

The powder X-ray diffractien pattern of TMO deuterate I
was identical with that given in Table 3.7, within experi-
mental error. | |

For comparison purbosés, X-ray photogzaphs of ice and
solid trlmethylene oxide at 100 4‘ZOC’K were qlso obtalned.
The diffraction pattern of ice'is WeLl known (82) and Qill
not be reprdducea hefe, but that of trimethylene oxide has
not been reported pfeviously. Thus, the 28 and, d values
of the observed dlffractlon lines (Cu K radlatlon, wave-
length 1. 5418 A) are bresented in Table 3. 8 for sole
trimethylene oxide at 100°K. The unit cell size:and'the
spacetgroup‘aré hot kr. wh,.and ho_atteﬁpt was made to index.
the observed pattern. |

-~ . h : ’ T ¢ B -~
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Table 3.8 UL qu;%e’

e

‘ o g

Powder X-ray Diffraction ‘Rattern

of Trimethylene Oxide at 100 +20°K

- Approximate
- Observed Observed . Observed
d Spacing (;)\)b _ugg_LilE Intensigya
1.938 46.892 | w
1.979 (1) 45.86 (5) w
2.010 (1) 45.12 (4) ‘ w
2.120 (1) ' 42;64 (2) W
2.160 (3) . 41.82 (7) ’ w
2.188 (1) o 41.26 (3) m
2,407 (0) 37.35 (0) \
2.627 (1) | 34.13  (2) m
3.000 (6) 29.78 (6) m
3.174 (0) ~ 28.11 (0) m
3.554 (1) | ~25.054 (6) ' s
3.912 (1) |  22.734 (7) m
4.387 (4) 20.24  (2) - s
a) s = strong, m‘= medium, w = weak,

b) The d spacing and 26 values are the averages of two
measurements of one photograph. The figure 1in
parenthesis 1is the deviation from the mean in the
last figure quoted. cCu Ka radiation, wavelength =

o
1.5418 A, was used.



Chapter Four. Mid-Infrared Spectra of Structure II

Trimethylq@e Oxide Hydrate-

Q

4.1 General

The results ot the study of the mid-infrared spectra
of MO hydrate 11 will be presented in this chapter. . The
spectra obtained from samples dispersed in mulllng agents
are considered to he reliable since they were obtalned
using a well established teahnique (48, 49) . Iln contrast,
the spectra obtained from potassium bromlde pellets con-
taining TMO hydrate II are considered to be suspect from
A comparison with the_ spectra of mulls, and therefore
they will only be mentloned briefly in this chapter. . The
general (omments of Sectlon 3.1 concexnlng the mulling
technlque are equally dppllcable to the work presented in
this chapter. The mid-infrared spectrum of TMO hydrate Ir
was not ‘studied in the same detall as the spegtrum of
T™O hydrate I; however the results presented here are
believed to be accurate and attention will be draﬁn'to
any uncertainties-that exist. .

Tt was concluded in Section 2.1 that the level of
impdxities in the commercial trlmethylene oxide that was
used was jinsufficient to cause an observable effect in. '
the spectra of the .hydrate. ' The remaining pOSSlble
sources of con;amJnatlon are 1ntr1nslc ice, extrigﬁaé‘

Jce, solid trlmethylene oxlde and TMO hydrate TI.
R A
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Inspeetion-of the trimethylehe oxide—water phase diagram.
(?ig. 1.3) shows that durlng ‘the’ preparatlon of TMO hydrate
‘lI (Settlon 2. 2),,1ce is formed'flrst, followed by a mix-

Bl

ture’ofATMQ hydrate II end 4MO hfdrate I.. In order to
remove this intrineie'ice;’the eamp}es‘were annealed et-
wﬁ8°c for;about.two-weeks to allow the ice torreect with
the Tho’hydrate”l which is uhstabie at this-tehperatdre,
‘to glve TMO hydrate II. Further inspectioh of the phase.
’dlagram (Flg 1.3) shows that a sllght excess of water
_would result .in intrinsic rce remalnlng after the anneal—
1ng-process, ‘Althoughfthe trlmethylene dx1de ang waterm,
;Qeré careﬁuliy4WeighedJ<the powderjxfray‘diffractiend
QPQQtographe reyealedgthet‘a very smell,>censtant amount of
'intrinsic'iceQWae present in the TMO hydrate IIbsamples.
dThe concentratlon of the trlmethylene oxide was 1ncreased
for one Sagple to 1 TMO.16.4 H,O, however, thrs sample -
"also‘contalned Lm§r1nsﬂc ice as well as-some-TMO hydrateJI;V
The amount of 1ntr1n51c 1ce in the samples was. extremely
—emall judglng by the 1nten51ty of the dlffractlon llne,

fand 1t w111 be argued later’ that this 1ce had .no effect on

the spectra presented. thrlnslc 1ce-waq essentlally ellm—

1

inated by. paylng careful attentlon to tebhnique as‘discussed
Sin Chapter 3. The. powder X-ray dlffractlon photographs

rand the 1nfrared qaﬁgtraﬁigd4sated tuat solid trlmethylene

4

oxlde'was not pre$Ent in any of the TMO hydrate II samples.-‘

. { . Contamination by TMO hydrate I wae readiiy identified .~

-

3 9"»4_ -cx
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!
in the powder X- ray dlffractlon photographs by ltS lntense
line with a 28 va]ue of 10 5° (Sectlon 3.4) .  This. contam?
“ ination was also observed in the 1nfrared spectra, and
“this is illustrated in Fig. 4.1 which shows the spectra
lbetweeny960’and 1010 cm ™1 of unconéaminated'TMO hydrate I : *
(curve Al TMO hydrate II contaminated by TMO hydrate I
(curve B) and uncontamlnated THMO hydrate lI (curve C) The .
‘weak low frequency band in curve C Has a peak frequency of
973.2 cm -1 whereas *the strgng gﬁndﬁrn curve A, wﬁach is
the most 1ntense guest baﬁd i theﬁspettrum of TMO. hydrate 1
.(Chapter 3) has a peak frequency of 976.8 cm l. ThlS‘
freﬁGEhgy dlfference of 3.6 cm -1 provxdes strong eyidencé
that the weak band in curve C'is not due to TMO hydrate I.
Thls 1s conflrmed by the peak frequency of 975 9 cm -1 for

the weak band in curve B, as would be expected for a

TMO hydrate Il sample: sllghtly contamlnated by TMO hydrate 1:
e

,Aig‘hg the spettra "to be prnsenteﬁ in thls chapter are of — ‘
4 \

"L

sﬁmpres that' were as pure as the one used for. curve C of

Flg 4.1 and thus, they how no-observable effects of

LS

‘ contamlnatlon by TMO hydrate I. hd

4.2 Mld Infrared Spectra g%gﬁtructure ITI Trimethylene,

Oxide Hydrate in Mulls

~a v

g The lnfrared spectra between 300 and 4000 .cm -1 of

[t

TMO hydrate Ix and -TMO deuterate II at 95 +lO°K are shown
. Syt -
‘in Flg 4.2, ‘The main spectrum in each case, labelled A,‘

was obtalned from the spectrum of a pfopaneﬁm%ll by _ L ‘ﬁadl
! ’ ’ - ‘)‘ N ¥ ‘ ) ' < ‘bg" . ’ .. . ‘ #j} "24 .' ...‘ >:G;:;Qj:.," : - - -. ’ ) i .
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ig. 4.1, .The‘v7/v «bénds’of>unCOnt3minaféd structure I

trimethylene oxide ﬁéZterate_(curve'A)' structure II tri-
methylene oxide deuterate contaminated by structure I tri-
methylene- oxide deuterate (¢urve B), and-uncontaminated
structure TI trimethylene oxide deuterate (curve Cc), dis-
persed in a mulling agent at .95°K. The maximum and mini-.
. mum percent transmission of-each curve. are: A, 90,.20; ‘
‘s, 60, 32; c, 89, 50. . : = . - ' T
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) .
' ébscured by the propane absorption.> %fted lines lndlcate

. resolution of better than 5 cm % between 300 and 650 cm T,

removing the peaks due to llquld propane.‘ Curves B ai
T for TMO hydrate I1 were taken from spectra of a large -
'amount of sample mulled with propylene and a very small

amount of sample mulled with Freon 13, respectively. For

165

TMO deuterate II, curves B, C and D were taken from spectra

of the following samples: curve B, a propane mull; curve‘

C; a very small amount of deuterate mulled with propylene,

curve D, a Freon 13 mullvcontalnlng about the same amount
of. deuterate as the mull used for curve A. The dashed
lines indicaﬁggthat{ after inspection of spectra of

propane, propylene and Freon l3vmulls, the’Spectrum of the

0

sample is believed to approximate the dashed contour

although that reqlon of the spegg&rum ﬁsed for curve A was -

o

that the correSpondlng reglon of "the spectrum is uncertaln

"due to the® masklng of weak guest bandsg whlch are expected
..‘ "'w\'z 7 %’
in these- reglons, by the propane absorptlon. For the

reglons above 2800 cm_l, spéctra of Freon 13 mulls gave the

a -

absorptlon by the samples, as 1nd1cated by the addltlona]
Lurves., »CompOSLte_spectra,_such as were preseﬁted in
SectiOn‘3.2:ly have not been made, because insUfficient
spectra wereﬁtaken to assure that the composite‘spectra
wou%é have the desired deoree of reliability.

- The spectra shown in Fig. 4.2 were recorded at a
-1

and better than 2.5 cm ! between 650 and 4000 cm~ 1. The
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frequencies of the observed features,rand their estimated
accurécy, are,listed_in Table 4.1 together with tne ass-
ignment of the features. The tempe%gture of the Sanples,
as discussed'in.Section 3.5; was' 95 $10°K.

4.2.1 Absorption by- the Water Molecules

The band due to vOH(H O) is shown in detall in F1g
‘54 3 and extends from 2860 to 3700 cm l. It has a peak
frequency of 3224 cm -1 _with a well defined- hlgh frequency

c qﬁ" more poorly deflned low ;
.;- 5
Agﬁﬁ'_.

it BIkggcm‘ . The half-width of

a~shoulder’at 3335
F

frequency shouldgf

. The band due to v '(DZO)
. 3) extends from 2100 to 2800-cm l.'vThree mexima,
2423 and 2343 cm 1.-'The£é is

frequency shoulder at about 2285 cm . l.

‘The hdlf~w1dth of the overall band(ls'about 285 cm l.

The ratio of the peak freguency.of vOH(Hzo) to theygeak

lfrequency of vy, (D, O) is°1.33l £0.00S°, IR -3
The'b d band -due to v2(H O) was pooriy definedﬁin |

this work (Flg 4.2). It extends from eoout 1200 to I900

l”énd has a peak frequency of about 1650 em™ 1. The band

due to v, (D,0) extends from about 1050 to 1400 cm™l. che

om -

details near the hand maximum were not well-defined in this.
work, so the peak frequency is only approx1mately known.
However the band appears tb slope steeply on ‘the hlgh
frequency side and gradually on the low frequency 51de,

+&8 1s the case for v > (H 0), and such a contour would placeA“"*

5

the band maximum at about - 1225 cm l.; The ratio of the
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Table 4.1

Frequericies of the Observed Features'

in’ the Mid-1lnfrared Spectra of

C Structure II Trimethylene Oxide . ' >
Hydrate and Deuterate in Mulls at.95°k? , : Px
~ . M
"'I‘MO”‘aiydr‘a.Le II -. Assignment _ TMO ‘géuterate IIr .,
4_____\)/‘<:'m—l . v/cm_¥‘“
~3335 sh . !
3224 4 wvsy pr voy (Ho0)
~3116 sh ' -
| Y .\SOH(HDAO) - 3274 +5 s," br
2995 5 sh , Vg (TMO) 3 0 2997.3 t1 m .
2966 .10 sh - v, (TMO) . 2976.9 t1 m
. A 2,,(5,4('1‘1\40)? 2968 t2 sh
' 2950 t3 ‘sh
2935 +10 sh v, (TMO) 2943 2 m °
vo(TM®Z 2930 3 “sh @ W
— v, (TMO) 2895 t5 .sh
2879 12 w v g (THO) L 2881.2 t1 s |
; 5 . 1\;,:,'

12488 10 s

2423 -#3 vs?&ﬁr

v (D,0) .
02 2343 $10 vs

~2285 " sh



' TMO Hydrate IT
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u

TMO Deuteratée TI-

weak, w = weak, br = broad, sh,=
b) Observed as.a shoulder on absorpt

Assignment
. v/Cm—l- 3 \)/cm—l
2419 5 s, bx yoa(?DO)
. : 3vo (H,0),
2241 30 m, br { VR :
o ]vz(uzo) + VR (H,0) -
~1659 im, br VZ(HZO)
3v_(D,O),
.{ R2 1642 +15 mw, br
vz(Dzo) + vR(DZO)
. ‘\l .
1234':19 w Vg (TMO)
” o . vz(DZO?, ~1225  .m, br
1138 #4P vy, (TMO) 1137 5 . sh
1088 2 nw Vg (TMO) '1028.1 $0.5 mw 3(
990.9 i1 m . _— ‘989.5 0.5 s !
N ' S Vg/vi5(TMO) . N B
974 5 gh ) . : l 973.2 1 mw
938 $10 sh 'vlswrno) 937 5 mw
900 ‘5 sh Vg (TMO) 903.1 $0.5 m
844 vs, br
’580 J mw 'vR(HZO) .
519 +10 w ‘
. 632 +5 vs, br
Vg (D,0) 476 £10 w %y
430 *10 w
Aa) vs = very strong, s = strong, m = medium, mw = medium-

sheoulder. ,
ion by the mulling agent.

o
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Fig. 4:3. The voh(nzo)'band;of structure II trimethylene

oxiée hyd:ate'(10werfbox) and the vOD(Dzo) band'Qf structure

[y

II.t;imethileng oxide deﬁterate (upper box) dispersed in

A'mulling agentssat 95°K.
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peak ffequencies of vz(HZO) and v2(DZU) is about 1.35.

‘The bana due to VR(H20) cytends from éﬁout 500 to
1050 ch;l (Fig. 4.2). The maximum of the‘main band 1is at
844'cm-l and ig has a halé-width of about 150 cm“l. TQO
broad, low"fxéquency bands‘a;e obscrvoq at ébout 580 and
5197cm-l. The band due to, vp (D,0) (Fig. 4.2) shows a
composite SLrucLuro similar to that of vR(HZO}, with ; main

band at 632 — and two weak bands at 476 and 430 cm L.

The half-width of the main band is about 100 cm~Y* 1f the

two weék bands at 476 and 430 cm—1 correspond to those at
580 and 519 cm ' in the spectrum of the hydrate, .the iso-
topic frequency ratios are 1.22 and 1.21, respectively;

these are sibnificantly‘lower than the isotopic ratid of

bands, which

the frequencies.of the main maxima of the'_vR

is 1.34. ‘'These isotopic freqdency ratios are large enough
to conflrm thHe a351qnment of the weak featurei‘to VR
vibratlons, but are sufficiently different from the expected

value of about 1.34 to cast doubt on the above corres-
pondehce;

The overtone and combination band assignédﬂté 3vR(h20)
,anduvR(Hzo) + vz(HZO) in.the épectrum of the hydratet(Fig.
4.2) was éoo}ly defined in this work, howeuv:r, the corres-
ponaing\band in the speCtrum of the deuteratc (Flg. 4. ?)\was
‘rather better definhed. - The hydrate band extends from
20063to‘2700 cmjl,'and‘haq a peak ﬁrequency of about
 224; cm;l. The band appearq asymmetric wlth a sharp low

«



171

frequency slope and a gradual high frequency slope. The
corresponding band in the spectrum of the deuterate has a
peak frequency of 1§42 cm—L: extends fron about iSOO to
2000 cm_l, and shows the same asynmerry exhibited by the
nydrate band. '~ The isotopic frequency~ratio for this band 1is
alhout 1.36. .

The O-H and O-D stretching vibrations of isolated
HDO molecules were studied  in samples prepared - from
mixtures of 2 mole percent of H,0 F! D,0 and 5 mole
percent of Dzo in Hzo. The sllght isotopic exchange expec-— |

ted to'occnr during the preparatlon of the samples should

have resulted in both*solutions containing abouyt 5 mole

percent of iNO. The band due ‘to Yoy (HDO) is shown in
Fig. 4.4. 1t has‘ frequency of 3274 em™ L and a .
half-width of abouf em” 1. The band due to Vop (HDO)

(Fig.'4{?) has a peak freduenoy'of 2419;Sf:iyphd a half-
width of about 75rcm‘1. The broad band ‘to low frequency
of_the vOD(HDO) band in rig. 4.4 is the overtone and
combination band discussed earlier. .
| It was mentloned earlier (Sectlon 4. l) that an extremelyey_\\;
small amount of intrinsic lce was present ln the samples
of TMO hydrate I1 and TMO dcuterate II It has been found
in previous studies (48, 49) that smalil amonnts of ice
meurlty can have a profound effect upon certaln reglons;
of the Spectra of - glathrate hydrates and deuterates.f ThlS

ra

:s of particular concern to the-present study, since the
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Fig. 4.4. The Yo (HDO) band of structure Ix trlmethylene .
oxide deuterate’ (lowe& boéx) and the v (HDO) band of . LI
structure 1I trimethylene oxide hydrate (upp_ ' RIS
containing about S percent of HDO d§§
agents at 95 K.. .
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frequencies of all of the bands due to the water vibrations
essentially coincide with those of ice lh (27). For the
following reasons, it is Lelieved that the icé impurity

was present in sufficiently small conc;‘.‘ations to have

no observable effcct on the spectra #7" ted.

Small amounts of intrinsic ice}ﬁﬁggrity in samples
of hexamethylenetetramine hydrate anﬂ Heuterate which
contained 10 mole percent of HDO wege Cclearly identified
by the presence of the vOH(HDO) and vOD(HDO) Egnds of
ice Ih at 3277 and 2420 cm™! (49). Thesc bands were
clearly visible at ice concentrations that were too low
to affect the bands of H O and D,0 at all (49). lDuring
the study of the mid-infrared spectra ot the structure I
ethylene oxide hydrate and deuterate (48), it was found
‘that the tops of the YoH (HDOJ- and vOD(HDO) bands became =
PoOinted-and their half- widths decreased markedly when
small amounts of intrinsic ice were present. rAgainj this.
~ was clearly seen atiice concentrations that were too low

to affect the bands due to H.O and D O. Unpublished work

2 2

by Frances E. Bates on the structure II hydrates of cyclo-
propane and tetrahydfofuran provides further evidence of.the
effect of intrinsic ice impurity. The samples of tetra-
hydrofuran hydrate contained no 1ntr1n51c ice whereas those
of cyclopropane hydrate 11 contained significant amounts

- of intrinsic ice, as determined by powder X-ray diffraction.

The f&equenCies of the vOD(HDO) bands of both hydrates are



174

close;to that of HDO ice. The effect of the ice is to
shegpeu the top of the \Y D(HDO) band of cyclopropane
hydrate* IT and reduce its half-width to about 44 cm‘l, com-
pared to the yOD(HDO) band of tetrahydrofuran hydrate,
which has o half-width of about 75 cmul. '
ComparisonAof the contours of the vOD(HDO) bands of
tetrahydrofuran hydrate, which contains no ice, and TMOA
hydrate 1I, shows that they are very similar, and the
half-width of both bands is 75 cm-l. There was no sharp-
ening at the tep ef the vOD(HDO) band of TMO hydrate 1T
relative to that of tetrahydrofuran hydrate. Thus it is
conc%uded that the extremely small amount of ice iu‘the
- TMO hydrate II samples had no observable effedt on the .
vOD(HDO) band. As stated abovej the HDO bands have beeh

found to be the most sensitive ?ands in the spectra of

3 . .

clathrate hydrates and deuterates to the presence of .
lntrlnSLg tce impurity, so rt 1§ argued thaﬁ the other-bands
due to water vibrations in the spectra of @Md hydrate-I]f
are also unaffected. This conclusion is supported by the
contour of the Vo (D O) band (Fig. 4.3) of TMO deuterate‘:II|

which is dlstlnctly different from’ that/gf ice Ih ( 7)

/
4.2.2 Abso ptlon by the Trlmethvlene Oxﬁde Molecules

The ‘bands due to the C- H.stretchxng v1brat10ns in
!

TMO hydrate Il are-shown in Fig. 4,3las weak shéulders‘on
the low frequency side of the vy, (H, O) band. They are

seen more clearly at essentlally the same frequencxes
. i
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L T
(Table 4.1) in thn Spcctra oz TMO deuterate 11, as'showﬁ in

Fig. 4.5. The hlghn t ﬂrequrncw guest bangf V197 has a peak

_frequencxfof 2997.2 cm ! and a, half-width of about 7 ﬁm ..y

.2

The band duec to ‘1

freguconcy shoulder at - about 2963 cm l.‘ The overdll half-

widtn of this band is aoout 11 cm;l. The band at 2943 cm_l,

is at 2976 9 cm™t (Fig. 4.5) and has a Low"

Lo - . L. . : _ =1
due to “ogr f1as a-high frequency shoulder at 2950 .cm 7,

: L S ; ' -1

-and a low freguency shoulder at 2930 cr 7, which 1s very .
_tentativelv assigned. to v

I

9" The overall half- w1dth of 5

Yy
this band is about 14 cm“l; The Becondtstrongest guest
. ‘

13'
Ahigh frequency shouldé; at about 2895‘cm—1 (?ig,‘dmay,

band, has aupeak frequencry of‘28§i.2 cm?l_énd a broad

The half-width of tnls band after approx-
imately Subtractlno the absorptlon due td.;zg“is 15 cq-}.

‘The wealk band at about 1234 cm'l:-wld, in the spectrum

‘assiagned to ”2?

¥

of the. hydrate is not present ln the: sptctrum of the deut—

blerate, undOubtedl/ due tp the oresence of 2 (D 0) (Fig. 4.2).

The sﬁou;der atjabout llB?lbm—l;

,r

Vo in the deuterate spec&~- °
.. " : _l

rum (Fig. 4.2) was alsd_obserVed,'as a shoulder at 1138.cm ,

Superimposed;on'mullihg agent absorption in the hydrate
Epectrum. Tt has been omitted from the hydrate spectrum

(Fig. 4.2), because its true shape and relative intensity

-
v

are unclear.

The threce strongest guest bands below ZOOO;cm l‘in the
spectra of TMO deuterate II are shown in Flg 4.6. The o
band due tb Ve has a‘peak'frequency of 1029 cm—l in the

aa

hydrate speiotrum (Figl 4.2) and 1028.1 cm—l in the deuterate
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3

spegtrum;(Figl.4.6).'iThefspurious absorpt'onlat about T

1025 cm—l has already been dlscussed in Qec ion 3.1 and

‘ J i
‘the dashed line 1nwF1g. 4 6 is belJeved to be a gOod approx-

lmatlon to the contour of the v6 band after thls spurious

i

ﬁabsorptlon hasabeen removedlﬂ The band due\to Ve is the
sharpest ggast band inithe spectrum; wlthhg4half7wldth-of
3‘cmTll(Figl.4.b).v Thetstroncest guest band,‘v7/vl7,_is.
at~98§l5 cm_l ' the deuterate spectrum (Fig. 4.6) Qnd'at
990.9 cméi in the hydrate spectrum (Fig. 4.2). The\fre?

" quency difference is marglnally s;gnificantl' The half¥\'
; ‘ i ; : ; ‘

width of this band in €he spectrum of the.deuterate is

4.S’cm-l.“_The broad bandp V7/Vl7’ located at 973}2 cm“1

(Fig. 4,63 in the deuterate spectrum occurs as a shoulder

o

at about 974 cm™t (flg.‘4 2) in the hydrate spectrum ‘The

Ay ' N

Specifjc ﬂaslgnment Lof" these two absorptlons w1ll be dlS-

,cussed in Lhapter 5. The absorptlon by vy 8 appeared only
. ~
as a poor]y deflned shoulder at 938 cm -1 in the Spectrum

- .0 -

. af the hydrate, dnd was partlally obscured by propane':‘

“.absorptlon in the spectrum of the deuterate (Flg. 4. 2)

The frequency of thlS band 1s, therefore,'only poorly l

known (Table 4 l) and its’ half—w1dth is unknown TheA

only remawnlng guest band va,_observed durlng thig study

is clearky seen at ‘903.1 cm—l in the . spectrum of the

deuterate (Fig.\Z.S). The half—w1dth of thlS band is 8.6. cm 1;
however the low freguency tall whlch 1s due to reflectlon

effectsyﬁpromably affects the-half—width.~ This.strong band
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is present as a .shoulder at about 900 ‘cm ~15n the hydrate

spectrum \Flg. 4. 2)

The bahds due to<v4, vl4, le" ll' 22, 12 237

* which were observed: 1n the spectra of the structure I hydnate,.

'andsv

were not ob,erved in the spectra of TMO hydrate II and -
deuterate IT This was undoubtedly beoause of thelr 1nher—"
-ently weak nature, although 1t 1s possxble that the band

“due to'v4/ 14 mlght have been observed 1f spectra 'of Freon 13

- — T

mulis'contaJnlng aqvery large amodht of_hydrate sample had
fbeen recorded,‘ The only guestvfeature that\was ‘seen in the;
spectra of the structure IT hydrate that was not seen in
"the spectra ¢f the structure I hydrate was the shoulder abt

2895 cm v (Flg. 4.5) a551gned to v The reason that-

2° *xv
this feature was not ‘seen ln the spectra of the structure I »

hydrate was undpubtedly due to the presence of the very N

s

‘strong Vlj fundamental whlch was only 7 cm, -1 to low fre—

quehcy of vé in the spectrum of TMO deuterate 1, whereas"”
1t was ]4 cm -1 to low frequency of<v2.1n the spectrum.of
TMO deuterate 1I. )

4.3 Mld Infrared Spectra of Structure II Trlmethylene

- Oxide Hydrate in Pellets. o '“Lj‘, 7
TMO hydrate IT and TMO deuterate'II were pressed into-

pota551um bromlde pellets by . the method descrlbed 1n

Sectlon 2 5. Comparlson of the mld—lnfrared spectra of

these pellets w1th the spectra of TMO- hydrate and deuterate I,

showed that substantial conversion td\TMO hydrate I and
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TMO deuterate I had tahen place. Clear evidence of this
cngersicn isvshown in,rig.'4.7;1 gor'the case~of v7/vl7,
the middle Curve, labeiled‘I + II, was obtained from a
‘potaSSLum bromide. pellet at 95°K prepa;ed from TMO deut~
erate 1T, the top curve was obtalned from a mull of TMO~
deuterate T at 95°K, and the bottom curve was obtalned
from'a.mull of TMO deuterate I at 95°h. “COmbarison of
- these curves clearly shows‘that the peflet from which
. the mlddle ¢urve was obtained, contalned a mlxture of TMQ
deuterate I and TMO deuterate II& The high frequency bands
of the dedle and bottcm curves both occur at 989, S cm l,

. dnd the lov frequency bands .of the mlddle ‘and top curves
>Occur at 978.1 and 976 8 cm -1 respectlvely._ This small
- dlfference 1n frequency is due to the difference in the
lirefractlve 1ndex of the mulllng agent and the pelletlng
agent (Tables 3. l and 3.2). o _ >‘ _ —

Further ev1dence of this conver51on was Supplled by rﬁ\

'._the band due to vs‘ ThlS band in the three spectra from

which the v / l7‘_bands were taken is shown in Flg 4.7,
where they are presented in the same order as the v7/ lf
bands. .The dashed lrnes exclude the spurlous 1025 cm -1
absorptlbn. The conver51on of the sample from whlch the
mlddle curve was obtalned to TMO deuterate I 1is even more
7tlearly 1nd1cated by the vé bands than by, the Y / 17 bands.
" The hlgh frequency band -in the mlﬁdle curve and the band

.

in the top curve both oecur at 1033.6 cm 1. *The low
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PERCENT TRANSMISSION

.

: Y% B
| 1 1 I G | |
1000 , 980 , 1030 1020

e : : zv/cma-l

v

Fig. 4.7. The. v7/v and v_ bands of: (I), structure.I tri-
methylene oxide deuZerate in a mull; (I «+ II),.-a‘KBr pellet
made from structure II trimethylene oxide deuterate, (I1),
‘structure II trimethylene oxide deuterate in a mull; all

- at 95°K. The maximum and minimum percent transm1551ons OF -
the bands are: left box-' I, 90, 20- I+ II, 93, I1, 89,
50; right box- I, 88, 63; I + I1, 87, 81; 11, 77 64

The dashed llnes approxlmate the - true contours of the Ve
bands. : :

A
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frequency band in the middle curve and the band in the
bottomucurbe oddur’ut 1029.0 and 1028.1 crn-_1 respectively.
Further evidence of this conversion was sought by
subjecting a Sample of TMO deuterate II to a typlcal
pe]Let pressurlsatlon procedure w1thout any potaSSLum bro-
mide. The resultant pellet was groung to a powder and the
X-ray powder diffraction photoqriph and the lnfrared spectrum
0f the powder mulled with prop /iﬁwere recorded ﬂﬂ@ﬁh of

these technlques showed that the powder was Stllf* n- -

FERRg

verted TMO deuterate II. The reason why TMO hydrate and

deuterate IT convert to thd. structure 7T analogues when pota551um

"bromide is present, but do not convert in the‘absence cf
.o Ve .
potassium bromide, is not clear. ‘
: _ , o
. . >4

4.4 Powder X-ray Diffraction Pattern of Structure II. -t

Trimethylene Oxide Deuterate-

7

-«

Powderax—raY'diffraction photographs were .taken of all

of thé samples of TMO hydrate 1I and TMO deuterate IT to ensure
that the correct phase had been obtained and to determine

its pﬁrity.r The two best photographs of dlfferent samples

Aof TMO deuterate II were edch measured twice to determlne

the dlffractlon parameters These measurements were treated
¢1n the same way as. those of ‘TMO hydrate I, as descrlbed

eln detail in Sectlon 3.4, to yield four values for the unit
cell parametér. These were averaged to yleld the value

17.06 $0.02 A where 0.02 A lndlcates the range of the » S

Values obtained.’
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The powder X-ray diffraction’ pattern of TMO deuterate I1
at 100 i20”k is given in Table 4.2."Thé cdlculateg‘inten~
sities were determined'from the etrwctﬁre'factors of the
'double hydrete of hydrogen sulphide and tetrahYdroéuran at .
-20°C *(37), and the obsecrved intens;ties Qere measured as
peak-heights on a microdensitometer trace. The calculated
28 and d values were obtained by sepplfing‘the'programme
ZTHETA with the ayeraged unit celi parameter-given abeve
and the‘wavelength of the Cu'K ,X—ray radiatibn (1.5418 X).

- -

The observed 29 and d values are averages of the four sets

of values obtained from the photograées

The intensities of the X~ray diffraction lines of ’ T
T™MO deuterate II are 51gn1f1cantly dlfferent from those
ea]culafed from the structure factors of the double hydrate .of

.-

tetrahydrofuran and hydrogen sulphlde (37). This is to be

’

expected because theé strongly scattering sulphur atom éqn~
‘tributes to a?l of the reflectrdns except for 220, 422, | . ©
442, 620, 642, 644, 666 andf82é of the double hyerate.

The patterns of the two cemﬁéunds areh.howeéer, sufficiently.
similar«to indieafe unaﬁbiguously_that Ehey have "the 'same

-Crystal structure apart from the guest molecules. The

o

calculated d spacing and 26 value of the 311 reflection are
outside the standard deviations of the observed values.
This. is almost certainly due to inaccurate measurements

resulting from the poor resolution of this line and that of

the Strong 222 reflection. The,calculated-d*specings and
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Index

111
. 220
311
222
460
mm
412

)))} *
R sSii

440
$31
€2
q20
523
822
XY

551}
711

42

ss:} .
™

soof
733
6as

660
822

583 .

T2

R 1 ¥4
840

733
011/

]

3

3,
13
2d’
17

3s

100

42

9%

0.5

. 10

0.J3

_Intensity

‘Table 4.2

Powder X-cray Diffraction Pattecn of

fteucture I Trimmthylena O‘du'

Deutsrate at 100 220°k

Cnlcul.t-db' 4 C‘lcul-todb' a Obeerved®’ 4
o -

4 _Spacing (A) 28 (*) 28 (%)
9.930 0.99- 0.9 (©
6.032 - . 1e.69
s.144 17.24 ©17.09 (%)
..923 19.01 18.02 (7)
.. 263 20.43 20.80 (®)
3.914 22.72 "22.68 (6)
1. 482 13.38 25.56 (6)
3282 27.16 27.12 (6)
3.016 19.62 29.56 (6)
2.804 1101 31.00 (61
2.843 31.46 .

2.697 ©33.21 33.22 (8)
2.602 34.47 J4.43 (8)
2.372 3408
2.462 36.49
2.389 17.6% 37.65 (7)

. 1.280 39.33
2.221- €0.62
2.132 52.38 42.35 (N
2.084 43.42 €1.45 ()
2.069 . .76, .
a.011 45.09 ) €5.09 ()
1-970 46.08 46.08 ()
1.937 : w.e0
1.%07 §7.63 47.37 (2)

.82 4,70 (3)

1.871

Observeda“’

-
.4 _Spacing (A2

v.8)

1.3%0

2.13¢.

2.082

2.011

1.970

1.912

i.870

(4)

{1}

(2}

(B9

(8}
(8)

6)

(6)

d

U)’

(5)

1)
(2}

(03]

{1}

{1
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NHhserved

Tntensity

kL]

80
74

10
100

49

37

22

17 .

18*

22

52

22

“12

a) Integrated intensity for flat-plate camera, calculated from X-[(l * cos225)ésxn%ocoso]cosZGprz,

where p is the multiplicity factor and F 13 the Observed structure factor from reference 37 .

°
b) Calculated from a = 17.06 A
c€) The avcrage of

figure.

four

measurements.

The figure in parenthesis is the standard deviation in the last

.
4) Cu K, radiation, wavelength = 1.5418 A,

e) This line was broad and diffuse, 30 accurate values of 28 and d spacing could not be obtained.

[~}

»

£) Only 3 valucs for the observed 2v and d. spacing were averaged for this line.

<
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20 values of the 840 and, 753/911 reflections are also &
outside the standard deviations of the observed values.
In these cases, the reason is probably the poor definition

of these broad, diffuse lines.
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Chagter Five. Discussion of the Mid-Inffared Spectra ot

Structure 1 and 1T Traimethylene Oxide Hydrates

5.1 Genceral 4 - ' :
2 L heneral
O

The absorption by the water molecules of TMO hydrates
v

I and Il 1o ‘discussed in Section 5.2. The assignment was
given in Chapters 3 and 4 and needs no furthér discussion,
but the absorption 1s discussed in relatian to the structures

ot the hydrates and, the guest-host ‘interactions. A few

. . ¢ . — co.
comments are made in Section 5.3.2 about the assignment

of the trimethylene oxide modes given in Chapters 3 and 4.

The differences %itwecn the guest frequencies of the two
hydrates and those of gqéeoUs ttimethylene oxlide are
discussed in Section 5.3.3 in relation tqQ the interactions
between ‘the guést molecule and the two host lattices.

Some comments on the temperature'aependencé of the guest
absorptions of the structure 1 hydrate aré also made in
Sectionr 5.3.3.

5.2 Absorption by thé Water Molecules

The absobrption by water molecules in the clathrate .

hydrates and the disordered ice phases ‘at mid-infrared

frequencies 1s not well understood. .This has been outlined

in Chapter J) and will be discussed in more detail later.
However at this point it should be noted that a contributing

factor to the lack 6f understanding is- the coupling

between like vibrations of different water molecules. This

!

186
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T, N
~ & ‘-

acaonrys between vibtrations of difterent nolecules thngt hawve
I

. : . . .
the same trequency an the gas phase, tor Axample,y bhoetween
the \»l vibrations in ditterent molecualoes, Lecause ofY the

dynamic '«ir’xj(f~r‘u)t vlecular torcog. O

h ‘v

Erparaoally A‘xn(vl theoretycally, 1t 1y mge-h cn\:‘ilt-l t o

interpret the bands due to vibrations that do not COUp Lo
) O ! i .

tn this way., Such band:s are the asolated O-H and*o-D
2,

o

streteching bands ot HDO molecules 1oolgted «4{\()11«; Do and

H20 molecule:n, respectively (Scoction 1. 3). Hmblxxvdlfy,
J

one sharp band 15 seen tor each O---0 bond fength an the

ordered phuases, or a single band with o half-width ot leso

o S . ’
than “‘about 120 cm 15 secen fnr the disordered phases,

o

R -1
compared to bands with halt-widths of the order of 300 cm

«

seen for the dynamically coupled vibrations

- OH 2(.)) 'und

vOD(Dzo). Theoretically, the isolated O-H and O-D

(H

stretcﬁgnq bands, reflect only  the static, site effects in

the crystal, that 1s,» one absorption ¥requency occurs for
. .~ ° ’ - 1 . o ) S

every truly non-eguivalent, not diffraction non-equivalent

for the disordered phases, 0O---0 bond, Thus thesdiscussion of

the water bands will commerice with a.discussion of the

< " <

isoklated stretching bands. o

The 1solated O—brstrctching band- - seen in thc\spe;tra
of mulls of TMO hﬁératw I is a single bana at 2439 em”™ 1>
Qiph a half-width of 95 cm—l at 95°K. It is believed to

* .

be less influenc¢ed byranharmonicieffects than. the QOH(HDO)

band of TMO deuterate. 1, so the following discussion

-~

-y
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1s based on the v (HDO) band as ishcommon practice (48).
The 1solq1ed O-D stretchlng band of the structure‘II
hydrate is a 51ng]e band at 2419 cm -1 with a half width

of 75 cm l at $5°K. The ex15tence of 51ngle, falrly broad
bands is consistent with the orientational dlsorder and the
. consequent varlatlon 1; the lengths of dlffractlon—
,Lequlvalent o———o bonds : that are known to exist in these
solldsc ; . | " .0.

- The v, (HDO) band observed'for TMO hydrate I is
identical,‘apartsfrom its frequency, with the vob(HDO) band’
‘obsenyedifor ethylene oxide,structure I hydrate, so the
only effect of the guest, molecule on these bands is to
shift the frequency. It has beéﬁ shown prev1ously (48):

- that an emplrlcal correlatlon exists between the v (HDO) -

OD
frequency and the welghted mean of the dlffractlon determined
9—--0 bond 1engths for the various dlsordered ice phases |
and ethylene oxide hydrate For the sake of the present
dlSCUSSJOn, the partlally ordered ice phases, V-and VI,

-will be;conslderedAas dlsordered. .The.dlfferent vOD(HDO).
.frequencies of the structure I -hydrates of trimethylene
ox1de and ethylene'ox1de and the dafferent v (Hbo) |
frequenc1es of thevstructure I and structure 11 hydrates

of trimethylene oxide are'probably, therefore, due to the
dlfferent 0-~-0 bond lengths whlch exist in these compounds.

The dlffract10n~determ1ned O-——O bond lengths in the.

' solids of lngerest at about 100°K are presented in Table

-
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5.1, together w1th Lh ir percentage occurrence 1n the
crystal welghtedomean value and -the” range of the bondg

lengths. ‘The bond lengths in lces Ih, Ic; \Y and"VI at

in ethylene oxide hydrate I at —25°C were determlned (36)

by a 51ngle crystal X-ray dlffractlon study in whiéhzthe-
cublc unlt cell pardmeter was found to be l? 03 A. ‘Thery'
bond lengths in the structure I hydrates of trlmethylene

uxide, ethylene oxrde and cyclopropane (see later) at

- 100°K were obtained from those in'ethylene oxide hYdrate 1

at -25°C by sScaling, using. the values 11.95 (Section '3.4),
o :

11.89 (46) and 11.9¢8 (46)'A respect;vely, of the unit

cell parameters at about lOO°K determlned by powder X ray

diffraction. The 0---0. bond lengths in the double,

‘..structure 1T hydrate of hydrOgen sulphideland tetrahydroé

sy

furan have been determlned at -20°cC, at'which temperature
the cubic unit cell parameter is 17. 31 A (37). ;.Thelbond

lengths in TMO deuterate IT at lOO?K were found byfscaling

- . . J . : ]
the bond lengths in reference 37 using the value 17.06 A

found for the unit cell parameter of'TMO deuterate IX at
100°K from powder X-ray diffraction (Section 4.4).
- A p]ot of the frequencies of the‘vOD(HDO) bands of

ices Th (32), Ic (27), V (28), VI (20), ethylene oxide

189

:about 100°K were tdken from reference lO The bond lengths

hydrate 1 (48), TMO hydrate I (Table 3.1) and II (Table 4. l)

agalnst ‘the weighted mean O0---O0 bond lengths in these phases

"is shown in Fig. 5.1. Also included are ‘the frequencies
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Table 5.1
: ¥
v étructurél-Data for Tces Ih, Ic,: V VI,'
Structure I Hydrates of Trlmethylene Oxide,
Ethylene Ox1de and Cyclopropane)and the Structure I1
. ’{ Hydrate of Trlmethylene Oxide at lOO° v
=Compound' - 0---0-Bond - Percent’ Weighted Range?’ ©
Lengthatubk Occurrence -~ Meand '
Jce Ik c2.743 7 ‘100 . - 2,743 . 0.0
Ice Ic o 2.743 100 2,743 0.0
Tce'V. - 2,766 I3
2.781 15 c L
.2.782 . 15 . e
2.798 15 T 20797 0.021
2.819 - 15
2.820 . 15
2.867 4 S o :
lce VI $2.773 . 10
. 2.786 | 10 _
'2.801 - 20 2.813 _  0.022

. 2.803 ° 20

2.840 ’ 40
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Compound 0---0 Bond Percenty. Weighted Range®’ 9 L
' "~ +  Length3, P occurrence . Mean? N
Ethylene 2.735. T 9 - :
Oxide Hydrate Co :
- 2,745 . 52 _
© i e 2,761 0.025
o S~ 2.778 26. ,
2.810 13
_IMO hydrate 1 z.749 9 - e
' ~ 2.759 . 52 - : .
. . , . - 2.775 0.021
o S 2.792 26
2.824 . 13
Cycloproparne “2.754, 9 ’
Hydrate I o ' N
: ° 2.764 52 S .
. S 2:781 - -0.023
2.799. 26 - . - .
. o 2.832 T 13
TMO hydrate (I 2.727 12 L o
’ '2.736 | 35 ' - .
s 2.748 - 0.014 - -
2.756 - 35 ‘ .
2.771 18 : -
. : o
a) In A.

b) The values were obtained as described in the text. _

~¢) The range of bond lengths was calculated as the weighted
‘medn of the magnitudes of the deviations from the
‘weighted mean. o

hCH
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2400 : L ‘ L - ‘ L‘, ‘l\ A.\l ) B R
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~ 0-O DISTANCE/A =
R | : T
Fig. 5.1. Graph of vOD(HDQ),vérsus the O---0 distance for
ordered'phases.and cYcloproﬁéne (CP) 'hydrate or weighted
mean O---O'distance for the disordered phases. The Roman
numerals refer to the ice phases and TMO I, EO and TMO II - o

refer to the structure I hydrates of trimethylene oxide
and ethylene oxide, and the structure II hydrate of
.trimethylene oxide respectively. -
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of the vOD(HDO) bands of the ordered ices II((28) and

IX (?8) plotted agalnst the correspondlng q———o bond
lenghts (lO). The p01nts for lces Ih and 1Ic essentlally
coincide and are Smely labelled I in Flg;PS.l.' fhe
'graph is- that glven in reference 48 and dlscussed in*
Sectlon,l 3, w1th the data for TMO hydrates I and ITI (and.
cyclopropane hydrate I whlch is dlscussed below) added.

It is clear that the data for the two hydrates of
lrlmethylene oxlde correlate well with those for the otlter
phases formed by orlentatlonally‘dlsordered waterlmolecules.
Thus the sjmilarity in the frequencies of the ' Vop (HDO)
xbands of TMO hydrate II and ice Ih is due to these compounds
' having the -same welghted mean O---0 bond length whereas
the large dlfference in- the’ half w1dths of these bands,'

P

whlch are 75 and 20 cm -1 respectlvely, is due to theflarge¥”"

”jdlfference in the range of O———O bond lengths in-the two

“oompounds “ From a comparlsonnof the welghted mean .0---0
bond lengths bf‘TMO hydrate I, ‘Tﬁo hydrate 11 and ice Ih .
(Table 5. l), it can be concluded that the. average strength
of the hydrogen bonds in TMQ hydrate II-is very 51mllar
to that in ice 1Ih, whereas the average strength of the- R

bhydfogen bonds in TMO hydrate I is smaller. Also it is

clear that the different vOD(HDO) frequenc;es of the structure.

I hydrates of trlmethylene oxide and ethylene ox1de are due to

the dlfferente in the O———O bonad lengths in the two struc-

tures. - Thus the only detectable effect of changing
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the _guest molecule from"ethylenéroxide to trimethylene
oxide is the expan51on of the 14~ hedral stru ture 1T cage
by the latter molecule A comparison of the largest

©

van der Waals,dlameters of ethylehe oxide, 5;2\2 and
trimethylene*dkide, 6.2h2, wlth the mean free dlameter of
?:S.B.X for the l4—hedral cage (39) allows this expan51on to
be understobd - The 16-hedral cage of the structure IT
hydrate lS not expanded by.trlmethylene oxide because its
nean free dlameter is 6.6 A' _‘ : o

/ It should be mentloned that ar further effect of the
guest molecule on ‘the water lattice has been 1dent1f1ed
from a comparlson of the results for the structure I
hydrates of ethylene ox1de; trlmethylene oxide and cyclo-
propane (30).i.The vOD(HDO)’bands in the sPectra of |

©

ethylene oxide hydrate (48) arnd TMO hydrate I (Fig. 3.8)"

o

194

are essentlally featureless, whereas the vOD(HDO) absorptlon

{by cyclopropane hydrate I (30) cons:sts of two partlally

resolved peaks at 2457 and. 2416 cm %, with relative

1nten51t1es of approx1mat§ly 1:2. The frequency correlation

(Fig. 5.1) and the relatlve 1nten51t1es indicate that the
more 1ntense band is due to the 52 percent of the 0---0
-bonds that are 2. 764 A long (Table 5.1) .and the weaker
band is due to the 26 percent of the 0---0 ‘bonds that are

2.799 A long. The points marked CP in'Fig. 5.1 have been

&

plotted on-thas basis. Cyclopropane hydrate I is isostruct-

ural-with TMO hydrate I and its unit cell parameter at

W
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100°K is almost the same as that of TMO hydrate I, sc it
is clear that steric effects are not the only effect that
the guest molecule has on the water lattice. .

hn obViousvdifference between cyclopropane and trimeth:
Ylene oxide is the absence of‘a_permqnent'dipole moment in
cyclopronane. Thus it is\possible tnat the dipole mcﬁent
- of the- trlmethylene ox1de molecule perturbs the O———O
bond lengths to an extent suff1c1ent to. prevent the v D(HDO)
bands due to the dlffrection non-equivalent bond lengths
fron being resofved. In order tvobtéin an estrm;telof
this perturbation, a simple calcnlation was carried out..

A point dipcle due to the.guest molecule was placed
‘at the.center of a l4-hedral cage of the structure I

»hydrate, colllnear with the axis of the O0---Q bond “under

con51deratlon,=wh1ch lies (Sectlon 1.3) on a radial line

.
o

extending- from the center of the cage. The dipole moment
of the guest molecule was assumed to interect with the
dipole moment of the:nearestawater molecule 'in the 0-—-J
-bond. The dipcle moment of this water\molecule was‘
taken to be 2.6 Debyes‘(90)‘and to be orrented at an angle
_cf 70.5° to the radial line (Section 1.3). Tne inter-

action energy between these two dipoles'is given by (23),"

., Ea,0° g 3(Enzo‘ 5) (Eg‘g)
U(r) = - - - 5 ’
[ T r3 - L ‘ r ‘

Q

where U(r) is the electrostatic interaction energy in ergs,

[
a
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EH#O and Eg are the point'dipoles of the water and guest
molecules in esu cm respectively,fand r is the distance
between the point dipoles in cm. The force;acting‘between
the two’dipolés was found by taking the negative derivative
of the interaction.energy with respect to the distance
between the point dfpoleé. The exten51on of the 0---0 ‘bond
'resultlng from this force was calculated by substituting

3

the values of the force constant for stretchlng the 0---0 bond,
uanefy 0.18 x 10° dynes parucm (18), and the force into the
expression;for Hookes law. The dipole moment of trinethylene
oxide is 1.93 Debyes (85)_andhthehdiStance between the -
point,dipoles was taken to be the mean radius of the
l4-hedral cage; 4.3 X'(Table 1.5), and an exten51on of the
-Onm—O bond of about 0.02 A was calculated. The same value
for the extension c¢an be calculated by a qulte dlfferent
approach whlch involves: the 1nteractlon energy betweenf

the electrlc fleld produced at an O———O bond in the cage
wall by the guest dlpole and the dipole moment derlvatlve
with respect to stretching the 0---0 bond (91).

These calculatlons 1nvolve ‘some gross approx1matlons,
such as the p01nt dlpole assumptlon and the fact that only
one 0---0 bond is considered, but they undoubtedly establish~
the order of magnitude of the variatione ih the O---0 bond
lengths caused by the dipole moment of a gdbst molecule ’

The exact ]ength of each bond must depend on the relatlve

orientations’ of the bond and the-guest dipole, so ‘this



(o] ) .
.¥0.02 A beyond the range whiclhl exists, in cyclopropane
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‘effect is expected to broaden the range of the actual

lengths of a set of diffraction—equivalent bonds by about

b

hydrate I and the 8isordered ices, due to the orientational

vdisorder of the water molecules.

It is now possible to rationalise the difference

between the yOD(HDO) band of cyclopropane hydrate I and

‘those of the structure I hydrates of ethylene oxide and

triTethylene oxide. Inspeciion of Table 5.1 shows that
if a range of tO.OZAZ is placed on each 0---0O-bond length
ln$ethylene oxide.hydrate and TMO hydrate I, a continuous
range of 0O---0 bond lengths results, which is. compatlble

with the fallure to resolve dlStlnCt features on the

D(?IDO) band.: It 1s\also p0551ble to ratlonallse the fact

‘that two bands’ were observed for the ﬂbD(HDO) absorptlon

of cyclopropane hydrate I Ice Ih has a sxngle”Orrﬂjiﬁﬁﬁf
length, as determlned by X-ray diffraction, and its

D(HDO) band has'a half—width of about 20 cm_l. Bertie
- c

Z'and Whalley ¢27): have argued that thls half—w1dth is a

result of the small range of 0---0 bond lengths caused

by the orlentatlonal‘dlsorder of the water molecules.
Thﬁs.the'half—width of abeuchO cm_{ observed for this

band can be taken ‘as characterlstlc of a single dlffractlon—
determined O---0O bond length perturbed only by the-

orlentatlonal dlsorder of the water molecules. If a half-

5;\,

-width of 20 cm "1 associated with each‘of the two bands

n

ol
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obserVed for the vOD(HDO) absorption of cyclopropane hydrate
X, which are separated by 41 cm—}, then the experimental
vresolution of these features is qualitatively explained.
A‘single, featureless band was obtained for the l
p (HDO) absorption.in the spectrum ot TMO hydrate -II °
(Fig. 4.4). ‘Inspection of Table 5.1 shows that the largest
separation between 0---0 bond lengthsdoccurs between the
two most abundant O---0 bonds and has a value of 0.022 A

n

which corresponds to a frequency separation of about 20 cm l(
If. the 1nfLuence of the trlmethylene oxide dlpole moment . |
on the bond lengths is neglected, the band due to each of
these Offeo.bonds is expected to have a @alf—width of

-1 : . .
soO, even in thls case, two bands are not expected

20 cm
to be resolved .The estlmated perturbatlon of the 0---0
bond lengths by the guest dipole moment is about 0. 01 A
for TMO hydrate ;Ij so if this is taken into account, the
single featureless band seen for vOD(HDOX of TMO hydrate I.I
can certainly he understood.

Bertie and Othen (48) argued that an approximateA
correlation’exists'between the half-width of an unresolved
OD(HDO) band of a disordered phase and the range of O———O
bond lengths in the phase The half—w1dths of the Vo (HDO)
bands of TM©=hydrate I, TMO hydrate II .and ice TIh are
95,.75 and 20 cm } and the ranges are 0.021, 0.014.and
>.0 0 A respect;vely, so a rough correlatiOn exists in these

~cases. HOwever,.if‘an attempt is made to extend the-

s

¢ - . P
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correlation to ice V, ice VI and ethylene oxide hydrate,
whose half-widths are 80, 70 and 80 cm-1 and ranges are
0.021, 0.022 and 0,025 X, respectively, it is seen to
meet with only partial success.

G

A detailed discussion of the bands due to the HZO
and Déo vibrations of the various disordered ice phases
and ethylene oxide hydrate at 100°K has‘been given
elsewhere (13), and since the corresponding.bands of TMO
hydrate I and TMO hydrate II are very similar to those
already discussed kl3), only a brief discussion Qill be
glven here. . .

The disorder4in'the_hydrogen atom positions causes all
of the water vibrations of the crystal to be actiye in
both the infrared and Ramen spectra. kfurther} the
vlbrations of different water molecules interact in the
crystal to produce broad bands of vibrational freouencies

- from each molecular degree of freedom. Consequently, the

VLbratlons of the water molecules in these dlsordered

crystal‘ absorb over the entire mid—infrared frequency -

range (31). The absorption corresponds to the density of
. » o .
vibrational states curve multiplied by :an intensity

distribution function which describes_ﬁhe average intensity

of absorption by the vibrations at each frequency. Thus

!

the frequenc1es of maximum! absorptlon need not correspond
: 1

 to the maxima in the den51ty of vibrational states curve

“and it is not known, at present, to which vibrations they

199



do corresponpd. It ié evident, therefore, that a detailed
assignment of these bands and an lnterpretation of their
diffeggnces is impossible at present, so it is only
p0551b1e to attempt to qualitatively establish the effect
of structural differences on the spectrum.

A comparison of the v (HZO) bands in the spectra of

OH
ices Th (27), Ic (27), V (2B) and VI (20), ethylene oxide
hydrate (18), TMO hydrate I (Fig. 3.6) and TMO hydrate II
(Fig. 4.3), all at lOOOK,xreveais'that'the,frequency of

maximum absorption is always between 3200 and 3250 cm %

200

and that evefy band has a pronounced high frequency shoulder

in the region 3300 to 3450 cm Y. The bands of ices Ih and

lc, the structure T hydrates and TMO hydrate 1II are
sirikingly similar because they all also have a pronounced

low frequency shoulder near 3100 cm~l. Further, there is

an approximate correlation between the frequency of maximum

absorptién and the weighted meaﬁ 0---0 bond length. The
weighg;d mean O—-—O.épnd lengths of ice Ih, ice Ic, TMO
hydrate IJ and ethylene oxide hydrate lie between 2f74
‘and 2.761 g/(Tablé 5.1) and the:frequengies of their
absorption maxima lie bétween 3220 andv3224 cmml; the
- weighted mean 0---<0 bond length of TMO hydrate I is 2.78§ A
and the frequency of 1ts absorption max1mum is 3231 cm -1
and, finally, the weighted mean 0---0 bond lengtﬁs of

’ : J

o N
ice V and ice VI lie between 2.80 and 2.81 A and the

frequencies of their absorption maxima are 3245 and .
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3250 cm—l, respectively, although their precigsion of
measurement 1ls only +30 and +15 cm-_-1 respectively.
The bands due to vQD(DZO) show more detall than those

of vQH(Hzo) and this is usually attributed to the larger

anharmonic effects associated with the H2() bands than with
the D20 bands (27). The extra detail does show consider-
able variation with structure. However, for 'ices Th and

lc (27), the structure I hydrates of ethylene oxide (48)
and trimethylene oxide (Fié. 3.6), énd TMO hydrate II
(Fig. 4.3), the variations are really only in the rélative
intensities of the features. All gpur'structures show:
strong - (D,0) features at about 2330, 2425 and 2485 cml,
vith the middle one being the most intense feature in all
cases. The Yo (D O) bands of TMO hydrate I and ethyleng
oxide hvdrate I are essentially identical and differ from:
those of ices Ih and Ic only by pgving the high frequency
shoulder mo?e pronounced than the low frequency one, where;s
tor ices Th and Ic the reverse is the case and some fine
details were resolved between the loQ)frequency shoulder
and the peak. For TMO hydrate II (Fig. 4.3), the low
frequency feature is resolved as a distinct peak, and the
central feature Iis consideraﬁlygsharpef"than in the other
phases; |

A correlation betwee? the frequenéy of the barmd maximum

and the weighted mean O---0 bond length is only slightly

evident for the vOD(DZO) bands. The frequencies are
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2428 cm” 1 for TMO hydrate I (Table 3. 1), 2425 cm™ 1 for

~‘.ices Ih and Ic (27) and ethylene oxrde Hydrate I (48), and

2423 cm -1 for TMO hydrate Il (Table 4. l) Thus the band

-3

of TMO hydrate ¥ is marglnally to hlgh frequency of “those

of 1ces Ih and Ic and ethylene ox1de hydrateQI, whereas -é.
Lhe band of TMO hydrate II is marglnally to- low frequency‘
T%e vOD(D O) bands of ices V ard VI are s1mllar to -each
other (28, 20) in that they both con51st of two partlally
resolved bands, - and are quite dlfferent from. those of the

other phases The frequenc1es are 2385 and 2525 cm -1 for

1ce v (28) and 2390 and 2545 cm -1 for 1ce VI (20), so the

[a)

freguencies of the centers of the bands are 2455 and 2467

om l. ~The centers of thé bands of the other phasesr

correspond approximately'to the—frequencies of haximum
absorptlon c1ted above, so the longer welghted mean O---0
~ .bond lengths in ices Vv and VI are reflected in the hlgher
\¥“é/j:§gﬁghc1esof the centers of their VOD(D 0) absorptlon~
- ‘ A comparlson of the v (H?O) bands of ices Ih and Ic
MﬂZ?), TMO hydrateﬁI (Flg 3 4), e@hylene ox1de hydrate I
(48) and TMO‘hydrate Ix (Flg.'4 2) reveals that the intense,
hlgh frequency parts of the bands are essentlally ghe ’
same except for the features due . to the guest v1bratlons
in the spectra of the hydrates‘f The,vR(Hzo) bands are c’
iess well defrnedvthan the v (6 0) bands; so the latter

Will be‘discusSed.v The 1ntense hlgh frequency parts of the

Ve (D O) bands of -ices IHK and Ic (27), TMO hydrate I
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(Fig. 3.7), ethylene ox1de hydrate I (48) and TMO hydrate

II (Flg. 4.2) are’ 1dentlcal & The correspondlng bands of -
'lces V. (28) and VI (20) are very similar to each other

ih that bothnhave_a‘peak, at 490;and 500 cm—l, respectively;
hand a pronounced high_freguency shoulder of almost the ’
same intensity aslthe peak at 59(.)*">c:m-'.l in both cases;

they are, - however, very dlfferent from the bands of ices ’
pIh and Ic ahd the- hydrates. An approximate correlatlon
'between the frequency of max1mum absorptlon and the
-weighted mean O---0 bond lengths also holds for the v (DZO)_
bands. The frequencles of maximum absorptlon of the

v§1D2O) bands. of ices 1Ih (27) and Ic (27) and TMO hydrate II

(Table"4,1) 11e between 630 and 640 cm -1 and the welghted

mean O---0 bond lengths are essentlally equal ‘at 2. 745 A
.4

the correspondlng values for ethylene oxide hydrate I are

620 cm™ ! (48) ana 2. 77 A, for TMO hydrate I 611 cm !

(Tabley- l) and 2 /8 A for ice Vv 540 cm % (28) and 2 80 A

and for_lce VI 545-cm -1 (20) and 2 81 A The‘frequencies

- quoted for ices V and VI are ‘the average of the two, almost

equally 1ntense, features..

[

The correlationS'betWeenvthe frequencies of maximum
absorption or the band centers and .the welghted mean

O—-—O bond lengths noted above are of. course, totally _

il ' : S ]
/con51stent w1th trends long recognlsed (87) for vibrations
\’4/ . .~ 'G ’ .

of hydrogen-bonded compounds. These are. that X—Hlsﬁretchingf

‘vibrations‘of.x—H-—~Y groups decrease-their freguency as
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”

X———Y distance decreases and the hydrogen bond becomes ‘

strbnger while v1bratlons, llk_ethe,_\)_R v1bratlons, that

are pure translatlons, rotations or hlndered rotatlons

o .

in the absence of a hydrogen bond 1ncrease their frequency

as the hydrogern bond becomes stronger and 1ts length

! ~ 5 o

decreases. " But the. emplrlcal correlatlons carry further
impllcatlons for the dlsordered phases being presently

‘discussed. It is to be expected that the average v1brat—
o—ional’frequencyaln the band due to coupled O—H or O-D
stretching Vibrations willrdecreaSe, and the average vR
frequency will 1ncrease,(as the hydrogen bond length - .

-decreases. However, no - such general comments can be made

a grlorl about the shapes of or frequenc1es of the max1ma

in, the den51ty of - v1bratlonal states curves for compounds
vw1th dlfferent crystal structures. The existence of the
emplrlcal correlatlons, and the SLmllar band shapes,
dlscussed above for ice Ih* 1ce Ic, ethylene oxide hydrate‘:
1, TMO hydrate .I and TMO hydrate 1I do, however, strongly
indlpate_that ‘the ihapes»of the den51ty of vibrational
states curves and the intensity distribution'functions_

are 1nsen51t*ve to the number of water- molecules per unit.
cell and also to the number of crystallographlcally noh-
equlvalent water molecules '51nce these two parameters

vary wldely 1n'the structures-discussed (13), This perhaps
indlcates that the vlbrations are guite locallsed,‘because'
of the_disorder,.and are thefefore not sensitive to the i

o
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Jonghrange structure of the solid It is partlcularly

noteworthy that 1t is known from the spectra (27) that the

vk‘vibrations of normal: ice Ih extend from about 1050 to

400 om and that specific heat data (92, 93) can be
represented by assuming a'slngle vRifrequency of 620 cmfl<

Thus,‘the‘intense vR’abiorption occursoonly in the high‘
frequency part of the band in ice Ih (27) and’ it is clear
from the data presented above and the spectra presented

in the references that the sane 51tuat10n ls true for the
’“other-structures, ices 1Ic (2?%! v (28)., VI (20),'ethylene‘
oxide hydrate I (48), triméthYlenefoxide‘hydrate‘l (Fig. 3.4)
and trlmethylene nxide hydrate 11 (Fig.-4’2)

" ''he bands in the mld 1nfrared spectrum of 1ce V are-

conSlstently s1mblar to those of ice VI, and qu;te dlffene
ent. irom those of ices,Ihbano Ic and the hydrates.' There-
 is also a plonounced structural dlfference between these
_phases, in that the O--~-0---0 angles 1n ice Vv and vI. °
deviate markedly from the tetrahedral angle, whlle those
in the‘other phasis are much closer to tetrahedral. ‘In
ice VI the 0---0---0 angles>range from 75.8 to 128.6° (10)
vand in ice Vv thef.range from 86 to l35°,(10),lwhile iﬁ ices
,lhfand"Ic they are essentiallyatetrahedral (10) and in the
.structnre I and 11X h;drates, the angles are all within 5¢°
of:tetrahedral except for 9 percent of,them which;arev*
”124.30 in the structure I hydrates (36) anth,percent of

them which are 119.9° in the structure II hydrate (37).
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The large deviations from the tetrahedral angle in ices V- -
and VI are-related to the partial order in the orientations

of the1r°water molecules at low temperatures (10) and,

o

although 1t 1s not deflnltely known to be true, the

lnfrared spectra of 'ices v (28) and VI® (20) were. presumably,

:of the partlally ordered phases, now. called v and vI' (10).
Thus the dlfferences between the spectra of ices V and VI. .

and those of ices: Ih and Ic and the hydrates may arise from
o .

the quite d;fferent ranges of bond angles in the two sets

of phases. ° . . .

. ! N o

Only the temperature dependence of the absorptlon by

: the water molecules remalns to be dlscussed. The bands due .

to-v nn(D ,0)%. Vg (D, o)., Voq (HD())jnd v’ (HDO). of TMO-hydrate

I between l/5 and 62°K are shown 1n Flgs. 3. 15 and 3.16

and - the frequenc1es, half—w1dths and peak helghts are ' .(i.

,glven in Tables 3.3 and 3.4. The general trends whlch

k]

were observed for a decrease in te perature were-a” decrease

.in the frequenc1es of the’ Vo (D o)} (HDO) and Vo (HDO)

oo

bands and an 1ncrease in the’ frequ%ncy of the vR(D 0) band
‘a decrease 1n the half—w1dths of all of the bands and an
increase- 1n the peak. helghts of all of the bands. Also,
'{ all -of the bands became less symmetrlc at lower temperatures?
due to the 1ncreased resolutlon of shoulders. “

Three probable sources of the temperature dependence )

o

of ‘the absorption by the water molecules of TMO. hydrate I
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can be envisaged. Firstly, a reduction in “the number of

transitions.originating in excited vibrational states

accompanies a decrease ‘in temperature, due to a decrease

in the populatlon of these states.r Thus the. contrlbutlons

'Aof hot bands and dlfference bands to ‘the observed absorptlon

‘bands-decrease w1th decreaslng temperature.~ Secondly, the
.'?contractlon of the unit cell with decrea51ng temperature
:shlfts the v1bratlonal frequenc1es in the dlrectlon favoured
'fby stronger lntergolecular forces.. Thus, for ice Ih, ‘the
lattlce modes shift to hlgh frequency (18) and the Oo- H
stretchlngvmodes shlftato low" frequency (32 94)’as the

Ltemperature rg lowered. Thlrdly, it is known from*®

'dlelectrlc relaxation and n.m.r. studleq (anfénn,1j3l

ihat the trlmethylene ox1de molecules in the l4-hedral

cages of the structure I hydrate lncreaSLngly adopt pre—
: L

'rferred orlentatlons correspondlng to the potentlal energy

mlnlma which ex1st w1th1n the .cage, as the temperature is,

lowered Thus .the perturbatlon of ‘the. O—--O bond lengths

due to sterlc effects and to. the lnterac ion with the

v

dipole moment of the trlmethylene ox1' molecule should
‘become mére discrete w1th deoreaSLng temperature.

it should be- noted that the flrst two. effects apply
to all. SOlldS and have the same theoretlcal ba51s in the
anharmon1c1ty of .the 1ntermolecular force. fleld It 15;

however, common’ practlce to separate them in the way

descrlbed whlch corresponds to a 'temperature dependent
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:barmonic.force field' approximation, because of the comp—
lexlty of a fully anharmonlc treatment bf the absorptlon
by a SOlld (18, 95). 1In thls approxlmatron, frequency'
2shifts are considered to arise from the second effect and‘

changes in half—width .peak height, and the resolutlon 'ﬂh

. L

- of the features are consrdered to arlse from the flrst
effect. e o : : . »; x

The trends observed for TMO hydrate I can clearly be
vattributed to the first two effects,'but it is of interestA
to see whether any ‘influence of the preferred or1entatlons‘,
of the trlmethylene ox1de molecules in the l4-hedral cages
can. be detected. It 1s necessary, therefore,.to compare

Lhe bemperature dependence of the wafpr ahenrnf1nn of _TMO

'

hydrate I.w1th that of a phase of 1ce. The only ice phases'
whose spectra have been reported as a function of |
: Lemperature are ice Ih (32) and a phase made by conden51ng
'water vapor at’ —180°C and anneallng the fllm, whlch was,-
vw1thout substantlatlon, called ice Ic (96).

-Ford and falk (32) observed a decrease in the frequency
of. the Vo (HDO) band of ice Ih of 7 cm: -1 between 175 and

75°K, whereas Hardrn and Harvey (96 ) observed a correspond—_

ing'decrease.of 11 cm -1 for the v (HDO) band of ice’Ic.

ar

A decrease of 5 cm“} was found for the frequency of the
OD(HDO) band of TMO hydrate I (Table 3. 4) between 175

- and 80°K._ The decreases in the half w1dths of- the Vo (HDO)

. o
. . ‘o
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v

bands in the temperature ranges, noted above for ice Ih (32),
ice Ic (96) and TMO hydrate I (Table 3.4) were 5, 3. and
7 cm-l respectlvely.' .' . |

If it is assumed that the change in the welghted | N
mean O---0 bond length of TMO hydrate I between 175 and |
80°K is about the same as that for eLhylene ox1de hydrate,
then ‘a value of 0. 006 A is obtalned (97) . The slope of
.the line whlch relates the vOD(HDO) frequency to O———O_h :
dlstance in dlfferent phases (Fig. 5. 1) is 910 cm 1A 1
for the dlsordered phases, and Whalley (98) has noted’ that
for ice Ih, the change in- frequency ‘Per unit change in |

bond length when the bond is changed by varylng the temp“'

verabure is about twice that found when the bond: lpnnfh is

.changed by'varylng-the phase. Thus the temperature induced
change of 0.006 A corresponds to a frequency Shlft of 5 5~(A\
to ll cm -1 dependlng on whether: Whalley s factor of 2
‘1s appllcable to the hydrate.u It is clear that the
: ﬁfrequency shift observed for TMO hydrate I is suff1c1ently
close to those of 1ces Ih and Ic, and to that predlcted |
rfrom the assumed change in, bond length to prevent any
influence of a preferentlal orlentatlon of the auest
‘molecules from belng lnferred.

The change 'in the half-width of the“vc,(”
of TMO hydrate I'is comparable to that of . ¥ so

2

. no influence of any preferential.orientatipn oxiﬂﬁe.guest

o

. molecules can be inferred. .. The increased resolution of
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shoulders seen with decreasxng temperature for the Vo (HDO)
band‘of‘TMO hydrate I must be at least partly due to the
diminishing centributions from hot'transltions, so it is
Clearly'desirable to draw structuraryconclusipns only from
spectra recorded at the lowest“possihle temperatures;

slnce at. hlgher temperatures the results may be mlsleadlng.

i

It is not p0s51ble {0 decide if the 1ncreased structure on
the band at Tow temperatures is partly a result of pref-"
erentlal OTantatJOD of the guest molecules until results
}are-available of ‘a study of the temperature dependence

of the speotrum of a clathrate hydrate in which no 'such

effect is expected _ S -

S 3 Ahsorption. by the Guest Molecules

o

]

5.3.1 General .
) The discussion of‘the assignment of the guest

absorptlon of TMO hydrate I and TMO hydrate II in Section

5.3.2 is bused on cpectra obtained from samples held at

95°K. 'In Section 5.3.3, the absorption by the guest

mdlecdi\s of TMO’hydrate i and TMO hydrate II at 95°K

and as a functnon of temperature ls discussed.

In most tases, the guest absorptlon bands of TMO
hydrate I' and TMO deuterate T have the same frequenc1es
(Table 3.1). ‘The same is trueofor TMO hydrate II and
TMO deuterate &I’for the eases in which.the bands can be

measured accurately (Table 4.1). This is e¥idence that

the frequencies show essentiaily no effect of coupling
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betweéen the guest and water vibrations, and can be taken ask
thOSerofva guest molecule in the static environnent of

the cage.kahis is consistent‘wlth Qhelfairly sharp bands
seen for the guést absorptions of 'the deuterates (Fig. 3.5
and 4.2).v Clear evidence. of 1nteractlon between the 'guest
and host vibrations does exist for those guest vibrations
which overlap the QOH(HZO) and vR(HZO) bands, since the
corresponding absorptions are reduced from sharp bands

in the spectra of the deuterates (Figs. 3.5 and 4. 2) to
much less 1ntense bands or shoulders in the spectra of

the hydrates (Figs. 3.4 and 4.2).,uThus in Sectlons 5. 3'2
.cand 5.3.2, the guest bands in the spectra of the deuterates

(Tables 3.1 and 4 1, F_gs:4;,SWandmALZLlareldlscussed7eln~—

the approximation that théy are characteristic of tri-

methylene oxide molecules in a static cage‘environment.

The only exceptlon 1s the v 3(B ) band whlch was only o

seen in the spectrum of TMO hydrate I.
The guest bands showed no spllttlngs, even when
recorded at 0.5 cm -1 resolution, although occa51onally

o

they were accompanled by shoulder51‘ Spllttlngs could have
arisen from non- equivalent SLtes occupled by the guest
molecules and from the coupling of the v1bratlons of P
ne1ghbour1ng guest molecules. However the disorder of the
water molecules in the hydrate structures leads to a

LA

range of“fields'at crystallograpQ}cally equlvalent SLtes,

:thCh means that although all, of the 14- or 16 -hedral cages
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are crystallOgraphically‘equiualéht,wthe sites in these
cages occupied hy the guest molecules are not equivalent,
because of the disorder of the water molecules. Thus a
continuous range of sites and therefore frequencies for

. &ach guest‘vihration_can be enoected, rather than a small
.number of discrete frequencies. Also,.in .general, the
guest molecules are not orlented in an ordered manner with
Lespect to each other, as is the case for the molecules of

I

an ordered solid, so the coupling of the vibrations of
nearest neichbour guest moleculesvshould, again, lead to-
a continuous range of frequencies, rather than the

separable frequencies often observed for ordered solids.

Thus, on these grounds, the lack of spllttlng observed

~for the guest absorptions of TMO hydrates I and II can
be understood; however the same arguments agpfg‘equally
to ethylene oxide hydrate, yet the absorption by the. ring

breathing mode of the guest is spllt for reasons presently

o

unknown '1ntQItwo components separated”by 2 cm_l (48) .
. Thus it is not trivial to point out that no such spllttlng
was seen. for any of -the trlmethylene oxide absorptlons.
This Iack.of.spllttlng is even more significant for
TMOihydrate I when=it is realised that the spectra obtained
at095°K were of samples that had fully passed thrbugh-
Davidson's ordering transition (Section~l 3 3),‘which is
o belleved to involve the parallel ordering of the guest

dipoles along the 4 axes of the 14- hedral structure I cages.
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The conclusion that these samples had fully passed through
the transition was reached in the following way. A time
of several weeks, that is a'typical time that the sampleé
spent under liquid nitrogen before use, was substituted
into\Davidson'S‘(54) expression fer the time de?endence
of the dielectric loss of samples quenched to, and held
at, lquld nitrogen temperature, and the resulting value
for the dielectric loss was essentially equal to the
equl]ibrium value. 'Clear}y the change that occurs on
’ paesing through Davidson's transition does not result in
. ~ .

the splitting of the absorptions hy the vibrations of the

quest molecules.

Thus the only infor%ationtgroVided byhthe absorption

oi the guest mo]ecules of ‘TMO hydrates I and II is the
frequenc1es and half—w1dths of the bands and thelr
‘temperature dependences. These properties are discussedf‘

in the remainder of this section.

5.3.2 Discussion of the Assignment of the Trimethylene

&

Oxide Absorption

In order to interpret the frequeneieS'of the tri-
methylene oxide vibrations'in TMO hydrates I ahd II, it
is necessary®to establish the differences betwéen the
guest frequencies and those of the gas. Furthér, the
_assignments'presented‘in Tables-3.l; 3.2 and.4.1 were
obtained by comparing the v1brat10nal frequenc1es of the

guest molecule with those of the gag, lquld and solid
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phases of trimethylene oxide, and a few comments are
necessary because the comparison was not completely straight-
forward. -
The assignment of vl(Al), v4(Al), vS(Al), vG(Al), vB(Al),
Ve (Ra)s Vi Rp) e v (BAy) e vy (Ay) Vi (B) L v (B, v B,
vlg(Bz), vZO(Bz), V21(B2) and vzz(Bz) is clear from a -
comparison of the frequencies of the guest molecule (Tables
3.1, 3.2 and 4.1) with those of the gas, liguid and solid
phases of trfmethylene oxide (Table 1.8).
In Chapter 3, the band at about 1457 ent was assigned
to both vy (A;) and Vi4(By). However it is likely to be
due solely to v4(Al), because it is probable that vl4(Bl)

1s at about 1480 cm—l in gaseous trimethylene oxide (80),

and was not abserved for the guest molecule. The guest
absorptions due to,v3(Al), vls(Bl) and v24(32) were also
not observed. The band due to vz(Al) was undoubtedly
merged with the intense band due to vl3(Bl)‘ih the spectra

of the structure I deuterate (Fig. 3.9), however it was \\“

~
observed as a shoulder in the spectra of the structure 11 °

aeutérate“kFig. 4.5). iThe assignment of v23(B2) to a band
at -713.1 cmnl in the spectrum of TMO hydrate I (Fig. 3.4
and TabieA3.l) hust be considered aé uncertain since this
mode has been assigned at 784 cm—l for the gas, and about .
730 cm—1 for the liquid and solid (Table 1.8).

The bands obserQed at 1008 and 999 cm—l,’967 and

961 cm™ !, ana 981 cm™! in the spectra $f the gas, solid
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{
and liquid respectively were assigned 'to the ring deform-
ations, v7(Al) and vl7LBI) (Table 1.8}). Lafferty (74)
assigned v7(Al) to high frequency of vl7(Bl) incthe infrarcd
spectrum of the qgas, although this assignment must be
considered tentative because of the complicated nature
of the band. No attempt was made to individually assign
the bands in the spectrum of the solid (76). Thos the
two absorptions by the guest between 950 and lOlOkcm#l
(Tables 3.1, 3.2 and 4.1) can be assigned to the two
fundamentals v7 and vl7, but there is no evidence to indicate
which has the higher frequency. Further, there appears to -
be no way to decide the correspondence between the two
structure I bands at about 977 and 990 cm_1 and the two
hstructnrerii bands at about 973 and 990 cm l. If this
correspondence is based on an intensity relationship, the
StructurelI bands at 976.8 and 989 cm-l (Fig. 3.11) corres-
pond to the structure II bands at %89.5 and 9i3.2 cm-1
(Fig. 4.6), in the order given. There are basxcally two
objectlons to. this correspondence Firstly, the 12.7 and
15.8 cm -1 frequency differences between structures I and IIX
are very large compared to those for all the other guest
modes, Wthh are less than 10 cm -1 except for the 21.1 cm_]
shift of Vié(BZ) (Tables 3.1, 4.1). Secon?ly, the N
frequencies of all of the other‘guest vibrations of the
structure II hydrate are either equal to or less than the

.
o

- corresponding structure I frequencies, in contrast to the
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-

above.ccrresp?ndedce which regurres that the frequeQCy of
‘a_structure II vibration be 12.7 ém -k hlgher than that of
the. corpresponding structure T v1bratlon. e 2 I
If‘the correspondence is based Qn a freduencyhrelaticn"
ship, then the structure!I bands at 976 8 and 989 cm—l, corr-

espond to the structure-II bands .at 973 2 and 989.5 ‘cm’ 1,'in,
the order. given. The obv1ous objectlon to this correspond-

J
ehcetls the large dlfference in 1nten51ty for the- correspond—

ii g absorptlon in the two structures, in contrast ‘to -the

similar 1nten51t1es expected in the two structures and seen.
i . .
f r the other guest absorptlons. There is no oﬁwlous

sdlution to this dilemma, so the spec1f1c assignments of

v&(Al)‘and wl7(Bl)‘1n the spectra of both structure I and

st ucture II hydrates must remaln uncertaln 2
-
: A comparlson of the fundamental frequencles of

i

tnimethylene oxlde in the Spectra of. gaseous trlmethylene'

Lde (Table 1. 8) and TMO deuterates I and IT (Tables
3.1 and 4.1) at 95°K is glven in Table 5.2. The frequency

l23(B23 was, taken from the spectrum of TMO hydrate 1

. 3
I

.at B5°K (Table 3.1).
The‘differences between the vibfatlonal-frequencies.
of encaged and gaseous trlmethylene ox1de w1ll be. dls—'

cussed in Sectlon 5 3.3 in terms of the lntermolecular

b
o > 3

1nteractlons 1n the clathrate cages ’ It is)'therefore,
j # o

,necossary‘to p01nt out. the 1nstances of lntramolecular

. Fermi resonance whlch*may contrlbute toatheafrequencyA

-
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o

.dlfferences presented in Table 5.2.

o Q

W1eser et ‘al (80) noted that the v ; l level <of. the
B-CH} symmetrlc stretch l(A ), ise in Ferml resonance w1th

jthe v o= 2 level of the 8- CH2 deformatlon v4(A ). The

_bands due to vl(A ) and 2v (A l) appear éﬂ\the Raman.

spectrum of the gas at 2979.0 and 2890 3 cm l,‘respectlvely,

compared with 2904 cm -1 for the calculated yalue of 2v (A )
(2 x 1452 cm l)n. The frequency of. v4(A ). 1n TMO deuterate

Q

Iis 1457,cm_l (Tables 3.1 and 3.2), so the unperturbed
frequency of the flrst overtone of the guest v1bratlon
-1s about 10 cm -1 higher than that of the gas. Thus the
vFerml resonance lnteractlon w1th the” unperturbed v.=1
level of vl(A ) should be correspondlngly larger 1n the 3
structure I hydrate than in the: gas, so the frequency of
the vJ(A ) v1brat10n of the guest molecule .may be ralsed
from that of the gas by thls 1ntramolecular effect

The second 1ntramolecular Fermi resonance -which may
~‘contr1bute to the frequency dlfference between the gaseous
and encaged trlmethylene ox1de molecules affects the

a

Coas CH2 antlsymmetrlc stretch O(B ),'whlch‘was observed -

(80) "at 2957.3 cm ") in the" spectrum of the gas. (Table 1. 8) .
Wieser et al (80) noted that v 0(B )} is. 1n‘Ferm1 resonance
with. the ' comblnatlon band vz(A ) + v24(B ), where v 4(B )
is the ring- puckerlng mode.i The . unperturbed frequency of

2O(B ) in the spectrum of the gas was estlmated by W1eser

g&_il.(SO) to be 2938.3 cm 1. -Further,’a strong.band'occurs

‘o .



the . llquld. It 1s unllkely that the Ferm1 resonance
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'in the spectrum of llquld trlmethylene oxlde at 2934 cm -1

whlch is almost certalnly due to Y O(B ), so ‘the’ Fermln-

resonance does not appear to occur in the molecules of

blnteractlon between vZO(B ) and v2(A ¥ + v24(B ) occurs.

1n the guest molecule in the 14 hedral cages of the

'Structure I hydrate. Thls 1s because the guest molecules

.1nteract sufflcaently strongly w1th the water molecules

of- the 14- hedral cages to stretch the cages (Sectlon 5. 2),
so/Lt is probable that the 1ntermolecular forces. perturb

the v1bratlonal energy levels of the ring puckerlng mode,,

~thereby remov1ng the upper state of the v (A ) + v24(B )

3

transltlon from the v1c1n1ty of the upper state of v o(B ).

The 1ntermolecular forces shouLd be con51dérably smaller

_for a guest molecule- in the larger 16 hedral cages of the

structure II hydrate, but they may still influence the'

energy levels of v,, (B, ) and hence, the magnltude of the

Kl

Fermi - resonance.lnteractlon._

In order to determlne ‘the - effect of the 1ntermolecular
force on v24(B ), an attempt has been made to locate the
rlng puckerlng fundamental of TMO hydrates I and II in ‘the
far—-infrared reglon. Dr. Steven Jacobs, 1n thls labonatory,
has recorded the: far- 1nfrared spectra of TMO hydrates I and

II at 4°K, but unfortunately the. rlng puckerlng fundamentals

were nét located Thus, in the absence of more prec1se

-

'_knowledge, the frequenc1es of the Vv 0(B ) v1bratlons of the

guests are compared w1th the unperturbed frequency of the
: : LY



gas,'2938.3Acm—l,"sihce_the cogrresponding vibration in

the liquid-is close to this frequency.

5.3.3 Vibrationslof the Triﬁethylene Oxide Molecules
'fhe;absorptiod'by the encaged trimethylenehoxide
,molecules at 95°K is discussed first,”followed by the
effect.of'Varying’the teﬁperature.' | |
The fundamental frequencxes of the guest vibrations
’_of TMO deuterate 1 and TMO deuterate II at 95°K, together
| w1th those .0f gaseous trlmethylene ox1de, are listed in
Table 5.2. Two trends are clearly ev1dent from ah
coMpariSOh of these frequencies: _firstly, the freguenc;es
: ofgthe'vfhrations:of the'guest molecule in‘the7l4—hedral o
v cagesgof the.structure'I.hydrate”are higher than thoSeCof
the gas and secondly, the'frequehcies ofbthe vibrations’
of the. guest molecule in the 16 hedral cages of ‘the . E
structure IT hydrate are lower than those of the gas.
In view of the uncertalnty‘ln some.of the gas phase
'frequenc1es (Sectlons l 4 and 5.3.2) it is useéful’ to note
the corollary of these trends, which- lS that the
irequenc1es of the v1bratlons of the guest molecule in thev{
14 hedral cages are hlgher than those of~the guest moleculem
in the 16- -hedral cages. - |
'The:frequency of the ring.aeformation, vB(Al),.is ohe_
“deflnlte exceptlon to the flrst trend and, possihly[ the P
_frequency -of the a—CH2 wag, vs(Al), whlch‘was only seen in:

© the spectra ofmpelletsl is a second exception. The only .

LI : - L
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exception'to the second trend is the frequency of the

a-—-CH2 antisymmetric stretch, jal ), and the approprlate

frequency in ‘the gas phase is uncertain for thlS v1bratlon
I

(Sectlon 5.3.2)‘ There are no exceptlons to the corollary.

In the following. dlscu551on the frequency, of a guest

v1bratlon minus the frequency.of the correspondlng vibrat-

~ion in the-gas phasells called the Av value. ' The zero

* [y

values of Av in Table 5.2 arise from large uncertainties

Q

.in the frequenc1es of the guest v1bratlon, and have been

" excluded from the. above trends and will be.lgnored in the

o kY
.

remalnlng dlscusslonu _ I . .
The electric and geometrlc complex1ty of'the clathrate

hydrate cages (35) clearly does not permlt meaningful

3

detailed calculatlons of guest host lnteractlons such’/,

IS z

_were made by Barnes (1)’ for dlatomlc molecules trapped

223 -

in lom temperature matrlces (Sectlon 1.2). It 1s, however,_

possible “to 1nterpret the observed trends.ln terms of the -

"'loose cage - tlght cage' 1deas of leentel and Charles (3)
which‘were.dis&ussed in-detall in Sectlon‘l 2.  These are
B ’AH ’ o

that the potentlal energy of 1nteractlon between the

guest molecule and ‘the cage is attractlve at large guest—
cage dlstances (Fig. 1. 1) and results .in negatlve Av values
that 1s, the vibrational frequenc1es of - the guest are low—
er than those of the gas, whereas at very, short guest- cage’

dlstances (Fig. l.l) the 1nteractlon energy is repulsive,

s and~results in positlve.Av values. The,flrst 51tuation

I

7
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is referred to.as a loose cage environment and, the .second

[

©

as a tight cage_environment‘(Fig. lll)_
The';ositive'Av values of‘the guest vibrations in the
l4-hedral cages indicate, therefore% that th se yibrations
) are‘in‘a'tight cage environment whefeaS'th negatlve Av
values for the guest v1bratlons in Lhe 16-hedral cages

-

lndlcate a 1oose cage envijronment. °There is substantial

) evidence to support e'1nd1cat10ns and their corollary

thatcthe v:bratlons of a guest molecule in a 14- —-hedral
cage expellence a con51derably tlghter cage env1ronment
than those in a l6-hedral cage. - o L

. . The thhtness of fit of a trlmethylene ox1de molecule .
in the 14 hedral ‘cage can ;e estlmated by comparlng the
;van der Waals diameters of the guest molecule w1th the
free (Section 1.3)" diameters of the cagejb The‘van der
Waars diameters of a.trimethylene‘oxide mclecdle, defined
ds the dlstance between the oxygenﬁatom and a p- hydrogen
atom and the distance between two u hydrogen atoms, are
5.5 and 6.2 A respectlvely‘» The free dlameters of - thew
14 hedral cage are about 5.03 A parallel to the 1% axzs_
between the hexagobonal faces, ‘and 6 43 0. 2 A 1n the
equatorlal plane pelpendlcular to” this ax1s- they were
'determlned from the structural parameters of the cagés of
ethylene ox1de hydrate (Fig. 1.2, Table 1.5), and from a
knoyledge of the ratic of the unit cell.parameters~of

TMO hydrate I (Section 574) and ethylene oxide/ﬁydrate iA

-0
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+

(46); It is evident, then, that the gquest molecule is
severelyorestrlcted)1n51de the cage, in agreement with the
interpretation of the spectroscoplc results. The free
diameters of- the l6-hedral cages are about 6.53 $0.1 A
as determined frgm the structural parameters og the cages
of the double hydrate of hydrogen sulphide and tetra-
hydrofurah (Fié. l.?, Table 1»5), appropriately scaled
re]atlve to the unit cell parameter of. TMO hydrate- II
(Seotlon,4,4). Tt is ev1dent in thls case that the guest
molecule'experienoes considerable fgeedom inside the
cage,,ih agreement witthhe’interpretatioh of the spectro-
“scdbic resilts. '
Ev1dence on the space avallable to a trlmethylene

oxide molecule compared to that avallable to other molecules
in the - l4—,and 16- hedral cages can’ be .obtained by a
! >comparlson of . Lhe unit cell parameters of TMO hydrate I and

iII with those of other hydrates. Dav1dson et al- (54) '
wbtained a value of’lZ.lS-A at -30°C for the unit cell ¢
parameter of TMO hydrate‘l and noted that the unit cell
parameters'of 18 other structure I hydrates near 0°C

range from 11.97 to 12. 14>A Thqs the trlmethylene oxide
molecole is large enOUgh‘tovslightly expand the normal

unit cell parameter. This is also'clearly'trhe at about 100°K
'(Seetion 5.2). Sargent and Calvert (55) obtained values .

of the unit cell parameters at 135°K of 17.170, 17.166,

. o e
17.161, 17.124, 17.118 and 17.095 A for the structure II
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hydratee of tetranydrofuran, 2,54dihydrofuran, cyclobutanone,
propylene oxide, 1,3-dioxolane and trimethylene oxide
respectively. Thus TMO hydrate II has the smallest unit
cell paraneter which indicates that it fits easily inside

the 16-hedral cage.

The degree of freedom experienced byathe trimethylene
oxide/molecules in the 14- and‘lG—hedral cages is also
reflected in the results obtained from dlelectrlc relax—
ation’ studles of the guest molecule. Da&ldson et . al (54)
noted that the,value.of 2.1 kcal mele_l obtained for the
Arrhenius activation energy for the reorientation etv
the dipole of the frimethylene oxide mclecuie in the
l4—hedra1 cages is " easr#y the. largest so far found for
the reorientation of a guest molecule in a clathrate
hydrate®. This severe hlndrance to/the_reorientation of
the trimethylene oxide molecule by the l4-hedral cage is
also ref]ected in the reorlentatlon rate of the dipole

-

at 51. K which is 1 kBHz and is lower than those of any
other'gucbt molecule in a l4-hedral cage. ’Davidscn et al
(56) "determined values of'0.41,~0.9l,:l.02 and 1.44

t.kcal mole-l for the Arrhenius activation energies associated
with the recrientation of TM¥Yjuest dipoles in the i6—hedral
cages of the structure IT hydrates of trimethylene oxide,
tetrahydrofuran, acetone and cyclobutanone respectlvely.

It is clear from the abqve values that a trimethylene oxide

molecule experiences very little hindrance to reorientation.

<



" Charles' (3) loose cage - tight cage ideas.

-ofﬂthe available 2v values of the 3—Cﬂ2 vibrations is +2.7 cme T,

vibration experiences a tighter cage environment than an

\

in the 16~hedral cages. This is also reflected in the 1 kiHz
reoricentation rate of the trimethylcne oxide dipole at
12.19K which 1s unusually fast for a guest molecule in the
;6—hcdralvcago. In summary it-can<bo salid that there 1s
Vsubstantiql'cvidencc that a trimothylene okide‘moléculc
isiseVercf} restricted in a l4-hedral cage, whercas it
experiecnces considcrgblu freedom in“ahlﬁ—hcdral cage, and
that thesc c6nclusi§ﬁS agree wi#b the interpretation.of

. ¥ . .

- -~ !

the experimental frequency shifts in -ferms of Pimentel and
The interpretation of the experimeﬁtal results can
be'extended by considering separately the Av values for
the a-Ch, and 2-Cli, vibrations of TMO deutecrate I. The average:
' 1
whereas that for the 8—CH2,vibrations is +9.7 cmflu
These values can be AiAnterpreted in terms of Pimehtelvand

Charles' (3) ideas to mean that, on average, a B—CH2

fa—CHz vibration. This is consistent with the preferential v’

orientation of the trimethylené oxide-moleculés in the

l4-hedral cages proposed by Davidson 92.2&5154)' as shown
by: the foilowing argument. According to dQQidsonyég al |
(54), a trimethyléﬁe\oxide molecule preferentially orients

N N

its dipolar axis alon@Jthe 4 axis of the l4-hedral cage,

which'passes thrbugh the middle of the two opposing hex-

agonal rings (Fig:. 1.2). This axis is collinear with the
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- o
shortest free diameter of the cage, 5.03 A. The wvan der

Waals diameter of trimethylene oxide along its dipolar
axis is 5.5 g, so the oxygen atom and the B—CH2 group
must extend into the hexagonal rings to a certain ;xtent.
The oxygen atom can enter the hole in the middle of the

hexagonal ring, whereas the B-~CH, group cannot. The B8-CH

2 2

group must; therefore, experience significant repulsive
‘interactions with the cage.  The cage diameter perpendic-
ﬁla: to the 4 axis 1is about 6.4 Z and it must accomodate the
6.2 Z.diameter of the trihetthene oxide molecule between its
two u—CHz groups. Thus the two afCHz groups should‘experience
smaller repuléive interactions\with the cage than the B—CH2
group. Thus, the interpretatién of the average Av valﬁes
for the vibrations of the a- and‘B—Cﬂz‘groups by the ideas
of Pimentel and Charles (3) providés»further evidence in
support of the preferential orientation proposed by
HDavidSon et al (54). However, this evidence shoula be
iused with caution, because Av values are 'not available
fo; all of the vibrations of the a- and B-—CH2 groups.

The vibrational frequencies‘of the structure I
hyarate df ethylene o;ide at 100°K have been determined
by Bertie and Othen (13, 48), so it is of interest to
see if they éan be interpreted in terms of the ideas of
Pimentel and Charles (3).. Tﬁe frequencies of gaseous and

encaged ethyiene oxide, which were taken from referéhce'l3,

are listed in Table 5.3, together with the Av values.



a)

b)
c)

Table 5.3

Comparison of the Fundamentéy
Frequencies® of Ethylene Oxide in the
Spectra of Gaseous Ethylene Oxfde

0

and the Structure T Hydrate of

E;hyléne Oxide

5]

A

. . C
Ylbratlon Symmetry vgas ¥hydrate Av
C~H stretches Al 3018 3008 -10.
A, - - -
B, 3005.9 2999 -
B, 3065.2 3069 +
Ay 1498.4 1491 -
B, } 1471.9 1467 -5
Ring vibrations A, 1270.3 12682 -2
B [
A "876.9 881 + 4
B, 872 872 0
. < ’ o 7 O 0
» CH,, wags Al 1148 1122 -26
B, 1150.8 1147 - 4
*CHZ rocks A2 - 810 -
' B, 821.2 807 -14
CH2 §w1sts A2 - . -
B, 1142.0 1147 | + 5

229

In cm—l. They were taken from: D. A. Othen, Ph.D thesis,

University of Alberta, 1972.

The less intense component of this doublet is at 1270 ém_l.

oV = \Y) .

vhydrate " ‘gas

i
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2

. Nine outlof'twelve of the Av values are negative with

" the -average yalue being'—5.2 cm_l, This'can be interpreted

' to mean that, on averaqe, the vfbratlons of an ethylene
. -

oxide molecule in a 14 —~hedral ‘cage are ih a loose cage

env1ronment “and,. in partlcular, in a con51derably looser

°

cage environment than. the v1bratlons of a trlmethylene
oxlde molecule in a l4~hedrallcage, since the wverage Av value
- for the latter is +4.°% cm—l.':There‘is ample evidence to

indicate that this interpretation is =o- -ect.

o

V'The largest-van_der"waals diameter of ethyleneboxide
is 5.2 2 bet;een‘the_methylene groubs 42), which can be”
-'compared to the values of abou -6}3 and 4.8 R for’the free
gdiameters’of the»l4~hedral cage of'ethylene oxide hydrate.r
The correspbnding comparison or TMO hydrate I was 6.2 X.
for the guest dlameter compared to 6 4 and 5.0 A for the‘
’cage dlameters. The unit cell parameters for ethylene ox1de

~

.11.89 (46) and 11.95 (Section

-

hydrate and TMO hydrate I ar

3.4), A respectively. The Arirhenius activation energy

associated with the reorientation of the ethylene oxide l

-1 (99) , compared to the value of

dipole is 1.4 kcal mole
2.1 kcal mole'l for TMO hydrate I‘(54),‘and the temperatnre

at which the ethylene oxidé dipole reorients at a rate of

, | v .
‘1 kHz is 28.0°K compared t the value of 51.5°K for TMO

hydrate I. All of the ab/ve evidence shows that an

ethylene ox1de molecule e per1ence$ muéh more freedom in .

;ga(

a 14- hedral cage than does a trlmethylene oxide molecule,

L,
/

9 . PRI

¢~ : [



' iln the cages of the c]athrate hydxates. "It is:likely,,
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ih agreement with the ihterpretation of the spectroscopic
xesults using Pimentel;ahdséharles'.ideaS;

It is apparent from/the‘feregoihg discussion that
the floqsevcage —,tight_cage} idegsuoé Pimentel and Charles

. -"71 f . .
(3) can successfully interpret the frequencies obtained

fof trimethylene oxide and ethyiene o&ide molecules trapped

therefore, that they Pan be appl:ed to the, guest v1bratlons
invall of the strgcture I and II clathrate hydrates. It is
ﬂhoterrthy.that the'freﬁueneies obtained for liquid
trihethylehe:oxide (Tahle‘l.S) and ethyiene'oxide (lB{lcan
"be interpteted~as reflecting:auloose'eage enviroh@ent for
the molecules in.theiliquid phase. Pimentel'ahd’Charies
\(3)jnoted that it ie‘pessiblé thatAtheghiiguid_statebat'
normal;temhe;atures is, ihhereﬁtly, always a loose cage"}
since the.thermal agitatién will tend toAcounteract the
-development of significant repu1§1ve forces. The average

Av vaiue of 44.5, ~3.1 and —5 2 cm ﬁer TMO hydrate I,

¢ g )‘

“TMb‘hyarate II and ethylene ox1de hydrate I clearly reflect -
the general.situation that trimethyléneloxide molecules- in
thé’14—hedtal cages are severely :estricted‘whereas trif a
methylene oxide molecules in;the‘IG;hedrai eages, and

. ethylene dxidg méiecules:in the l4;hearal_Cages,,are not.

' However, froh the’fofeéding.diecu§sion'ef the non—spectro_
‘scopic evidence, it is clear that trlmethylene oxide. o -

-y

molecules ln*the 16 hedral cages exper;ence more free@gmm




\J f “ ]
13}

ol
Bl
L]

than ethylene ox1de molecules in the 14 hedral cages. Thg

fact that ‘the- average Av values are nhot’ qon51stent wath
. [ P Lo
thS conclu51on may be due to: the errors assoc1ated w1th

o

. . ¢ e} o
the average values or to the 1nsen51t1v1ty of the loose cagel

© k]

. tight cage approach to the deta;ls of loose cage env116n-

Q.

o 2, (el

ments.u It - is noteworthy that thls approach should bé-

much more sen51the ‘to %he detalls of tlght cage enV1ronments;

. ° e o

than to those -of ;oose cage env1ronments,~81nce the attiactlve

0 o
and repulslve 1nteractlon energles have r 56 and r—12
L [ ) . 9 -

dependences'respectlvely.iu - L o ’7 o 0 5 o

~ o]

The half-wldths of Lhe guest bands ln the Spectra o o

s © o

N of potaSSJum bromlde pellets Of . TM@“hydrate I and TMO °

*0a

- deucerate I at 95°K glven in- Tables 3 SOaﬁﬁ 3 6 are a_tﬂ a

essentlally the same as .the correspondlng half w1dths 1n’

]

the spectra of mulls (Sectlon 3% 2 3) For TMO deuterate I,

¢ o” ° e ° °

ihe half-w1dths range un1formly°from 2 9 to 9 0 cm., o1 ‘,fc”

9
1

apart fnom the ll 4 and 14.2° cm N half-w1dths of the C H
A oeq

stretchlng bands due to v (Al) and’ v 3(B ) respectlvely

\ - 4 B

The measurable half w1dths of the guest bands In the spectra

¢
¢

of TMO deuterate IL (Sect;on 4. % 2) are essentlally the

© <

same as . Lhelr structure I counterpartsS The half—w1dths of

the guest bands 1n the spec(ra of ethylene ox1de deuterate

a <]

,al (48) are between 2 and cmfll except ﬁor the- bands at

2

v’

“872" and 3069 cm 1, whlch have half- w1dths of 7 and 8 cm -1

respectiveIY-"f.nQ 45 - f - -. L o ~U
- The varipus factors ‘that can contrlbute to the half-
. © - : 4( . . ; -t

i n( : ~ B
\, . & . °

<

o® |
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w1dths of guest bands of clathrate hydrates can be summar-

lsed in the followlng way. Flrst ‘the static 1nteractionsv

[a]

between the guesthand the cage or other guest molecules,,i @

due to?electrostatic, 1ndhct1ve, dlsper51ve and repu151ve
ﬁorces'JSection“1 2),_drffer from cage to cage because of

the dlsorder and thereby broaden the guest bands. aSeeond

the dynam;c‘lnteractlons due to fluctuations in the - forces -
LY

1lste&ma&,veldurlng the v1bratlons of the guest and cage

o Q )
molecyles cause the v1bratlons of the guest to couple

w1th thosge of the water molecules, wh;ch broadens the
‘ , guest bands because there is a contlnuum .of water molecule

vibratlonal ﬁrequencles and because of the dlsorder.

?urther, tnt dynamlc guest guest 1nteractlons brf~

bands because of- the dlsorder. Thlrd the rapld but

@
2 o

hlndered reorlentatlon of the guest molecule can cause R

,07

brbadenlng of ‘the v1bratlonal bands, ‘as is observed in the

o o o

spectra of llqulds (100) ,7Fourth broadenlng results from 0
lntramolecular anharmonlc effects of°the guest molecule, o o

@ o

and. anharmonlc qoupllng between .the 1ntramolecular v1bratlons
of the guest molecule and 1ts translatlonal and rotatlonal

‘Vlbratlons in the cage.

Lu

c;O'netype of dynamlc 1nteractlon 1s between the transatlon

e

, dipoles of the guest and water v1bratlons or between those of
the ‘same v1bratlon of ‘different Juest molecules. Broadenlng
from thlS source should 1ncrease as the 1nten51ty of the guest

or water ‘absorption lncreases. This’ lnteractlon 1s'probably

[e] < c
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responsible for the modificatiCnhof the gucst bands which
are superimposeod on“thenlntense véH(Hzo) and vR(HZO)-bands

° in the spectra of the hydrates‘(Figs.‘3.4 and 4.2)
spectrayof theudeutorates, .

In the

however, no correlation Between

the breadth and the intensity of .the guest hands 1s evident
‘(Figs. 3.5 andh4 2), solthls 1nteraction cannot be the

dominant cause of the breadth of these’ bands.

»

Trlmethylene ox1de experiences larger interactions.

-

w1th the 14- hedral cage ‘than does ethylene ox1de because
of 1ts larger size.

Thus the broadenlng due to the statlc
andg d}namlc 1nteractlons between the guest ‘and the cage,

. *
except for the transition dipole ihteractlons dlscussed

above, should be greater for trlmethylene ox1de than for
ethylene ox1de.

-~

Thus thlS 1nteractlon can cxplaln

the larger half- W1dths observed for T™O deuterate I than
- for ethylene oxide deuterate I.
argument

However using this

the breadths of the .guest bands of TMO deuterate
II should be smaller than those of TMO deuvterate . I,

~

this is not the case.

and
It must be’ concluded

therefore,‘
that thlS source of broadenlng is not the dominant one.

An estimate of the contribution from rotational
broadcning can be made using the equation

on the uUncertainty principle,

whlch°isvbased

AV 2f

T " -
where Av is the half-width due'to reorientation in cm

L
[ocs

-

f is the rotational relaxation frequency in .liz and ¢ is “the

- -
v -

234
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Speed of light .in cm seci}. The rotational broadening.

A

contributions are 0.001, 0.2 and 0.5 em™! at about 95° K-

for TMO hydrate I, TMO hydrate IT and ethylene 0x1de hydrafe I

.

\respectlvely, as calculated from their respective re-
orientation rates of 1.2 x 107/ (54), 2.7°x 10° (56) and
7 x 109'(99) Ha Clearly, rotatlonal broadenlng is not
the . domlnant contrlbutlon. | |

Thus the breadth, of the guest bands may be 1argeJy due
to the fourth effect noted above,_the anharmonlc effects Ln
the guest. molecule and anharmonic 1nte1act10ns between the &
intramolecular v1bratlons of the guest and its rotational
and translatlonal v1bratlons in the cage, or may depe:d on
.all of the factors 1lsted above in a compllcated way .

The remalnlng dlscu531on deals with the temperature,
dependence of . the frequencies and half—w1dths ‘of the
guest bands of TMO hydrate I and TMO deuterate I between
175 and 62°K (Flgs. 3.17 to 3.20, Tables 3.5 and 3. e) It
should be noted flrst that no marked changes were . observed
in the frequenc1es, half w1dths or band shapes onopassxng
”through Daéldson s (54) orderlng tran51t10n. Thus the
mid- 1nfrared spectra prov1de no ev1dence concernlng thls;'

tranSLtlon. Wlth decrea51ng temperature, three put: of

four of the absorptlons due to the B~ CH2vv1bratlons shifted

A',to hlgh frequency, wh;le three out of four cf the absorpt-

'1ons due ta the o- CH2 V1bratlons and three out of four of

the absorptldns due .to the rlng v1brat10ns shlfted to low

&
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frequency. The half—widths of all of the bands decreased

and'their\peak heights dncreased\en cooling. It is note-

'~worthy that. the temperature depéndence observed for the

clathrate hydrate was much larger than that observed for .
naphthalene (Sectlon 3.3. l), a SOlld whlch may be consider-
'ed as characterlstlc of ordered molecular crystals. |

"\ The temperature dependence of the frequenc1es of the
guest bands must be due to the temperature dependence of
‘the static and dynamlc guest-cage (Section 1.2) and guest-
guest.interactions and'tofintramolecular'anharmonic ef fects.
Thus it is clear that the origin of the temperature |
: dependence may be very complex.' However it is noteworthy
that the trends observed for the a- and Bg- CH2 vibrations are
con51stent w1th the 1ncreased occupancy of preferred
‘orlentatlons with decreaSLng temperature. The only comment
that can be made about the temperature dependence of the @
half-widths of the guest bands concerns the broadenlng
due to the rapld reorlentatlon of. the guest molecule. The
'reorlentatlon rates of the guest molchLe at 175 and 62°K
can be calculated, using the Arrhenlus rate 1aw, from’

©

dlelectrlc measursments (54) below about 90°K to be

d and 3.2 x 104 Hz, respectlvely. The half—w1dths‘

o

1.9 x 10
of the guest bands due to these reorlentatlon rates are
0.13 and 2.1 x 10 1 m;l; respectlvely, 'so "the reorientation

does not contribute rgnlflcantly to the temperature

dependence of the breadth
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Chapter Six. Vibrational Spectra of Thiqphosphoryl Chloride

.
-

‘g:i Introduction

\

6.1.1 General Introduction

®

The last‘chapter bf this thesis is concerned with'the"
vxbratlonal spectroacopy of. fhlophosphoryl chlorlde, SPCl
The structure and vibrations of thls molecule are presented
in Section 6 1, tocether w1th a review of ‘the prev1ous
studies on thiophosphoryl - chlorlde which are relevant to
this work, .and a statement of the aims of this study; The
eiperimental'techniques which were used to record the mid—
and far—lnfrared spectra and Raman spectra, are covered 1n
L,Sectlon 6.2. . The’ results of these lnvestlgatlons are
presented in Section 6.3. The normal coordlnate analySLS,
of Section 6 4 prodvces a reasonable force fleld for the
mplecule, and provides the isotope shifts which are -necess-
arybfor‘the assignment of the spectra. The experlmental
vresults;_together-with those predlcted by the normal co-
‘ordinate analysis, are. dlscussed in Sectlon 6.5.

[

'-6 J 2 The Structure .and Vlbratlons of: Tthphosphoryl Chlorlde

The molecular structure of gaseaqus thlophosphoryl

_chlorlde has been Studled by electron diffraction (101 - 103)

and mlcrowavefspectroscopy (104) . The°structural par-'
: o . e . L '
rameters used in thlsAlnvest;gatlon,were taken from the

microwave results (204) : r(P=S
Q

. . o .
r(r-Cl) = 2.02 $0.01 A;.G(Cl -Cl) = 100.5 #1°;

©
S) = 1.85 $0.02 A;

©237
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8 (S=P-Cl) = 117.4 tl°.
The molecular Structure and the designation of the
atoms is shown in Flg. 6.1. Only the six most abundant,

naturally occurring isotopic forms of the molecule will be

considered in this study. .Théy are 35Cl3, 325P35C1237Cl,

325p35¢0137¢1 1,, sp37c1 34g 35c13 and 3%sp 35c1237

Thiophosphoryl chloride contains five atoms and therefore
has nine normal modes of vibration. Thermolecules.328P35C13,

2SP37C1 and34 3SC1 belong to,the point gypup C3v (104) ,

1.

and it can be shown by standard methods (105)‘that their
>normel coordinates form the repnesentation:

3Al + 3E
S?nce vibrations of Al and E symmetry are active in both
infrared and Raman spectra.under the point .group C3v»(105)’
a total of six fundamental bands is expected. An approx—
1mate descrlptlon of ‘these modes is given in Table 6.1. |
The numbering scheme follows Herzberg-(106)' |

The molecules ;ZS Cl 37 Ccl, -~ 35C

4 35C

2
1, Tc1 belong tqlthe poinﬁ’aggnp Cqy, and their.

17°C1l, and

-normal coordinates form the representation:

' 6A" + 3A" \
All nlne v1bratlons are expected to be actlve in. bothO
'Jnfrared -and Raman spectra {105). An approximate descript-

ion of these modes is given in Table 6.2.
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: L o
Fig. 6.1. Molecular structure of thiophosphoryl -chloride.
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Table 6.1

-Approximate Description of the Fundamental
Vibrations of Thiophosphoryl Chloride,

Point Group C3 .

Mode & ——BApproxifmate Description
Vl(Al) ., ‘ stretch.

vZSAli ' /Cl stretch

v36§1) B C1-P-Cl1 deformation
v4(E5 | . P-Cl stretch

Vg (E) _ Cl-P~-Cl deformation
Vg (E) S=P-Cl deformation

a) Numbering scheme .follows Herzberg (106).
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s
Table 6.2
Approximate Description of the
Fundémenta¢ Vibrations of Thiophosphoryl
Chloride, Point Group Cs'
Mode 2 - Approximate Descriptionb .
vle') P=S stretch
vz(A') antis: '-C1l stretch
v3(A') -8ym. - ! stretch
. ‘ A T
' —_P - 1 f‘v.,,
v4(A ) sym. Cl-P-Cl deformatloqgs
vS(A') antisym. Cl-P-Cl deformatitwm
Ve (A') S=P-Cl deformation
vi(A") antisym. P-C1l stretch
vs(A") antisym.'Cl-P—Cl deformation
vg(A") S=P~Cl deformation

a) Numbering scheme follows Herzberg (106).

b) sym. =

symmetric and antisym. = antisymmetric.
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6.1.3 Previous Studies of the Vibrations of Thiophosphoryl
Chloride |

The first work on the v1bratlonal spectrum of
thiophosphoryl chlorlde was reported in 1936 by Thatte (107) .
In this study of the Raman spectrum of the liquid, the
frequencies of six fundamental vibrations were given,
including one at Béé cmnl. Thé P=S stretching vibration
was assigned to the band at 750 cm—l. A yearvlatef, in
another study of the Raman Sbectrum of the liquid, Simon «
and Schulze (108) reported similar frequencies for the
fundamental vibrationsf Gerding and Westrik (109) re-
'studied the Raman spectrum of the diquid, after ﬁoticing
that the correlation from phosphoryl chloride, POCl3,
to thiophosphoryl chloride, showed a cohsistent decrease
in the frequency of each fundamental eXcept for the one at
382 cm l, which coxresponded to the fundamental of

LA

ﬁjthat ﬁhe y

phosphoryl chloride at 337 cm l.& They coﬁcld&ﬁd

band at 382 cm-1 was not fundamental buE Was d‘

fundamental at 435 cm -1 exc1ted by a dlffexent line “of gbe'fﬁf*“f‘

mercufy lamp source. This left only fiVe of the&81x‘“v”"*‘ﬁ9»

fundameﬂtals located, which led the authors to suggest that-

the apparently depolarised band at 250 cm‘l was ln fact

e

two bands, one polarised ard one dew ”arrsed These authors
assigned the fundamenta] frequencies to SpélelC modes of

vibration for the flrst time, an& thls a551gnment 1nd1cated
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modes, Vj(AL) and vy (E) respectively, were the vibrations
coincident at 2?0 cm—l. This interpretation of the spectrum
wa;'gbcggged by bewaulfu and Francois (110). -

Thé'girst study ot the infrared spectrum of
tl ijophosphoryl chloride waﬁ)carriéd out by Cilento, Ramsay
And Jones (111). From the infrared spectra of the vapour

L] .

and lJiquid in the region 400‘; 1600 cm_l, they were able
to assign tLree fundamentalsiﬁhich were in gogd‘égreeméht‘
with the Raman studies. NDurig and Clark (112) re-examined
the infrared spectra of the gas and 1liquid, including the
250 cm“] region, and the Raman spectrum of the ligquid. The
spectrum of the gas contained a band near 250 cm—l which
had two sharp feétures, at 252 cm—1 and 248 cm—l, and a

contour that was not readily attributable to the super-

position of bands due to v3%Al) and QS(E). The assignmeﬁ_
of the two sharp features to vB(Al) and vs(é) was, therefére,
very'teutative;J'quther t he infrared nor the Raman spectrum
of the liquid inwthis region showed any evidence of the
presence of two bands. Goubeau and Kottgen (113) attempted
to correlate the P=S stretching f;equegcy with the ﬂature

of the substituenfs in a series of thipphosphoryl compounds,
and included a report of thé\;hfrared and Raman spectra of
thiophosphoryl chloride. However, this work supplied no
fuxther'evidehce on the a=sijnment of the spectrum.

The only work published on solid thlophosphoryl

chlorlde is a study of the infrared spectrum at 77°K by
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s . e ' ’ e
/Marsault - Hérail and Tartar (114). They assigned: a band

at 248.4 cm ', with shoulders at 251.6 cm™! and 245.3 cm™l,

to Voo the antisymmetric ClQPiCl deformation, and the bands

at 226 cm” ! anda 222 cm 1oy the symmetric Cl-P-Cl

3'

deformation. They also observed three bands at 433.5 cm ;,
"‘ .

430.5 cm—1 and 427.5 cm -1 due to Y the symmetric P-Cl

2’
,stretching mode. They agtrlbuted the triplet character of
‘thls band to. lntermolecular coupllng and 1sotop1c spllttlngu

Table 6.3 llStS the frequenc1es from the fore—mentloned

studles o 114) None 0f the above~mentloned authors

reporteﬁ‘any lsotope Spllttlng in spectra of the gas and
quuld A study: of the Raman spectrum of gaseous
thlophosphoryl chlorlde at 185°¢ by Clark ~and Rlppon (115)

: was publlshed two years after completlon of Lhe work
‘presented in thlS chapter. The results obtalned in that
study (115) w1ll be dlscussed in Sectlon 6'5. The remain-
lng publlcatlon (116) on the v1bratlonal spectra of
thlophosphoryl chloride contalns the\work presented in this
chapter. . ’ ' '

There have been a number of. attempts to analyse the
normal coordlnates of thlophosphoryl chlorlde, but unfort-
unately\most of them suffer from 51mpllfy1ng assumptlons
'or mlstakes Me ants and co- workers (117) performed a

normal coordinate calculation assumlnq all angles to be

tetrahedral The symmetry coordlnate whlch Zlomek and

Plotrowskl (118) set equal to zero, is only correct if the
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v C .
. . \y\k
angles are‘tetrahedral. Ef this coordlnate was omltted o

from the calculatlon by %hese woxkers ~their force fleld

[

must be wrong (119) They (118) also"used the wrong value"

@

for ‘the’ Cl P Cl angle., Nararajan (120) and Venkateswarlu

t al (121) used th band 382 cm l, discussed earlier, as

the vS(E) fundamental Inrthe calculation carsried out

o

by Ramaswamy and Rao_(122), inéorrect~valuesbfor the

@ . -
angles were used. Cyvin and co- workers (123) calculated

force” conqtants, mean amplltudes of v1bratlon, COrlOllS.
coupllnq constants and thermodynamlc functlons for _ ; \

: thlophosphoryl chloride, uslng the correct frequencles and

molecular parameters. However, these authors used twelve’

symmetry force constants to explain six observed'frequencies,
2 M o

The remalnlngutheoretlcal work in this field 1s by

Venkateswallu and Juseph (124), who calculated the cent-

rlfugal dlstortlon constants, and Nagarajan (125), who

_determined the me&b amplltudes of v1brat1qn, in’ apparent'

dlsagreement w1th Cyv1n> 3l_(l23).

G

6:l- 4 Alms of this Study

The pxlmary aim of this study was to attempt to pro—

vide strong experlmental evidence of the aSSLgnmeﬁt of the -

.

cl-p- Cl deformatlon v1bratlons, 3(A ) and vS(E), oﬁ
thophosphoryl chlorlde.' A subsxdary aim was to obServef

.and assign the absorption by the varlous‘naturally oc6ﬁ£i~

ing isotopic forms of the molecule. ThlS requlred that

normal coordlnate calculatlons be carried out to estlmate

!
|
i
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the separatlon of the frequenc1es éf these various 1sotop1c
forms. If only sxx frequenc1eq.are available as experxmental
"data, a maX1mum of six force constants can be deduced. /
The only calculatlon in the llterature that is free from
. obvious errors or051mpllfy1ng assumptioens, 1is that of
vavin and ¢ofw§rkeféﬂ(123),~and_they usestwelve symmetry
tofce constahts to exélain six-frequenc%és. Therefore
it was decided to develop_armodified valence force fieId
with.ohly six force constants to explain the observed

freguencies. . o
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~

"6.2‘E§perimentdl Techniques‘

6.2.1 Sample Handllqgﬁand Cells .,

b3

Thlophosphoryl chlorlde used in this lnvestlgatlon
was lnltlally obtained from Columbla Organic. Chemlcals.

Thls product was analysed by gas llquid chromatography

\
u51ng a 10% SE 30 column 10" x %¥". -Two 1mpur1t1es, both

more volatlle than thlophosphoryl chlorlde, were found,

and together these amounted to a 0.5%" lmpurlty./ About
10 ml 8f the liquid was put 1nto a glass storage vessel

fitted wlth a.stopcock and,ground glass ball jOlnt, both

lubxicated with siliCone grease)‘for cornection to .a
.couvehtional?vacuum line. The sampleiwas.evaporated in

vacuum uhtil two—thirds of its origihal volume remained and

o

the chromatogram of the remalnlng fractlon showed a 0.3%

/s

1mpur1ty.: Repetltlon of .this procedure reduced the total
impdrity to 0.2%, which could not be improved by further
evaporation.l Spectra obtalned from the commerc1al sample

ahd purifiediﬁractlons showed no drfferenceS' The ldentlty

L

of the impurities is unknown, however, from thelr relative

voratllltles,'as demonstrated by the chromatograms,~

o

phoqphorus trlchlorlde and phosphoryl chlorlde arej :

o

pOSSlbllltleSm

" Thiophosphoryl chloride“used near the end of .this

Jnvestlgatlon was obtalned from Alpha Inorganlcs. The

‘purlty of this product was checked by recording the 31?

n.m.r. >pectrum over a w1de range of chemical sh;ft,
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lncludlng the regions where phosphoryl chlorlde and phos—
phorus trlchlorlde absorb. The spectrum showed a single
resonance at a chemical shift of -26 p.p:m. relative to
phosphoric acid,lindicating the presence of‘onlybthio—’ | -
phosphoryl chloride (1265, . ,. |
| 'Gas_samples forvmid—lnfrared spectra,‘above 200 cmfl,
mere‘contained in a conventional gas_cell'with‘a 10 cm
optical>path. Cesium iodlde windows, 50 mm szmm 'were~
attached to each'end using glyptal cement ~ The gas cell
- was evacuatod to a pressure of less thgn 0.01 Torr, measured

o

‘by an Fdwards ngh Vacuum Speedlvac Plranl Gauge, Model BS

Qand subsequently fllled to pressures, measured by a mercury
U= ‘tube manometer, varying between 1 and 10 Torr of

'thlophosphoryl chlorlde. . -

Gas samples for far 1nfrared spectra, below 300, cm l,

- were contalned in the stalnless steel gas cell shownbln
'Flg..G 2, which has a 10 cm optlcal path and was fltted

- with polyethylene windows. The cell con51sts of a S 75""'
i 5.75" x 0.5" stalnless steel top plate, A, ln whlch is

| embedded a 5. 5" dlameter O—rlng, B, which forms a vacuum

‘tlght seal to the sample compartment of the lnterferometer.

‘A stalnless steel cyllnder, C, 3" x 1. 25" o.d. AT oild.,
is connected through the middle of the plate by a 0.37s5"
_o,d. stainless steel tube, D, to a glass stapcock E whlch

is attached to a ball- 301nt for coupllng to a vacuum line.

A flange, F, 2.3" 0. d., at each end of the cyllnder,

Hohr
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contains a i;35” diamcter Q4ring, G, wﬁichAprovides a
vacuuﬁ tigﬁt scal with the polyethylene windows, . 'Thcse
windows_aré hcld“in place by the end plates, J. The
optiéal filter holder, K, is attached~tovone of the end
plates. dne side of cach polyethylene window was conical,
double angle 172.50; to remdve‘intérforchce frihgés‘from
the spectra. |

Liqﬁid Samplcs_fbf:Raman scattering studies were
obtained by éyringing the cémmercial thiophosphoryl
‘ﬁhloxidc directly intb a 1 mm i:d. cépillary tube, and
SQa]ing.the end with a toréh after freezing the samplé.
GdSmliquid=chrom$tbgraphy of the Raman samples after use
showed no decrease in purity!

6.2.2 Spectrophotomoters

Mid-infrared spedtra, above 200 cm‘l, were rechded on
the Beckman I. R. 12 Spectrophotometer doécribcd in 
Chapter 2.

Far-infrarod spectra, belo&:300 cmfl, were obtained
.using a Beckman - R.I.I.C. F.S.720a”ichclsonvInterfcr—
‘dméter. This instrument cah be ovacuated>to‘less thén'
0.0l'To;r’to eliminaté the Qbsofétion by_Water vapour. ‘The 
‘degiqp,-theory aﬁd opcfation of far—infrarpd'interfcrbmeters
is well documented (127,'128), and only a brief deécr;p£ion
is given here. The collimated lighﬁ'from the mercury source
is spiit into two‘bcahs by one of the five beam splitters,

of various thicknesses, available. One of these beams is



reflected by a fixed mirror and the second is foflectod by
a mirror which is continually moving to proVidé a
continuously changing-path difforonqe'betWCQn the bca&s.
fhe twé beams arce rqcombincd by the beam éplittcr, and

pass through a long-wave pass, optical filtpr and the
sample puforg rcachlng the Golay det ctor “The ln:anltlpS
of the light reaching the Golay detector at evenly Spaued
values of thc path difference are transformed to digital
~voltages and punched onto 1.B.M cards. An‘equal-numbér

of points ecach side of zero path difference are collected.
ThiS_digitiSOd interfq}ogram is then ?ouricr tranéformod'
using the Fortran prOgramme.BOBS IV, which was writtén in
Ehis'labovatory. This programme employs the I.B.M.
subfoutiné RHARM to perform a sine plus cosine Fourier
transformétion, an% offers the optioﬁ of apodization by aQ.'
triangular. function (127). Thi result of_the,Foﬁrier
transformationﬂisha spectrum which éohsists\of the inten-<

sities at evenly spaced wavenumbers from zero to a

maximum value, (2Ax)—l, where 4x is the separation of the

N

- path differénce values at which the intensities‘were

measured. The accuracy-of the wave numbers thus depends on
i

tho accuracx of Mx. Lallbratlon spectra u51ng water vapour

(129) showed the wavenumbers to.be accuratL to better than

0.2 cm—l. . Appropriate choices of thefbpam %pllttor, long-

“wave pass optical filter and Ax pprmlt examination of all

regions of the spectrum.between 10 and 380 cm_l with good.

A
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precision.

Sample and reference interferOgrams were recorded, and
Fourier transformed to the corresponding spectra. .These
@ere then ratioed and the absorbance was calculated, and
the absorbance-versus-wavenumber spectra were plotted by
an off-1line CALCOMP.plotter. Severallabsorbancé spectra
may be averaged to increase the signal to noise ratio.

The resolutiop of an unapodizgd spectrum is equal to the
reciprocal of the makimum path difference (128), thch was
0.77 cm in this §tddy; This, therefore, gave a resolution of
1.3 ch_l which, éﬁgapodizatioﬁ, is lowered to 2.0 cm-'l (130) .

The Raﬁ;n spectrophotometér consisted of a Carson
Laboratoriqs mode'].'lOSP-Ar+/Kr+ laéer, é Spex model 1401
double monochromator, a Speﬁimodel 1420 sample ilidﬁinating
chamber, a Speﬁ quel-14l9 ;;mp;?;modulej a cooled FW 130
photomultiplier pdbe,.photon coﬁhfing electronics and a
strip chart recorder. All;Raman spectra wére excited by

: o - .
the 4880 A Ar' laser line at a power of approximately 80 mw

at the sample. Unwanted emission lines _were removed by
filtering the incident beam. Spectra were obtained using
the 90° scattering geometry. The incident light was

polariséd with the electric vectorlperpendicular to the
direction of scéttering, and the polariéation of the
Séattered 1igh£ was selected by a polaroid analyser, and
"subsequently destroyed by a pqlarisation scrambler in front

1

of the entrance slit. The frequency accuracy of the



monochromator was periodically checked with carbon tetra-

chloride (131), benzene (106) and indene (132). Each time

the spectrophotometer was used, the frequencies were

calibrated using the symmetric C-Cl stretching ban®s of

.35 .35 37 ’ 35 .. 37
C c14, '$ c13 cl and C c12 c12 (131).
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6.3 Results

\

“\

In this section, the results of the qas phase infrared

6.3.1_£5wu>rJl

and liguid phasce Raman studies will be. presenteoed. This
will be followed by an analysis of the offect of impurities
produced by the reaction gf thiophosphop&l thoridc on the
window material.

The natural abundance ot chlorine lsotopes in thio-
phosphoryl chloride can be calculated using the stqnddrd
formulae pf the theory of combinations (133):

£(35) = 0.7553 (85) and f£(37) = 0.2447 (85)

where £(35) 1is the naturally occurring fraction of 3)Cl,
and f(37) 1is the‘naturally occurring fraction of 37Cl,
and,

: 35 37. s aea X n-x n!

£ (SP Clx Lln_x) = £(35)7.1(37) C STTReE ;
where n = 3 and x = 0, 1, 2 or 3.

Thus natural thiophosphoryl c¢hloride is, considering only

chlorine” isotopes, 43.1% of SP35Clé, 41.9% of SP35C1237C1,
13.6% of SP35C137C12 and 1.53 ot P37C13. Therefore the
E |

possibility of observing bands duc to at least twes,  and
possibly three, isotopic species, must be considered.

Further, 4.22% of each species listed above will .contain

34 33

S, 0.76% will contain S and the remainder will

eésontially all contain 325.

The general features of the gas phase infrared
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spectrum and the liquid phase Raman spectrum aré%wel} known
(112) and will not be repeated here. Rather, a'dé%filegp

- ‘ - AR

4 e

study of the individual bands will be ‘'shown, paying”‘

particular attention to the Ci-P-Cl deformatign,regi6#7
around 250 cm—l, and to the occurrence of any 1sotopic
splitting of the fundamental bands. Before presenting the
results, it is hecessary to briefly discuss the shapes

expected for the vibrational-rotational bands of the gas.

Y

Since.the'molaCules of C symmetry are symmetric

3v
tops, the gas phasé band contours Qﬁ the Al modes are
expected to show a well defined PQR structure (106).- The
band contours of the E modes, however,nare strongly |
dependent on Coricolis coupling, and may vary for different
normal vigrétions (106, 134). The molecules of CS symmetry
¢an be shown, from their moments of inertia, which are
‘qivennin Table 6.4, to be rotors ovaeda and Shimanouchi's
(81) type 40. The A, B and C band contours for this type,
" how (81) a/strong Q branch fldnked by weak P and R

branches.

6.3.2 Cl-P-Cl Deformation Vibrations.

The symmetric and antisymmetric Cl-P-Cl deformation
vibrations, v3(Al)”and vs(E) respectively, are expected tq
absorb near 250‘cm-l. The absorption by these vibrations
was studied using the interferometer described earlier.

Curve B‘of Fig. 6.3 shows the absorbance of about

10 Torr pressure of thiophosphoryl chloride contained



Table 6.4

’

Principal Moments of Inertia® for

Thiophosphoryl Chloride

| IA IB Ic
35 " qa- .
s %c1, 337.51 360.52 360.52
sp 2c1,c1 343.52 361.84 367.84
sp?>c1?7c1, 350.02 365.58  372.36
sp3’ci, 356.79 373.01 373.01

22
a) Ip amu A“.
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“1odide windows; curve B,

Raman Intensity

! SRR
250 240
v/cmf] o »
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Flg. 6.3, Infrared spectra of gasecous . thiophosphoryl
S . o _ -1 - o =1 )
chloride between 235 and 265 cm at 25°C and 2 tm © resol- -
utivn: curve ‘A, gas at 1 cm pressure, 10 cm path, cesium
gas at-:1l cm pressure, 10 cm path,

polyoethylene wihdows: curve C, polycthylene windows with

CLadsorbedd thiophosphoryl'chloridc.\ Curves D are’ the .
Raman. spectra of liguid thiopq;fphogyéﬂtﬁioride_in the same?
L ~ \ ) -1 : . . ' D
reglon ot 25°C and 1 em T resolution using no analyser.
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between polyethylene windows. N01se on the wings of thls
vband has been smoothed.‘ The two sharp peaks occur at
251.4/cm-l and 247.7 em™1.  curve A of Fig. 6.3 shows the
average of three spectra which were run consecutiyely on

the same sample of thiophosphoryl chloride contained between;
'ce51um 1od1de windows. The two central peaks are at the

vsame frequencles as in curve B, and the high frequency

band is at 258.3 cm l. Noise on the low'frequency shoulder
_ : p
has been smoothed. The origih of" thi’dl ferehce between
! :} vu »
curves A and B can be seen-~in curve C, wHiZh is the spectrum

of the evacuated cell w1th polyethylene windows, after it

>had been used to record the spectra of several samples of

gaseous fhlophosphoryl chloride. The doublet at 251.4 cm’l'

and 247. 5 cm l-ln curve C increased in intensity when the
windows were further exposed to thlophosphoryl chlorlde,

© and decreased 1n 1nten51ty on further eyacuatlon of the
;kfélf or whewf%ke windows weue left 1n the Hir for several
days IL LS, therefore, necessary to assign thlS absorptlon

. to thlophosphoryl chloride adsorbed on polyethylene. It

rs ‘well known that small molecuLes are adsorbed by »
polyethy]ene (135, 136)v 4 -~ [ ' U
Curve "B of FJg. 6.3 1is thus the superposition of
= S

absorptlon by qaseous and adsorbed thiophosphoryl chlorlde

Thlophosphoryl chlorlde adsorbed on polyethylene does not
) S
undergo quantlsed rotatlon, SO ‘curve C of Flg‘ 6.3 does not

show the rotatlonal ~vibrational band contours of purwes% @ .
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A and~B. vThefapoearance of a doublet in curve C therefore .
indicates that two vibrations do absorb near 250 cm l.

Curves D of Fig. 6;3 show the correspondlng Raman band
of 1iquid thiophosphory] chloride * The band is depolarlsed

and asymmetrlc, with a peak frequency of 247 cm ;/tl cm l,

and .a hlgh frequency shoulder at about 251 cm }. it is
.tempting to attrlbute these features to the two ulbratlons
identified in the far—infrared spectra. However; pronounced
thh frequency shpulders were also found on the Raman ban s
due to v](Al) and’ v (E) of llquld thlophosphoryl chlorxd%g
as shown in Flg. 6 4. ‘

These results w:ll'be discussed, together w1th those

obtained from the normalunoordlnate analysis, in SectJon 6.5.

6.3.3 P-Cl Symmetric Stretching Vibration
" The P-C1 symmetric stretching region was investigated

in the infrared: spectrum of the gas and the Raman spectrum

of Lhe llquld. o f_'“ )

-

Curve A of Fig 6 5 shows the absorbance due to thls
mode in the 1nfrared spectrum of the,gas. Two sharp Q
' brdncheqﬁcan be seen at 436:5 cm and 433.61cm—1, together
withian ‘R branch at 440.6 cm 1. Curves B of Fig.'6.5 show

the correspondlng reglon in the Raman spectrum of the

liquid. Three bands can be seen at 433. 3 cm ;; 431 cm =1
" and 428 cmAl. ' - : | e
S : A oy
\‘? The two Q branches and the three Raman bands. are

-most logically assigned to the diff@rent:isotopic species’

; =



261

T T I | I
- v
> 1 .
e
-
>
wJ
—
E;,
>
=
. U7ﬁ
2 :
- */f./;./ uy J
B
| <
» ! : L 4 1 1:‘ ]
560 ° 550 . 540 ° - 530 520
. V/ém-]

Fig. 6.4. Ramah épectra of'liquid thiophoéphoryl chloride
between 720 and 780 cm_l (upper box) and bctween 510 and
570 thl (lower box) at 25°C and 1 cm~ L resolution using

no . analyser.
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present The con51stency of this aSSLgnment with the
results of the normal coordlnate analysis, will be

discussed in Section 6.5, ‘ £

6;3.4 Other Fundamental Vibrations

The remaining fundamentals are the P=S stretching
mode V1 (A ), the antlsymmetrlc P-Cl stretching mode,
v4(E), and the s=p-Cl’ deformatlon mode 6(E)

The absorptlon by the P—G strgtchlng mode of gaseous

thJophosphoryl chlorlde lp%ﬁ'“

"ig. 6.6. This band
{e whic%%is“expected
(Qectlon 6‘311)*‘ The.freqd‘jiyes of the P, Q-and R

; " -1 . -1

;}“ ) : T 3

a% the main Q branch at‘769.6 cm T, a
_second Qé@#‘:?branch-appears;at 763.1 cm L.
The,absorption by the antisymmetric p- Cl stretching

mode of gaseous tthphosphoryl chlorlde, shown in Flg. 6 6,

263

%.8 cm r 769.6 cm and '775.5 cm respectw\’
3 [

is spllt lnto a doub%gsww1th peak frequenc1es of 550.5 cm -1

1

- and 547 cm—b. The pand contour of thlS mode is largely

determlned by COrlOllS coupllng eftects

The last fundamental to be considered is the S=P-Cl
deformation’mode, VG(E)' The band due to thls v1bratlon
was not seen in the infrared spectrum of the gas, whlch
indicates that its dipole moment derlvatlve is very small
Howeve{; the change in polarlsablllty durlng this v1bratlon

is large enough to produce the symmetrlc, depolarlsed band .

d;hown in Flg. 6.6 at 171.5 cm l. The results for vl(Al)'
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Fig. 6.6. Infrared spectra at 1 cm resolution between 750
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and v4(E)'Q;11 be discussed in’ Section 6.5.2, whereas
those for vG(E) are included for,completeneés.

§.3.5 Impurities

The purity of commexncial thiophosphoryl chloride’has
aiready been aiécussed in Section 6:2;1L In this éectién,,
_the effecﬁ of impurities'whiéh result from the reaction of
thiophospharyl chloride with cesium iodide windows will be
discussed.

Thiophosphoryl chloride-reacts with the pesium iodide
" windows, turniﬂgithem yellow, then brown, then deep red-
brown. In order pé.identify the reaqtion,prpduqts and
determine the effect thegeyﬁould have on the spectrunm, "o
t-he gaseous pﬁ%dﬁéts.frém a reactioh getweep powdered
cesium iodide and thiophosphd;yl chloride were analyséd by

1 - - ) , .
‘lP n.m.x. spectroscopy and infrared spectroscopy. In the

3lP n.m.r. spectrum, a resonance _at -217 p.p.m., relative

to phosphoric ac'd, was observed, in addition to the

fesonance:at - p;m.,'}eiative to phosphoric acid,.dUe’

to (126) thiophodphoryl chlofide; The low field chemical

shift éan be compared to the chemical shift of -219 p.p.m.,
relative to phosphoric acié, of the phosphorus atom in

.phosphorué trichloride. The infrared specfrum»of the ‘ @
gaseous reéction products.showed, in addition £o the

thiophosphoryl chloride peaks, a new strong band at 508 cm'—l

and a sharpening of the absorption at 260 cm_l, The

frquenéies of these peaks agfee wéll with those feported

¥



by Frankiss and Miller (137) for the two strongest bands
in the infrared spectrum of phosphorus tricﬁloride.

The presence of phosphorus trichloride can be ration-

alised by the following reaction, .
n SPCl, + m CSI ——=n PCl, + CS S + m I 'F
3 3 m n 3 2
where m =2 and n = 1, 2, 3 of 6; or m = 1 and n = 4

The colours of the cesjium sulphides arelwhite, vellow,

red and brown, which explains the colour of~the windows
after the reaction with thiophosphoryl chloride. - Also a
T ‘,i.-,:L . . .

violet coloir formed immediately on mixing the powdered

3

cesium iodide with thiophqspho:yi chloride, which is

. consistent with the presence of iodine.
R ' ’

-

The ‘only bands in the 1nfrared spectrum of thlophos-
phoryl chloride which could be affected by the presence of
phosphorus trlchlorlde are the Cl- P Cl deformations. The
three spectra which were}averaged to give curve A of Fig. 6.3
we;e run over é period of six hours, and the only change
noticed was a slight decrease in the ihtensity of the

251.4 cm 1 peak. relative to that of the 247.7 cm;;‘peak; :



6.4 Normal Coordinate Analysis

.

6.4.1 General

267

A normal coordinate analysis of thiophosphoryl chloride

was ﬁecessary primarily to differentiate between bands .

due to the same vibration in different isotopic species,

and bands due td different vibrations of the same isotopic

species.

Previous normal coordinate calculations on thiophos-

phoryi chloride have already been discussed in Section
6.1.3, 'where it was concluded that only 6ne spudf (123)

was free from obvious mistakes or invalid assumptions

concerning the molecular Qeometry. However, this note (123)

gavé no details of the development of the force field, which

contained more force constants than the number of experi-

mental data available. Further the note (123) offered no

. ' . ) £
information concerning the average error (hereafter calléd

the, fit) between observed and caléulated frequencies,

“and did

of eachv ibration be;ween the vérious‘force.constanﬁs,
.which is \one of the standard criteria'for assigning
fréqueﬁcies o specific modes of motion.
 It>was, efefore, necessary to aevelop a modicfici

valence force field for thiophosphoryl chloride.

6.4.2 Theory of Normal Vibrations
The theory of normal vibrations ig well kriown (105)

only a brief statement will be given here, in order to

©

ot show the distribution of the potential energy

énd



describe the computer programmes used.

The vibrational potential energy, V, of a molecule is
assumed to be adequately described by ghe harmonic
approximation,

V'—BRtF_'R,

where 3 is the matrix of the force constants, fij’ which
are diagonal forc¢e constants when i = j and interaction
force constants when i4# 3 R is the column d.ctor of the
internal displacement coordi?ates, Ri, (changes in the bond
length%,and inter-bond angles) and Bt is ghe trénspose of
g. The vibrational kinetic enerqgy, T, in the harmonic
approximation, is gi on by; |

T = % R

whe%e’g_y is_the kipetic energy matrix and R is the
derivative lo 8‘with respect to time. Under fhesé assumpt-
ions, thef roots, Ak, of the vibrationalfseéﬁiar eqhétibp,r
are proportional to the square of the frequengies of the
’normalwvibrat;ons. The vibrational secular equation is
given by,

'GF-EX| =0

-~

where G is the inverse of G’l, E is the unit matrix, and A

is the diagonal matrix of the roots A The substitution
’ \

k.
of the individual roots, Ak’ intotthe secular equation

gi.es, atzer normalisation with respect to the potential

268
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energy, the crgenvectors, 1 K whose matrix L vy detined by,

R LoQ, -

L3

whoere Q@ 1n the column vector of the normal coordinates, Qk.

The harmonic potential and Kinctic energy cxpressions in

terms of the normal coordinates: are,

-2
Vv o= 2: L \k»ka and T = 2: b Qkkr

K : k

where Qk is the derivative of Q, with respect to time.

k
The sot of elgbnvectors for a given normal coordinate pro-
vide a description for that coordinate, i terms of the

-

internal displacement coordinates.
An alternative description of a normal vibration is
provided by the contributions to the potential enerqgy of

that normal vibration by the various force constants, fij'

These contributions, for the kth normal vibration, are

¢

given by,

i3 Yik Y5k (2 - s1.) x 100%
Mk
whero-ﬁij = 0 for i #¥ j and Gij =1 fpr 1= 3.

) ) {
6.4.3 Comruter Programmes

Four computer . programmes written by J. H. Sbhachtschneider
(138) were used to set up and SOIV& the vibrational secular
L . L | " "

equation. The programmés were written in FORTRAN IV, and

Lo

Lo . . ’ | - i,‘a:l* g
modified, in this laboratory, for use on an I B'M

s ?
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computer.
The programme CART calculates the, Cartesian roordinates

of each atom in the molecule with respect to prezqelected

o

axes” from the bond lengths and interwbond angl Eupplied
to it. The moments of inertia, presented in 'I‘n.li,

were also calculated by CART, using supplied jEﬁﬁzc

welghts.

The programme GMAT uses the Cartesian E;grdinatés and
masses of the atoms to calculate Wilson's (105) inverse . -
kinetic energy matrix G. The relationship between the
interné] coordinate matrix, R, and the Cartesian céordinate
matrix, %, is

R = B X,

where B is the transformation matrix. The inverse kinetic
energy matrix, G, 1is related to B by (105)
¢ =sml gt

where ?L is ‘the transpose of B agd g—l is the diagonalA
matrix of the reciprocal mésses.

The final step is the solution of the vibrational
seculér equétion using the programme VSEC or FPERT. These
programmes take the force constént matrix, g; and the
'inverse kinetic energy matrix, G, and find the eigenvalues,
Ak’ and the'eigenvéétors, lik; of the product matrix,

G.E. This.iskmétpemapically equivalent to solving the

A

secular equation. FPERT then compares the éalculqted and

~
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observed frcquedgies, modifies the F matrix and recalculates
the frequenciés, iterating this procedure until the best
least-squares fit lletween observed and calculated frequencies
'ié obtainéd. Both programmes, VSEC and FPERT, can also
calculate the potential energy distributions for the normal'
coordinates and VSEC can give the Coriolis couplihg
constants between the normal coofdinates.

Symmetry may'be used 1in both programmes to factorise
Lhé F andvg matrices,; thus reducing the size of the secular
equationskto be solved. When this is done, linear comb-
inations.of the‘internal‘di§placement coordinates, R,., are
constructed (105), which transform under the irreducible

representations of the point group of the molecule. These

linear combinations are the symmetry coordinates, Si’ and

are defined by, . {

§ = U R," )

where U is the transformation matrix. Simiiarly the F and

G matrices are transformed to their symmetrised equivalénts

by,

_ t - i t o
Fs = UEU" and G o =UGU.
s, s%, s 3 c 1 nd F_ then lace R, R
> 7 > ’ i’ fﬁ’ 7 g s QA s e rep .aAC X, X

t -1

) /
4
14 R‘il ’/_C_';r

o

and F in the equations given earlier in this sectipn, except
N ) - ' ‘ //
in those describing the construction of G.

6.4.4 Vibrational Coordinates and Force Field Development

The internal coordinates for thiophosphoryl chloride
+ : i
i

~



' 6.5,~arergiven in Appendix I,3

are defined in Table 6.5 in terms of bond stretching and

inter—bdnd angle bending disclacementsw' Tables 6 6 and

6.7 deflne the symmetry coordlnates fqg molecules of C3

and C symmetry, respectlvely. For the molecules of CS

symmetry, the unlque isotopic atom is taken to be Cl

- of Flg.,6,l¢ It 1s necessary[to use ten lnternal co—

ordlnates to describe the nine normal modes of v1bratlon

Thus one redundant coordlnate isg lncluded whlch will

result: ln one ‘root of .the secular equatléh belng equal to
’ /

‘e

zero. = = , ‘
‘The G matrices for 325P35c13, 325935c1237c1,
ZSP35C13?C12,Y323P37C13, 34g 35c13 and 34sp3sc1237c1,

with respect to- the internal §oordinates défined in Table'

'~ ;

- The experlmental data used in -the 1n1t1al calculatlons
con51sted of the frequency of v6(E) in the Raman’ spectrum

of the ‘ligujid, and the frequenc1es of the remalnlng bands,

attributed to 3? 35Cl3 (Section 6.3), in the infrared

'spectra of the gas. It.was assumed that the peaks at

25154 and 247.7 cm_l were\due to J;(Al) and vS(E),
respectiyely. Other possibilites were considered later,
The‘six'available frequencles‘are insufficient to aetermine
the sixteen force constants of”the general valence force

field of thlophosphoryl chlorlde,-and so it was necessary

o develop a modified valence force fleld containing, at,

most., six force constants. /Fhe philosophy followed in -
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Table 6.5

Internal Coordinates. of

Thiophosphoryl Chloride

Designation

’6(82—P

v 273

: P a
Description

v(Pl ‘
-V(Pl—C14)

Rk

v (Py-Clg)

‘viPI_SZI."

~*6[Cl3+Pl—Cl4)

§(C14-P)~Clg)

1.

6(C15fPl—C13)
l—c13)-

5(S -c14)

27Py
8(527F17Fs)

a) v.and & indicate bond stretchlng and valence angle

bendlng dlsplacements respectlvely

are defined in Fig.6.1.

©

s,
o

The atom-numbers



Symmetry Coordinates for

Table 6.6

3 4

- 274

32..35_. - 32_ 37 . 3435 T
. S? q%3, Sp Cl3 an@ Sp C13, Point Grqup C3v’
' // - : .
oo 4 : . : -
Number - Description Symmetry
\~/SJ/ A x4 R, o+ vy A
B V3 3 2 .73 1
Sz R4v e Al
sﬁ 1 oq +>a + a, - By — B4 — B A
30 e S 3 1 2 3 1
54 A e v a, tan b By 4 B 4B A
Vg 1 2.7 %3 ] 2.7 P3 1
Sy ! 2%{‘ - R, - R E_~
V& 1 2 3 a.
S 1 ‘ :
6_ 78- { 20.? - 0.3 G.l } - Ea
: ] o
s 1§ 5 , -
! 7E {281 - 8 - 8y } Fa
Sy S | N
sl 1 E
-3 vz { a3 Ty } Ep
" s L . ' .
10 7z { B2 83} p



3
7z

7

Ccl,

. @3 -

l L )

7z { By *+ B3 }
B2

.A'
Al

"

<« A" .

AN

All

275

"’f’/ T .;\
‘Table 6.7
L Syxmnei:ry Coordinates f.or
325P35c137c12 and 34sP35c1237c1, Point Group c,.
. . . " . “\ ‘
Description - Symmetry

~
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. . | 8
selecting the force constants to-be included was the
fdllowing Qne. The diagonal force constants must always /
be included, since they are expectea to ﬁéke the dowinant
»contribﬁtion to the forcé field. The most significant off-

diagonal, or interaction, force constants must then be

determined. Those selected should give an optimal improve-

v
B

meut of the fit, while remaining small in value .and v"
. - “~

contributing only minimally to the potential energy

distribution. - - ‘ ) ,

The force fields whjchbdeveloped at vérious stages
of the'calcﬁlations, a;e'numbered“consecutivély ;nd
1istéd‘ih Table 6.8.  The freéuencies calculated from thesé;
force fields fori328235C13 are listed in’Table 6.9, to-
geﬁher»with the 6bser§ed frequencies. ‘

The initial values for the diagonal force constants,
. force field 1, were obtained by simple, ﬁanualbcalculat—,
ions which-involved so]ving'gécular\eéuaﬁidns for the
appropriate,Aisblated-pérﬁ of thé moiecule. ‘Thé programme
- V&EC qsed these foréé coﬁstants to célculate the frequencies -
‘shown,under force field l in Table 6.8. Thére’was_an . |
dverage error between_obgerved and %aiculatéd frequenciésl

of 43 et

of 16%. A reduction in this‘érro:'required that
" the P-Cl'sﬁretcﬁing, Cl-pP-Cl defo;ﬁation ahd’the S=P—¢i 5
‘défofmation\force constaﬁts be raised; and that the P=S
stretching force constant be lowered.. These adjuétments

resulted in force field 2 of Tables 6.8 and 6.9, which

.
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Table 6.8

Force Field DLevelopment

for Thiophosphoryl Chloride®

-i?orceb L | Force Fields *
Constant - - "1 2 - 3 . 4 5 “Final
f (P-C1) . 2.276 . 2.576 2.576 "2.576 2.770 2.780
£ (P=S) ~ 5.163  4.000 3.950 3.950 3.557 3.557. °
£ (C1-P-C1} 0.919 1.459  1.500 1.750 1.859 1.812 .
F{s=p=+C1) 0.350 0.600 0.600 0.600 0.570 0.570
p-c1,\ | | | | S
f(P_cl,> o = 0.350 0.450 0.585 .0.580
\\\
P=S,\ ' '
,f<p~c1> —_ o 1\0 0.120

~fc1-p-Cc1', - B

BN

a) The units are: mdyne &ml for bond stretchlng force const-
ants, and mdyne R for angle deformation force constants.

b) All force constants that are equivalent under C3 ‘symmetry
were given the same value under C symmetry o
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gave a fit of 24 cm_] or 6%.

It was then necessary to add an interaction constant ,
f(pPCl, PCl'), between the P-Cl stretching displacements,
since the trequency calculated for the symmetric P-Cl
stretching vibration was about 50 Cm_l tJo low and the
value for the antisymmetric p-C1 stretching vibration was
about 30 cm"1 too high. This interaction constant,

£(PCl, PCI') \.ﬁ%ﬁqqual to 0.25 md’yne A 1, ‘and this

improved the fit tof}4 cm -1 or 4%.%* improvements

were made_by increasing f(PCl, PCl') to 0.35 mdyne ;’l,
and introducing an interaction constant between the P=S
and P-Cl stretching displaceoehts, g(PS, PCl), of

.12 mdyne X_l, which gaye_ a fit of 10 cm—l or 3%. This
is‘force field 3 of Tables 6.8‘and 6.9.

‘Tﬁe next stage of the refinement concentrated on the
deformatioo vibrations. Under force field 3, the calculated
frequency for the antisymmetric Cl-P-C1 deformation
vibration was about 20 cm -1 too low, and the value for the
S=P-Cl1 deformatioﬁ vibration was slightly high (Table 6#9),
Therefore interaction constants between the S=P-Cl and the.
Cl—P—Cl deformation displacements were each separately added
to the force field‘ HoweQer, these interaction constants
did not imorobe the,fit, so they were set equal to zero and
an interaction constant between the Cl-P-Cl deformation

.displacements;, f (ClpCl’', Cl'PCl") was addedu_ A value of

(o] - . .
-0.100 mdyne A lowered the symmetric Cl-P-Cl deformation
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vibration and raised the antisymmetric Cl-P-Cl deformation
vibration to about the same frequency. Since this was
about 20 cm’! below the observed frequencies, the diagonal

Cl—P—Cl deformation force constant, f(ClpCl), was raised

(o]

to 1.75 mdyne A, and the Cl--P-Cl deformation vibrations

were then fitted to within 3 cm_l. At this point, the

frequencies for the symmetric and antisymmetric P-C1l
stretching vibrations were slightly low and slightly high,

at 430 and 551 cm"l, respectively, so f({PCl, PCl') was

*
. o_v s
raised slightly to 0.45 mdyne A L, giving a fit of 4.5 cm

or 1.3%. Thie is force field 4 of Tables 6.8 and 6.9.

The progfamme VSEC had been used for the calculations
up to thiq point. The manual control of force field
modlflcatlon is useful in the 1n1t1al stages of a calculatlon,
however, once a reasonable force field has been developed,
the programme FPERT should quickly refine this to an optimum
solution. Therefore force field 4 was used as input to a

calculation using FPERT. This force field used seven force

32

constants to calculate six frequencies for Cl thus

3'
imtroducing an interdependence among the force constants.

This was tolerated in the hope that FPERT would refine one

of the interaction constants to the point-where it could be

-

-set equal to zero. Further, essentlally all of the force

[

flelds had calculated the separatlon between the symmetrlc

P-Cl stretchlng frequencies of 32 35Cl3 and‘328 35C1237

to be 2.2 to 2.5 cm-l. This was taken as cohfirmatlon that

1

<
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the second Q branch at 433.6 cm_'1 in the spectrum of the

gas (Flg. 6.9%) 1s due to 328[)35(,‘1 37C

2 L 3
' : . ) - 32,35,
was therefore added to the six frequencies of sSp ClB

1. This frequency

aw input datalto FPERT.

| The first FPERT calculation produced a fit of 0.7 cm_l
or 0.23% aftei two adjustments of the force constants. The
only significant change in thé force field Qas a 50%
reduction of f(PS, PCl) to a value of 0.062 mdyne Z—l,
which suggested that it could be set equal to zero, leaving
f(PCI, PCLl') and f(ClPCl', Cl'PCl") as the only interaction
constants. Before doing so, a second FPERT calculation
was performed in which £(PC1L'PC1') was set eéual to zero,
Jeaving only the interaction constants kaS, PCl) and
£(CL1PCL', C1'PC1"). Although a fit of 0.8 cm 1} wé; ”

achieved, f(Ps,_PCl) was refined to a value of 1.075 mdyne

o _ . ;
A ]( and contributed more than 55% to the potential energy
of one normal vibration. Such a large contribution from

R

an interaction constant is not consistent with our physical

model of the forces which exis& between atoms in a molecule.

Thereforé, it was decided to set f (PS, PCl) equal to zero

in ‘the force field obtained from the first FPERT calculation.
Two.subsequent calculations'ﬁgge per formed uéing tﬂis

foéce field. PFirst v3(Al)'and vS(E) were both assigned at

251.4 cmﬁl, to calculate thé isotopic splittiﬁg for this

poésible aésignment. Four force constant adjuétments were

needed to obtain a fit of 0.1 cm_l‘or 0,022. The

)
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resulting force field is force field 5 of Tables 6.‘.)1\&1
6.9. The frequencies calculated for the $ix isotopic forms
of thiophosphoryl chloride, from force field 5, are given
in Table 6.10. Second, v3(A1)'dnd Vg (E) were placed at
251.4 and 247.7 cm‘l, respectively. A fit of 0.10 cm—] or
0.02% was obtained after four force constant adjustments.
This gave the final force field of Tables 6.8 and 6.9.
The calculated frequencies for the six isotopic forms of
"thiophosphoryl chloride for this tforce field are given in
Table 6.11. The justification for calling this the final
force field will be discussed in Section 6.5.‘ The eigen-
vectors from this force field are listed in Appendix II.
The potential energy distributions for the normal
vibrations can be described with respect to both the
force constants for the internal coordinates and those for
the symmetry coordinates, that is, with respect to the
elements of F and those of gs' Conventionally, vibrations
ére.qualitatively described by the symmetry coordinates
which most closely approximate the normal coordinates. For
this reason, the potential energy distiibutions‘will be
given in terms of the symmetrised force constants. Tables

6.12 and 6.13 give the potential energy distributions .for

the two most abundant moleculeé, 32SP35C13 and 32SP35C1237C

while those for >2sp35c137¢c1 3zsp37c13,‘34sp35c1 and

: 2" 3
34_._35 37 .. . . . : ~ i
'SP Cl2 Cl are listed in Appendix IITI. These potential

'enefgy distributions show that the normal coordinate

1,
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Table 6.12 -

e

Poteﬂtlal Energy Dlstrlbutlona between the

o

i? Diagonal Elemeﬁts of the Symmetrlsed Force

Constant Matrixb for 32 35C13
(i Ay Vibrations ’ o
’ Contrlbutlon from force constant
e :
Mode Frgguency f(Sl) f(S ) f(S3) f(sy)
"vJ”. © 769.6 36.07  50.64 11.91 0.14
v, 436.2 . 58.56, 41.43 0.00 0.00
v, - 251.4 5:37 7.92 77.67 . . 0.94

(ii) E Vibrations

*
° ‘ Contribution from force copstant

Mode Frequencyc - ~E(s¢) S f(sg) f(S7)

v, 548.8 79.11 14.10 6.79

v, - L 247.7° 15.48 84.49 0.03

v ’ 171.0 . 5.42 - 1.41 93.18
“a). As percentages. .

b) F = UFUt where U is defined by the symmetry coordinates

c)

in Table_6.6.

-

Calcq}atedrfrequency in cm_1 from final force field.

285
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Table 6.13

R

Potential Energy Distributiona between the

. -

Diagonal Elili’-ments_ of . the Symmetxiéed Force
Comstant Matrix® for >2sp?°c1,3’c1

(1) A° Vibrations

Contribution from force constant.

Mode 'Frequency ¢ f(Sr{ £(s,} £(s5) . f(sé)u;f(ss) ’f(Ss)f f(S7)

v, - 768.8 20,73  8.04 50.98 7.66 4.14 1.65 _ 0.84
Vig 546.1  41.33 65.08 0.03 4.45 8.93 2.37  4.58
vy 433.8 32.12 14.89 41.22 0.0l 0.01 0.00 0.0l
ve 1 250.4  © 6.41 0.00 ° 7.08 26.49 51.75 9.73  4.84
s 245.4 “4.38 14.99  0.69 48.39 28.05 . 1.24 0.36
ve 169.5 7.79  4.77 0.00 0.47 - 0.81 30.76 62:25
(1i) A* vibrations ,B o

.Contribution from force constant

C

-Mode Frequency f(Se) f(sg) f(Slo)
Vo ' 548.6 79.25 13.95 © 6.80
vg 245.1° 15.42 84,52 0.06
vg 170.9 © 5.33 - 1.53 93.14

a) As percentages.

b) F ﬁUFUt
.8 .2

where U is defined by the symmetry coordinates in
Table 6.7.

c) Calculated frequency in cm‘l from final force field.
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calculation reproduces the experimental assignment weil,
elthouoh some>mixing of‘symnetry coordimates doesvoceur'
inhthe hormal coordinates. , For example, for '32SP35C13
(Table 6 ]2), the P=S stretchlng VLbratlon, vl(A ),..end
»the-symmetr;c P—Cl,stretching vibration, 2(A ), are both
‘heav1ly dependent on the force constants for the P=S
~and symmetrlc ‘P—- Cl‘stretchlng dlsplacements, with vl(A )
‘being more dependent .on the Pp=s stretchlng dlsplacement
ano Y (AJ; belng more dependent on the P- Cl stretching Qﬁ%?
drsplacement. Thus, l(A ) is predomlnantly the P=sS
stretchlng v1brat;on, ‘and v (A ). is predominantly the P Cl
stretchlng v1bratlon, as they were aSSLgned by Gerdlng and
,Westrlk (109) _ For the other Vlbratlons, the potential
energy dlstrlbutlons 1ndlcate that at least 75% of thelr

potential .energy is derlved from the symmetry coordlnate

hused in the empirical a551gnment

(Y
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6.5 Discussion . . \

6.5.1 Cl1-P-Cl Deformation Vibrations

¢

The oxperfmental resultstof Section 6.3 clearly °

demonstrated that at. least two v1brat10ns of thlophosphoryl

-1

Phlorlde absorb near- 250 cm These two vibrations obuld

be the symmetrlc and - antlsymmetrlc Cl—y Cl deformation
vibrations, or they could be justlone of these wvibrations

in two isotopic molecules. - The results are interpreted

below tosindicate rather‘clearly that the symmetric and
antlsymmetrlc Cl-p~ CJ deformation vibrations both absorb
near 250 cm l. The 1nd1v1dual steps in Lhe 1nterpretatlop
are not definitive, most of the facts belng capable of .

a]ternatlve 1nterpretatlon, but taken together they .

N

N

indicate that thlS 1nterpretatlon is by far the most

\ a

- probable..

The natufal abundances of 3ZSP35C13, 32_SP35C1 37Cl and

. 2

315P35Cl37clé are in the approximate ratio 3:3:1. Thus

the symmetric Cl-P-Cl deformation vibrations, (A ) of
P35Cl3 and v4(A') of 32 35Cl~ wCl can be expected to

yleld ‘bands of approx1mately the same lntegrated lnten51t1es,'

ssince the presence of the 37C1 atom is not expecteq to

4

change thevdipole moment. derivative with respect to the
‘normal coordinate greatIy . Further, both of these ‘bands

should be about three tlmes as intense as the band from

v,(A') of SP35c1 Cl,. A similar tesult holds for .the

4

antisymmetric Cl—PﬁCl°deformation vibrations. The degenerate
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s . . , 32_..35
pair of vibrations vS(E) of SP Cl shpuld yleld about

_the same integrated intensity as the comblned bands due to

vg(a') and vg(a") of *?sp?°c1,37c1, and should be about

three times more intense than the combined bands due to

vs(A'f and Vg (A")'of7325 35Cl3 Cl2 ‘Thus to Jnterpret the

doublet seen in the spectrum of thlophosphoryl chloride

adsorbed on polyethylene (Fig. 6 3, curve C), only the

/v1bratlons of SP35C13 and SP35 1237Cl need be considered. = -

The frequenCLes calculated for these molecules, under

two assumptlons concerning the relatlve frequenc1es of

v 35
3(Al) and<v (E) of SP Cl3,

6.11. Further ev1dence is prov1ded 1n Table 6.14 which.

are shown in. Tables 6 10 and

shows the frequenc1es calculated from\a dlagonal force ; -
field, force fleld 2 of Tables 6.8 and 6 9\\and thoSe
calculated from force field 6, which placed v\\kI) at

247.7 cm l and.vs(E) at 251.4 cm 1, the reverse of\thé\\\\\,

assignment used for the final force field ofvsection 6.4, S~

In no case did the frequency difference between vs(Al)»Of'

325P3SC13 and v, (&") of 32SP35C1237C1 exceed 2.1 cm—l,

- so it is extremely improbable that the observedidoublet'o
(Flg. 6.3, curve C) split by 3.7ltm;; is due to these two
vibratlons. The accuracy.of the obserued 3.7 cm—l
separation‘is,+0 2 cm_1; and the fact that so many varied
force flelds all gave a splittlng of about 50% or less of
thc observed value is good, but not absolutely definitive,

S

ev%dence'fof?thisfconclusion. With slightly less confidence,
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(E)
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Table 6.14

<

Calculated Frequencies? for

325P35C1237

Force Field 2

LN

325P3

Forqé‘Field 6

Cl using Force Fields ZPvand 6

32#5@3 335P35C123.7

750.7 . 750.3
386.3 “384.2
241.4 | 1239.9
574.8
578.1-
578.0
220.8
222.3 ©e
- © 220.1
'173.5
175.0 '

174.9

é) In cm_l.

b) Of Table 6.8.

c1

5

769.6

436.2

-247.7

548.8

251.4

171.0

“sp~°cl.

3

sp

35 37
cl,
768.8
433.8
250:1

546.1

Cl

543.2«\'

245.6

248.8

169.5

170.9

Mode

(a')

v, (AT)

v (A')

(A')

29¢C
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the same arguments indicate that the doublet is not due to

ihe antisymmetric Cl- PuCl deformation vibr atlon, VS(E),
32_._35

nf Sp Cl. and the unresolved pair, 5(A ) and va(A“),

' ) \
,35 37.1.» The largest separation cé}culated for

this case was 2. 8 cm—l; obtained using the aésumption that-

o

Vg CA ) and vS(L) are accidently degenerate aé 251. 4 cm l.

ThlS is sflll nearly 30% below the observed separatlon,
making it improbable’that the antisymmetric stretchlng

mode alone can be responsible for the doublet. Thus it is

concluded thatethe symmetric and -the antisymmet:ic.CléP—Cl

deformation modes most prdbaBly both contribute to- the

doublet seen for thlop?oqphoryl chlorlde adsorﬁed on

\polyethy]ene.

In the'infrared specérqm of the gas, the Q bfanch'at

»51.4 cmml_and the peak‘of.the_R branch at 258,3'cm—1»aref’
' 1

\sepafated by 6.8 cm . If it is assumed that the upper

‘and lower state rotational constants for Vg (A ) are the same ,

then the‘value calculated (139), from the moments of

inertia given in Table 6.4, for the separatlon is 6.2 cm %

This value is in reasonably good agreement w1th the'

»observed Q to R separation of 5.9~cm_;‘for v (Al), and an

~average value of 5.7 em T for v, (Aag) ef S 35Cl3 and
‘v3(A ) of 325 35C123 Cl. Thus it i's mgost probable that the
Q and R branches at:251l4 and 258.3 cm_l are due to the

bsymmetriczcl—P—Cl deformation vibration, v3(Al) of 32SP Cl3
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Further, v4(A') cf 325?35C1237CI‘15 expect&d to yield a

PQR band contour, and all of the calculation from force

A}
fields centaining six force constants indicat

of 32SP35C1

that it

. . -1
l;es within 1.2 cm of v,(Aq) 37

make: its Q branch merge'with that of v3(Al), The Q-R

. 3235 3
4(A ) of SP Cl2

6.5 cmml, so that its R branch also coincides with that of

which would

separat;onAexpected for v 7Cl is abdut.

v3(Al). ‘Thus, this most probable assignment is completely

consistent with the spectra.
The 'second Q branch at -247.7 em L in the infrared
spectrum df the gas (Fig. 6}3; cu@ve A) must also be

explained. It can be assighed to vS(A') and vB(A") of

37
2 .

field places these two vibrations within 0.3 em™t of each
324p35

SPBSCl Cl by the following argument. The final force

Cl

othef; about 2.5 cm—l to'lod frequency of vS(E)'of' 3¢

and each'ot them should yield a PQR structured absorption

.band. They will, therefore, give a single PQR‘bdnd contour

whose integrated_intensity~shouid be about equal to that
‘ 32,35

~ of the band due to vS(E) of SP™"Cl,. The Coriolis

3
coupling constant for v;(E)AwaS calculated from the final

el

'ﬁorce_fieldm%o,%e -0.9, and this value was used in a computer

programme written and described by Faniran and Shurvell

{140) to c&ggulate ‘the contour of the band due to vS(E).

The band was calculated,to be broad, with a qélffwidth.Of
1

., and to show very weakly defined PQR structure

on the top, Thus, the.band due to vS(E) of 32SP35Cl

about 33 cm

3
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should have a much lower peak absorbance than the Q branch

32,354, 37,

of the band due to)vS(A') and v {(A") of 1 1,

A 8 2
since the same integrated intensity is spread out into a

’

broad band with little structure in the former and 1is

.concentrated in well defined P, 0 and R branches in the
latter. Therefore the Q branch at 247.7 cm—l in the
absorption spectrum of gaseous thibphosphoryl chloride is

logically assigned‘to vS(A') combined with v8(A") of ! .
3‘ZS}—"35C1_2‘37C1, and VS(E) of 32SP35C13 is sﬁfficiently broad

énd 1ess intense that it.does~not contribute to the

profile of the bandi The calculations indicate that vS(E)

of SPBSCll must be at about 250\crﬁ—'l if vS(A') and véﬂﬂq”

3
of SP}?Cl 37glrare at 247.7 cm_l.

2

This assignment of the infrared spectrum’of the gas

«

is, unfortunately, not definitive, because the Q and R

branches at ZSlﬂJ and 258.3 cm;l could arise from vS(A')

3ZSP35C1 37Cl, with the lower frequehcy Q

. 2 o,
32_.35

and v8(A”) of
: 3
branch arising fromvv3(Al) of Sp~"Cl

Q@

3- This alternative
' assignment is considered lesstiikely because a‘strong R
branch is nét expected (él) from the bahds dhe to vS(A')
and vB(A") in a first approximatioq. Althoﬁgh this argqu-

ment by itself is not strong, it does combine with the

evidence to be presented from ‘the Raman spectra to make
'éhe first aséignment‘prééented ébqve‘5y7far the most
probaple‘

'The.Ramaﬂ spectrum\éf the liguid shows a depoiarised

s
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band at 247 cm_l, In general, this could arise from a
totally qumetrlc or a non- totally symmetrlc mode, but
for a molecule that has" symmetry as hlgh as C3 ’ it is

more llke]y to arise from a non- tota]ly symmetric mode,

in this case vS(F) of 32 35Cl3 The band must also
32_..35 37 ..
contain the scatberlng by vS(A ) and v (A") of Sp Cl2 Cl
since it was not observed separately. This 1nterpretatlon

implies that the scattering by the totally symmetrlc

!
vibration, vsf% ), is 1nsuff1c1ently polarised to cause

the observed band to be partly polarised. It is more
likely that a totally symmetric’ vibration of a molecule of

C_ symmetry would yield a weakly polarised‘band'than an“A1

vibration of a molecule of C3v symmetry. This interpretation
also implies that the Symmetric deformation vibrations,

324 ' , 35 37 ,
CJ3 and v4(A ) of iﬁSP C12 Cl are too

\B(Al) of
weak to be seen in the Raman effeot.

The Raman Spectrum of gaseous thiophosphoryl ohloride
at. 185°C has been 1eported by Clark and. Rlppon (115), and
Dr. M. V. Fa%k, of this laboratory, has obtalned the Raman
spectrum‘of the gas‘atFZSOC, Falk observed bands w;th
contohrs very similar to those reported at 246. O and'167.3

Fi
cm?} by Clark and Rippon. The contours of these two

<

bands are very similar, both‘consisting of a Q branch flanked

by strong side branches; and both ‘bands are depolarised. The ¢

= )

main difference between the two bands is the separation .

’

of the P and R peaks, which is about- 12 cm_l for the band
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g

at 246.0 cm ' and_about 17 cm™ ! for the band ‘at 167.3 cm~ ).

Clark and Rippon noted that the P-R separatlons are usually

hlghly varlable for E modes of\bhe same molecule. The band

at 167.3 cm -1 must be assigned to vG(E) of 32 3SClB,

32 35c1237c1, so the, band at 246.0 cm *

is most logically assigned to vS(E) of‘32 35Cl3, and

vS(A') and v8(A“) of 325P3SC1237C1.v At 25°C, the Q branch

°

and

vG(A ) and vg(A ) of

\

- of the latter band was found at 247.1 $0.4 cm—l, in agree-
. - ~ -
ment with the 247.7 +0.3 c:m-1 in the infrared spectrum.

L4
Thus the Raman spectra of both the gas phase and. llqu1d

pheése are consistent w1th the assignment proposed prev1ously

from the infrared spectra. Thus v_,(A,) of 32 35 Cl, and

371 3
(A') of 32SP35C1237C1 are a551gqed at 251 4 cm l, and

" 32 37
8(A ) of | C12

cni in the infrared spectrum 0f the gas at 25°C. The

remaining fundamental, VSIE) of S 35Cl3, is expecred \

Vg

ve (A') and v Cl, are assigned at 247.7

T~

(Table 6.11) to be about 2.5 cm—lﬁabove the frequency for

the unresolved pair vS(A ) and v8(A ), so 1t=should yleld

a bload band centered at approximately 250 cm 1.

In contrast to the above assignment, Clark and Rippon
(115) assignéd the depolarised band at 246.0 cm L in the

Raman spectrum of the gas to v, (A

371

“assignment was their inability to reproduce the observed

). The basis for this

band contour under the assumption that, the fundamental, ~

with 1ts associated rotatlonal branches, was v (E). They

5
noted that the P-R, O-P and R-S observed separations are
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consistent with those expected for an A, mode of thiophos-

1
- phoryl chloride at 185°C. They also noted that the fact that
the 246.0 cm"l band is depolarised is not definitive

evidence for‘its assignment to a non-totally symmetric
vibration, since totally symmetric bending modes of two
‘other’XYZ3 symmetric top molecules that they studied (115)

had depolarisation ratios very close to 0.75. ' However, the

totally symmetric bending modes of the six remaining XYZ3

. 3 [
symmetric top molecules studied by Clark and co-workers
. . 7

(115, 14]) have depolarisation ;étios considerably below 0.75.
Clark and Rippon's failure to reproduce the observed
band contour at 246.0 cm_l, under the assumption that the

band was due to vS(E), is undersfandable since'they

32_._.35 37

neglected the bands due to the.equally abundant Sp C12 Cl

species. The following evidence strongly suggests that

32 35 37
C12
band contours. Clark and Rippon (115) did not reproduce

bands due to Cl do contribute to tﬁe observed

by calculation the observed band contour for v6(E) of
thid’ﬁbsphoryl chloride, and théy attributed this to an
insufficiency of detail in ‘the band contour for an accurate
'analy51s. HerveF, they did successfully calculate the
nearly 1identical band contour of v6(E) of phosphorqs
oxytriflgoride, where complications due to naturally
abundant isotébic modifications are absent. This strongly
suggests that the neg%ect of such isotopic modifications

in the thiophosphoryl chloride case, was the reason for
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failure.
With this very plausible reason for the failure of the

band contour calculation, the assignment of v, (A,) to the

3771

band at 246.0'cm“l becomes very suspect for the following

recasons. First, the depolarised band at 167.3 cm_1 must be

due to vG(E) of 32

6(
N
'?SP35C1237C1, and so the very similarly contoured, depol-

35 ; R "
Sp ClB’ and v_(A') and v9(A ) of

arised band at 246.0 c:m-l 1s most logically assigned to
32SP35C .y 325p35c1237

Second, Clark and Rippon (115) report the band contoufs for

vs(E) of 1 and vS(A‘) and vB(A") of Cl.

16 Al modes of six symmetric‘top molecﬁles, and ‘everyone, except
the one assigned by them at 246.0 cm—l for thiophosphoryl
chlourjde, has a strong or very strong Q branch relative to

it side brgnches even in cases where the depolarisation

ratio is close to 0.75. This observation very strongly

suggests that a non-totally symmetric mode is located at
246.0 cm™t

In summary, the most logical’ assignment from the

evidence presented is that vB(Al) of 32SPBSCl and v, (A'")

3 4
32SP35C1237C1 lie within 1 cm-l of each other at
' 32,35 .. 37
5 8 SPTTCL” Cl
1

lie within 0.25 cm ! of each other at 247.7 cm Y. The

of

251.4 cmfl, and that v_.(A') and v, (A") of

results of the normal coordinate calculation then place
325P35C13 at about 250 cm—l.

§.5.2 Other Fundamental Vibrations

v, (E) of
s

In Section 6.3.3, the structure seen on the absorption
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band ot gaseous thiophosphoryl chloride (Fig. 6.5, curve A},
and on the Raman band of liquid thiophosphoryl chloraide
(Fig. 6.5, curve B), duc to the symmetric P-Cl stretching

mode, was assigned to the di{fO(Oﬂ}/LSOtOplC speclLes
-

/

present. The separation of the Q branches 1n the spectrum

of the gas (Fig. 6.5, curve A) is 2.9 Cm—l, which can be

compared to the value of 2.4 cmw1 (Table 6.11), calculated

for the separation of the bands due to 3ZSPES

328P35Cl737(‘.l from the final force field of T e 6.8. The:

accuracy of the measured 2.9 cm—l difference is $0.2 cm-1

so the calculations clearly support the assignment of the
L]

two Q branches to the symmetric P-Cl stretching vibrations -

BZSPBSC 32..35 37

of l3 and SP C12 Cl. The calculated decreases

in frequency ot 2.4 and 2.3 cm—1 with each substitution of
37Cl atom (Table 6.11) can be ;ompared to the obser&ed B
decreases of 2.3 $0.5 cm‘_l agd 3 0.5 cm‘-l in the Raman -
spectrum of the liguid (Fig. 6.5, curve B). Further, the‘
relative intensities of the bands at 433.3, 431 and 428 cm'-1

in the Raman spectrum of the liguid are 1in approximate

agreement with the ratio 3:3:1 of the natural abundances of

- A .
SP35C13, SPB'C1237C1 and SP35C137C12. Thus these bands can

surely be assigned to the symmetric P-Cl stretching

BZSPBSC 37 32S

2SP35C12 Cl and 37

1 p3°c137ca

vib ! £
ibrations o 37 2
respectively.

Another feature which may reflect an isotopilc

splitting is a weak Q-branch at 76331 cm-l in the spectrum
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Q

of gaseous thipphoséhoryl_chlor;de (Fig. 6.6), 6.5 cmwl

e

" lower than the main Q branch. The caiqulations from the
" Q o

final force field (TébléJS.ll) indicate an isotopic

: splitfing for vl(Al)} the‘P=S’stretqhin§ vibratien, of
fl,f 34 35 -1 34SP35C .37C

"3.6 cm or SP CIs,-4.5 cm, for _12 1, ]
0.8 cm ! for 3‘Z-SP:“:’(31237C'LL and 1.7 cm-1 for 32SP35C137C12,
. . o :
with reépect tao 325P35é1 . oIt is therefore probable that

3

the weak @ bfanch is?due to a hot band, and not to ithopic

éplitting. The 0;8’cm71 calculated difference between

.vl(A') of 3‘{SP35C12.37C1 is consistent with the observed

~ unresolved superposition of the PQR band conpburs for
. ’ . . - - v 4
these two modes, since the observed Q branch has a halfié?

a . ) .
1 o - N : . &

width of about 2 cm .

The observed band”contour for the antisymmetric P-C1l

stretching mode, v4(E); is shown in Fig. 6.6. A poorly
1. :

resolved doublet spiit by “2.8 cm™ iO.Z_cmfl, is seen in

tg@ weakly absorbing“sample and a definite indication of

a doublet is seen ih;thé strongly absorbing sample. The

calculations predict that“v4(EQ,of 32SPBSCl3 and v

of 328?35C1237Cl will be Within,O.Z em~ 1 of each other,
- 32_.35.. 37

- . . 1) - .
with vz(A.) of SP C12

v7(A“). An approximate band contour calculation (140)

was performed for v4(E) of 32SP35C13,

“.wconstant, which was calculated from the final force field,

5 (A7)

o

Cl 2.5 cm ! to low fééquency of

using a Coriolis

9f 0.8, which is closé.to Cyv;n's (123) value of 0.73.

&

A broad band with a half-width of about 15 cm 1} and very

o
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poorly resolved PQR structure resulted. The band contours -

32 35 37
7 Cl2 Cl

shcw,a well defined ?QR Structure (81), and each should have

.~ expected (81) for v, (A') and v (A") of
an integrated inteueity equal to one half of that of vS(E).
Thus the bands at 550.5 and 547.7 Cmnl are most reascnabl§
assigued to'v7(A") and vz(ﬁ') of/325935C1237Cl, respectively.
The halfLWidth cbserved for the band was about 15 Cm_l,
iu'excellént agreement with the predicted value, and this

32 35

breadth must be hainiy due to v4(E) of Cl which,

from the normal coordinate calculat%ons, should be centered
at about 551 cm 1. _ ' :
Table 6.15 gives the assignment of-" the fundamental

vibrations in the infrared spectrum of gaseous thiophos-

phoryl chloride and the Raman spectrum of liquid thiophos-
phoryl chloride. The percentage contributions to the

¢

pctential energy of the vibrations by the Various symmet-—
- rised force'constants; taken from Tables 6.12 and 6.13,
‘have been quoted to the nearest 5%, and only those cont-
ributions-greater than 20%'have been included. The mid-

rnfrared frequencies are belleved to be accurate to +0 5

cm-l, and the far- 1nfrared frequencies to +0 3 cm l. The
Raman frequenc1es ‘are believed to be accurate to 1 cm—l,

with the exception of the bands at 747 and 537 cm—l, .
&
‘where the broad, asymmetric contours of the bands makes it

[+

dlfflcult to estimate the peak frequency. .
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-Appendix I

@
o

32

313

' G Matrices® for 3isp35c1 sp35c12 ‘1,
ey - - < -
325,35.,37, c1,, 528P3/Cl3, 34SP35Cl3 na 34 35Clz 7ol
(1) 32ép35c13" ,
0¥ 1 .

0.Q609 -0. 0059 -0.0059 -0.01a9 -0.0157 - 0.0070 -0.0157 —0.0JS§ 0.0175
33?0029 0.0609 -0.0059 '0.01d9'—0.0157 -0.0157 0.0C70 0.017S -0. 0155
E8?0029--'0.0059 .0.0609 -0:0149 0.6070 -0;0157 -6.0157 ‘0.0175 0 0175
fgf01:9 '0.0109 =0.0149 0:06}5 0.0377 0.0177 0.0177 ‘0.91“2 'Q.Q1U2
38"0127 ~0.0157 ,0:0070 0.0177 0.032f” 0.0036 0.0036 ;0.0056 -0.0056
ngoogb “0 0157 -0.,0157 0;0}77 0.0056 0.0327 -0.9036 -0.0209.“0.0056
Bgf01;7 0.0070 -0.01%57 0.0177 0.6d3& _0.0056 0.0327 —8{0056 -0.0209
fgf01§5 G.0175  0.0175 =-0.01482 -0.0056 —0e6209 ~0.0056 0.0414 -0.0079
'8H0135 “0 0155 0.0175 -0.0142 %0.005§ -0.0056 ‘0.020§ -0.0079 0.0414
.8'0135 00175 -0.0155 *0;@1“2 -0.0209 -0.0056 «0.0056 -0.0079 -0.0079
i)  **sp®c1,?7en 2.

mow 1 S _ .

0.0609 ~0.0059 ~0,0059 ~0.,0149 =0.01%7 0.0070 -0.0157 -0.0155 0.0175
38?0039 0.0593 ~p.0059 ~0.0149 ~0.0157 =0.0157 . 0:0070 0.0175 -0.0155
38?0039 =-0.0059 0.0609 ~0.0149 0.0070 -0.0157 -0.0157 0.0175 0.0175
38?01:9 =0, 01“9 ~0.0149- 0.0635 0.0177 0.0177 0.0177 -0.0t42 -0.0142
38Y012{ ~0. 0157 0.0070) 0.0177 0.0323 0.0037 0.0036 -0.0056 -0.0054

'28?0039."0.0157 -0.0157 '0.0177 0.0035 0.0323 0.0036 -0.0209 -0.0054
23?01;7 p;OOiO‘;0.0157 0 0177 0.0036 040036 0.0327.—0.0056 -0.0209
‘gf0125 0.0175 6.0175 —0 0142 -0. 0056 =0.0209 -0.0056 0.0814 -0.0079
1350135 -0.0155 0.0175 -0.0142 -0.0054 ~0.0058 =0.0209 -0.0079 0.0411
.gfo:gs 0?6175 °d.d155 -0.0142 —C.5?09 =0.0056 ~0.0056 -b.0079 ‘0;0079

C.0175

0.Qi75
-0.0155
-0.0182
-0.0209
-0.0056
-0.0056

-0.0079

-0.0079 -

0.0814

0.0175
0.0175
~0.0155
~0.0142
~0.0209
-0.0056
-0.0056
-0.0079 °
-0.0619

0.0¢ 14
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‘s 32.,,35.,37
(3ii) sp~TCl” Cl,

oW 1 o '

0.0593 -0.0059 -0.0059 -0.0149 -0.0157 0.0070 -0.0157 -0.0155 0.0175 0.0175
mow 2

-0.0059 0.0609 -0.0059 -0.01“9 -0.0157 =0.0157 0.0070 0.0175 -0.0155 0.0175 .
ROV 3
<0.00%9 -0.0059 0.0593 -0.0149 0.0070 -0.0157 -0.0157 0.0175 0.0175 -0.0155
ROV 4 o ) ) ) °
-0.0149 -0.0149 =-0.0149 0.0635 0.0177 0.0177 0.0177 -0.0142 -0.0142 -0.0142
ROW 5 ) . ’ . -
«0.0157 -0.0157 0.0070 0.0177 0.0323 0.0036 0.0037 -0.0054 -0.-0056 =C.0209
ROW 6 _ . . :
0.0070 -0.0157 -0.0157 0.0177 0.0036 0.0323 0.0037 ~0.0209 -0.0056 -0.0054
.po® 7 ’ kN
‘-0.0157- - 0.0070 00157 0.0177 0.0037 0.
BOW 8 Py
-0.0155 - 0.01'75 0.0175 -0.0142 ~-0.0054 -0.¥©
aow 9 . . . .
0.0175 -0.015? 0.0175 -0.0142 -0.0056 -0.0056 -0.0209 -0.0079 0.0414 -0.0079
=O%® 10 ' B o !
00175 0.0175 ~0.0155 ~0.0182 -0.0209 -0.0058 -0.0054 -0.0079 ~0.0079 0.0&81

0.0320 -0.0058 -0.0209 -0.005u

9 -0.0053 0.08411 -0.0079 -0.0079

e

- .
. 3237
{(iv) ~~7sP C13
RO¥ 9 _ :
0.0593 ~0.0059 =-0.0059 =0.014% -0.0157 0.0070 =-0.0157 =-0.0155 (0.0175 0.0175
BRQ¥ 2 . . ’

-0.0059 0.0593 -0.0059 -0.0143 -0.0157 40:0157 '0.0070' 0.0175 -0.0155 0.0175
fgf00;9 ~0.005% ~0.0593 -0.01“5 0.00iO -0.0157 -0.0157 0.0175 '0.0175 -0.D2155
58?01:§ ~0.0149 -0.01489 0.0635 0.0177, 0.0{77 0.0177 =-0.01%2 -0.o1u2'-0.01u2
58:01;7 -0.015i 0.0070 0.0177 0.0320 0.0037 ©0.0037 -0.0054 -0.0054 ~0.0209
R8?00910'-90.0157;0.0157 0.0177- 0.0037 0.0320 0,00Bf ~0.0209 ~0.0054 ~0.2054"
58?01;7 0.0070 -0.0157 0.0177 0.0037 0.0037 0.0320 <0.0054 ;0.0209 -0.0054
fgf0125 0.0175% 0.0175 «0.0142 -0.0054 -0.0209 -0.0054 0'0011,-0'0079 -0.0079
‘B8?0135 -0.0155 0.0175 -0.0142 -0.0058 -0.0054 -0.0209 -0.0079 0.0411 -0.00%9
kgfo:35 1 0.0175 —0.0155 -0.0182 ~0.0279 -0.0054 -0.0058 -0.0079 -0.0079 0.6011‘
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i

(v) 34SP3SC13 ‘ , ~

[ 3
[»]
°
ROV . 1. ' : . :
0.0609 -0.0059 -0.0059 =0.0149 -0.0157 0.0070 <0.0157 -0.0155 0.0175 0.0175
ROW 2 . - o
=0.0059 0.0609 -0.0059 -0.0149 -0.0157 -0.0157 ~ 0.0070 0.0175 -0.0155 0.0175
ROW 3 . . 0
~0.0059 -0.0059 0.0609 -0.0149 0.0070 -0.0157 -0.0157 0.0175 0.0175 ~0.0155
BOW 4 . : .
-0.0149 =0.0149 -0.C149  0.0617 C.0177 0.0177 0.0177 +0.0142 -0.0142 -0.0142
ROW 5 oo ° )
-0.0157 -0.0157 0.0070 0.01'77 0.0327 0.0036 0.0036 =-0.0056 -0.0056 «0.0209

ROW 6 . -
0.0070 ~0.0157 -0.0157 0.0177 0.0036 0.0327 0.0036 -0.0209 -0.0056 -0.00S6
ROW 7

=0.0157 o:ooio =0.0157 0.0177 0.0036 0.0036 0.0327 -0.0056 ~0.0209 ~0.0056
33?0125 0.0175 0.0175 -o.o1u20-o.ooss -0.0209 ~0.0056 0.0409-40.0076 %0.0076
.gf0135 ~0.0155 0.0175 -0.0142 ~0.0056 -0.0056 =0.0209 -0.0076. '0.0409 -0.0076
.830:35 0.0175 =0.0155 ~0.0142 ~0.0209 -0.0056 =0.0056 ~0.0076 -0.0076 0.0409 _
. 0 . i . °

. : [} 4
. 34__35: ,
(vi) - “7sp 01?37c1 o : _ ,
n o . ‘ [ . ° ‘.
° g ' B
‘0' 1 ‘ - U . “ ’
0.0609 -0.0059 -0.0059 -0.0149 -0.0157 0.0070 -0.0157 =9,0155 0.0175° 0.0175
ROV 2 . I . i : C ’
=0.0059 0.0593 -0.0059 -0.0149 -0.0157 -0.0157 0.0070 “0.0175 -0.0155 0.0125
BOY 3 ’ ' , . ‘ : -
=0.0059 -0.0059 0.0609 -0.0149 0.0070 =0.0157 -0.0157 0.0175 0.0175 -0.0155
2ov 4 , ) - ) . :
=0.0149 ~0.0149 =9.0149 0.0617  0.0177. 0.0177. 0.0177 ~0.0142 =0.01482 ~0.0162
BOW 5 . : o L
=0.0157 -0.0157 0.0070 0.0177 '0.0323 0.0037 0.0036 -0.0056 -0.0054 -0.0209
ROW 6 oo N o - o .
0.007¢ -0.0157 -0.0157 0.0177 0.0037 0.0323 - 0.0036 -0.0209 -0.0054 -0.0056
BOW 7 : ’ . o ‘

. =0.0157 0.0070 -0.0157 ©0.0177 0.0036 0.0036 0.0327 -0.0056 -0.0209 -0.0056

ROW 8 : . ' .
-0.0155 0.0175 0.0175 -0.0142 -0.0056 £0.0209 -0.0056. 0.0409 -0.0076 -0.0076

. ROW 9 . o
0.43175 -0.0155 0.017S -0.0142 ~0.0054 -0.0054 -0.0209 -0.0076 0.0805 ~0.0076 o

roi . . .
0.0175 0.0175 -0.0155 -0.0142 ~0.0209 -0.0056 -0.0056 =0.0076 -0.0076 '0.0809

N o
| . . - o
3 o

a) With respect to ‘the internal coordinates defined in Table 6.5,

. s . . o o

3
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b 32 .3

Eigenvectors®’ ® for *?sp?%c1,, 32sp35c1 37cy,
2sp33c13’c1,, Fspdlcr, 34sp35c13,'34sp35c1237c
~
(1) spca,

PREQUENCY = 769.6 CH=1

®.1032 0.7032 0.1032 -0.2228 -0.0886 ~0.0886 -0.0886 0.C711 0.

FBEQUERCY = 436,22 Cn=-1

0.074% 0.0745 0.0745 0.1142 0.0006 0.0006 0.000& -0.0005 -0.

FPREQUENCY = 251.84 CH-1

0.0130 0.0130 0,0130 -0.0288. 0.0739 .0.0739 0.6739 ~0.6593 -0.

o

PREQUFENCY = 0.0 Ch=1

1.

0711
0005

0593

. 0.0 0.0 0.0 . 0.0 - 0.0 0.0 - 0.0 0.0 0.0
PREQUENCY = 548.8 cn-1

0.2062 =-0.1031 ~-0.1031 0.0 -0.0466 0.0933 -0.0466 ~0.1187 0.0593
PREQUENCY = 247.7 ca-1 S - :
-0.0812 0.0206 0.0206 0.0 -0.0515 0.10630 -0.0515 -0.0037 0.0019
PREQUENCY = 171.0 CH-1 o :

0.0168 -0.0088 ~0.0084 0.0 =0.0046 0.0092 -0.0086 0.1370 -0.0685
PHEEQUENCY = 548.8 CN-1 . .

0.0 - 0.1786 =0.1786 0.0 -0.0808 0.0 . 0.0808 - 0,0 ° -0.1028
FREQUENCY = 2847.7 CA=-1 ; . <

0.0 °© =-0.0357 0.0357 0.0 ° -0.0892 0.0 0.0892 *0.0 -0.0032
PREQUENCY = 171.0 CH-1 v

0.0 0.01a6 -0.0136 0.0 -0.0080 0.0 ¢ 0.0080 0.0 0.1186
(i1) *?sp®%c1,37cy “ ‘

FREQUENCY = 768.8 CM~-1

0.7036 0.1003 .0.1036 -0:223?/"0.088u -0.0884 ~0.0891 -0.0709 0.

FPREQUANEY = 546.1 CH-1

-0.103%9 0.2028 ~0.1039 -0.0041 -0.0478 -0.0478 0.0930 0.0604 =0.

FREQUENCY = 433.8 Cn-1

0.0728 .0.0770 0.0728 0.1133 -0.0018 -0.0018 0.0029- 0.0020 -o0.

PREQUENCY = 250.4 Cn-1

0.0188 -0.0004 - 0.0188 =-0.0271 0.0535“ 0.0535 0.1027 -0.0561 -0.

PREQUENCY = 245,4 CM-1

0.0152 -0.0437 0.0152 0.0083 ~0.0709 -0.0709 0.0781 0.0196 O.

FBEQUENCY = 169.5 CN~1

0715

1187

0034

0560

0150

a

0.0084 -0.0170 0.0084 -0.0002 0.0048B 0.0048 -0.0087 0.0676 =0.1359
FREQUEKCY = 0.0 Cnr-1 o '

0.0 0.0 0.0 . 0.0 0.0 0.0° - 0.0 0.0 0.0
FREEQUERCY = S48.6 CHol L : : _

0.1787 0.0 ~0.1787 0.0 ~-0.0803 .0.0803 0.0 ~0.1028 0.0
PREQUENCY = 245.1 CH-1 o o . . .
0.0352 0.0 -0.0352 - 0.0 0.0883 ~0.0883 0.0 0.0042 0.0
PREQUENCY = 170.9 CN-1 ! '

0.0188 0.0 -0.0784 0.0 -0.0083 0.0083 0.0 0.1186 0.0

o ) . w
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SO .
0.0711
. o‘ '
~0.0005
~0.0593

0.0
0.0593
0.0019
-0.0685
0.1028

°0.0032

-0.1186

0.0709
0.0604
0.0020
#0.0561
0.0196
0.0676
0.0
0.1028
-0.0042

=-0.1186 -
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Sp 3

3

- (1id) SCl

©

FPREQUENCY = 767.9 CH=-1
0.1008 0.1041;
PREQUENCY = 547.2 Cmr-1
. =0.1011 0.2071' -0.101%11
PREQUENCY = 431.5 CH-1
0.0753 0.0712 0.0753
PREQUENCY = 248,7 CH=1]
~0.0079 -0.0226 -0.0079
FREQUENCY = 242.5 Cn=1
0.0232 -C.0357 0.0232
PREQUENCY = 170.2 Ci-1
<0.0084 .0.0166 -0.0084
FREQUENCY = . 0.0 CM=1
0.0 0.0 0.0
PREQUENCY = S44.5 CH=1
0.1764 0.0 -0.1764
FPREQUENCY = 243.8 CHM=-1
0.0356¢ 0.0 . =0.0356
FREQUENCY = .168.7 CH=1
0.0187 0.0

. PREQUENRCY =
0.1012 0.1012 0.1912
FREQUENCY = 429.2 CH-1
0.0736 0.C736 0.0736
"FREQUERCY = 246.8 CH=1
0.0138  0.0134 0.0134
PREQUENCY = 0.0 cCH=-1
0.0 0.0 0.0
FREQUEKRCY = S44,3 CM-1
0.2038 -0.1019 -0.1019

FREQUENCY = 241.2 CH-1
-0.0406 0.0203 0.0203
FREQUENCY = 168.7 CH=1

0.0168 -0.0084 ~-0.0084 -

PREQUENCY = .544.3 cn-1
0.0 0.1765 -0.1765
FREQUERCY = 241.2 CcH-1
0.0 . -0.0352 0.0352
- PREQUENCY = 168.7 Ch-1
0.0 * .0.0145 -0.0145

7Cl

~0.0147 -

767.0 CH-1

2-

0.1008 ~0.2238 «0.0889

0.0040 -0.0455

0.1125

0.000u4

0.0272 -0.0837
VY

-0.0063 ~0.0313

~0.0002 -0.0045

0.0
0.0
0.0

0.0

-0.2243 -0.0886
0.1117 -0.0019

-0.0274  0.0725
0.0 0.0
0.0 =0.0467
0.0 ~0.0500"
0.0 -0.0048
0.0 ~0.0809
0.0  -0.0866
0.0  -0.0082

0.0
~0.0814
0.0876

~0.0079

o

-0.0889
-0.0455

0.0004
~0.0837
~0.6313
-0.0045

0.0

0.0874

~-0.0876

0.0079

-0.0886

-0.0019
0.0725
0.0
0.0935
0.1000
0.0095
0.0
0.0

0.0

-0.0881 0.0713 0.0707
0.0936 0.0589 -0.1198
-0.0081 -0.0009 0.0044
-0.0652 0.0569 0.0567
0.1152 =0.0115 ~0.0192
0.0100 ~0.0684 0.1359
0.0 0:0 0.0
0.0 ~0.1039 0.0
0.0 0.0026 vo.o ‘
0.0 0.1169 0.0
N
o
~0.0886 0.0711 0.0711
-0.0019 0.0015 .0.0015
0.0725 -0.0582 -0.Q582
0.0 0.0 c.0
-0.0467 -0:1200 0.0600
-0.0500 -0.0042 0,0021
-0.0088 0.1389 ~0.0674
0.0809 0.0 ~0.1039 "
0.0866 0.0 -0.6036
0.0082 0.1168

0.0

0.0713
0.0589
~0.0009
0.0569
-0.0115
~0.0684
0.0
0.1039

~=0.0026 o

-0.1169

.

0.0711

0.0015

-0.0582

0.0
0.0600
"0.0021
-0.0674
0.1039
0.0036

=-0.7168 -

9
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345p354,

(v)

PREQUENCY = 766.0 CM=1
0.1042 0.1042 0.1042
PREQUENCY = 430.8 CH-1
0.0732. 0.0732. 0.0732
PREQUERCY = 249.6 CN=-1
0.0124 0,0124 0.0124
PREQUENCY 0.0 CH-1
0.0 0.0
PREQUENCY = 548.8 CM-1

0.0

0.2062 =0.1031 ~0.1037

247.7 cn=1
0.0206° 0.0206
PREQUENCY = 168.9 CA=-1

0.0166 -0.0083 =-0.0083
PREQUENCY 548.8 cn-1

0.0  0.1786 -0.1786
FPREQUENCY = 247.7 CH=1

0.0 -0.0356 0.0356
PREQUENCY. = 168.9 CH~-1._
0.0 0.0143 -0.0143

PREQUENCY
«0.0812

34_.35

(vi) "SPTTC1

2

PREQUENCY = 765.1 CH-1
0.1046 021013 0.1C46
TREQUENCY = 5S46.0 CH-1
-0.1038 0.2029 =-0.1038
© PREQUENCY 428.5 cn=-1
0.0716 0.0755 0.0716
PREQUENCY = 248.8 Cpn-~1
0.0202 -0.0074 0.0202
PREQUENCY 285.2 Ccn=-1
0.0126 =-0.0429 0.0126
PREQUENCY. = 167.3 CHN~1
0.0083 -Q.0168 0.0,083
PREQUENCY = 0.0 Cx=1
* 0.0 0.0 0.0 °
PREQUERCY = 5Su48.6 Cn-1
"0.1787 0.0 ~0.1787
FREQUENCY 2u45.1 ¢cn-1
0.0352 . =-0.0352
PREQUENCY 168.8 Cn=~1
0.0182 0.0 -0.0142

0.0

[+

376“

@

-0.2189
y0.1136

-o.oﬁoo
0.0

“ 0.0
0.0
0.0
0.0

0.0

. 0.0

1

~0.2194
-0.0040
S 0.1127
~0.0267
0.0127
~0.0003
0.0
0.0
0.0

0.0

T
Lk

e

-0.0891 =0.0891
0.0033 0.0033
0.0732 0.0732
0.0 0.0

-0.0866 0.0933

-0.0515 0.1030

-0.0085 0.0090

-0.0808 0.0

-0.0892 ° 0.0

-0.0078 0.0

-

<0.0889 -0.0889
-0.0479 ~0,0479
0.0009 0.0009
0.0u20 o.bazb

-0.0777 =0.0777
0.0048 0.0048
0.0 0.0
~0.0803 0.0803
0.0883 -0.0883

'0.0081

(<)

-0.0081

-0.0891
0.0033
0.0732
0.0

~0.0466

~0.0515

-0.0045

0.0808

0.0892

0.0078

-0.0897
0.0930
0.0055
0.1118
0.0586

-0.0085

0.0
0.0
0.0

0.0

t

0.0715 0.0715

-0.0026 -0.0026
-0.0588 -0.0588
0.0 0.0
'-o.ﬁ1au' 0.0592
-0.0036 0.0018
0.1353 <0.0676
0.0 -0.1025
0.0 -0.0032
0.0 0.1172
0.0713 0.0719
0.0603 ~0.1184
=0.0002 -0.0054
-0.0522 ~0.0526
0.0274  0.0229
'0.0667 =0.1342
0.0 0.0
-0.1025 0.0
0.0041 0.0
0.117%v 0.0

a) Obtained from tﬁe'finél’force field of Table 6.8.

b)

the internal coordinates of Jable 6.5.

-
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0.0715 = *
~0.0026
~0.0588

Q.0

0.0592

0.0018
-0.0676

0.1025 "
0.0032

-0.1172:

o.oi;a-
0.0603 .°
-0.0002
-0.0522
0.0278
0.0667
0.6
0.1025
-0.0041

.f0.1171

Entries under each frequency are listed in the order of



Appendix III

Potential Energy Distributions®’ P for 32SP35C137C1

, . 2’
325P3’c13, 34sp35c13 and‘34SP35C1237Cl.
' o

(i) 2spP%ci37cn,

PREQUENCY = 767.9 CN-1 _ .

001965 0.0867 0.5131 0.0776 0:0405 0.0167 0.0082 0.0 ° 0.0 0.0
YREQUENCY = 547.2 Cm<1 _ o - ‘

0.3894 0.6766 0.0003 0.0401 0.0901 0.0224 0.0464 0.0 0.0 0.0
FREQUENCY = 431.5 Cx-1 ‘ : ' _ ‘ »

0.3475 0.1284 0.4108 0.0000 0.0003 0.0000 0.0001 0.0 0.0 0.0
FHEQUENCY = 248.7 CN-1 '

0.0116 0.0389 0.0727 0.6563 0.1017 0.1015 0.0503 0.0 . 0.0 0.0
‘PREQUENCY = 242.5 CM~1 ‘

0.1047 0.1023 0.0040 0.0967 . 0.6936 0.0043 0.0060 0.0 0.0 0.0
PREQUENCY = 170.2 CH=-1 : : .

0.0279 0.0448 0.0000 0.00840 0.0107 0.3127 0.6178 0.0 0.0 0.0
PREQUENCY = 544.5 CH~1 .
“ 0.0 0.0 0.0 0.0 0.0 0.0 p.0 S 0.7880 0.1455  0.0704
PREQUENCY := 2643.8 CH-1 : - . » .

0.0 0.0 0.0 0.0 0.0 0.1596 0.84802 0.0002
PREQUENCY = 168.7 CK~-1 ] . : O .

0.0 0.0 ' 0.0 - 0.0 0.0 0.0568 0.0182 0.9293
- 3237
(ii) SP"C13 - e
PREQUENCY = 767.0 ChH=-1 S

0.3495 0.5166 0.1199 0.0014 020 0.0 0.0 0.0 0.0 © 0.0
FPEEQUENCY = 429.2 Ccn~-1’ o c _ °

0.5909 0.4C89 0.0002 0.0000 0.0 0.0 . 0.0 0.0 0.0 0.0
FREQUENCY = 246.8 CN=-1 . : ~
~0.0596 0.0745 0.7757 0.0093 0.0 0.0 0.0 . 0.0 0.0 . 0.0
PEEQUENCY = S544.3 Cm=-1 4 : :

0.0 . 0.0 0.0 . 0.0 0.7855 0.1480 0.0705 0.0 . 0.0 0.0
PEEQUENCY = 241.2 CH=~1 ‘ _ -

6.0  o.0 0.0 0.0 0.1590 0.8405 0.0004 0.0 0.0 0.0
PREQUENCY = 168.7 CHM-1 . n

0.0 0.0 0.0 0.0 0.0555° 0.01S5 0.9290 0.0 0.0 - 0.0
PREQUENCY ‘= 544.3 CcM=-1 .~ ) g

0.0 0.0 0.0 - 0.0 © 0.0 0.0 0.0 0.7855 0.1840 0.0705 .
PREQUENCY = 241.2 Cm-1 . : '

0.0 0.0 0.0 0.0 "~ 0.0 . 0.0 0.0 0.1590 0.8405 0.0008
FREQUERCY = 168.7 CH=1 ° : ’

- 0.0 0.0 . 0.0 0.0 . 0.0 " - 0.0 0.0 0.0555 0.0155 0.9290
¢
. -
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1ii) *sp?Pery ' o . o .

FPREQUENCY = 766.0 CH-1 " I

0.3711 0.49371 .0.1216 0.0015 0.0 0.0 - 0.0 0.0 0.0 0.0
"PREQUENCY = 430.8 Ccn-1 o - e
0.5797° 0.4197 . 0.0005 0.0000 0.0 0.0 0.0 0.0 0.0 0.0
PREQUENCY = 249.6 CH=-1 ' : .- .
0.0892 C.0871 0.7737 0.0093 0.0 0.0 0.0 0.0 0.0 0.0
PREQUENCY = 548.8 Ccn-1 .
0.0 0.0 6.0. 0.0 0.7914 0.1811 0.0676 0.0 0.0 - 0.0
FREQUENCY = 247.7 C#M-1 ‘ . '
0.0 0.0 0.0 0.0 0.15a87 0.8850 0.0003 0.0 . 0.0 0.0
PREQUENCY = 168.9 CA~1 o o -
0.0 0.0 0.0 0.0 0.0540 0.0139 0.9321 0.0 0.0 0.0
FREQUENCY = 548.8 Cn=1 ’ o .
0.0 0.0 0.0 ~ 0.0 0.0 0.0 0.0 0.7918 0.1411 0.0676
PBEQUERCY = 247.7 CH-1 : ' : o . .
0.0 0.0 0.0 0.0, . 0.0 0.0 0.0 0.1547 0.8450 0.0003
PREQUENCY = 168.9 CH-1 . o :
0.0 0.0 0.0 - 0.0 0.0 0.0 0.0 0.0539  0.0139 0.9321
o
(4v) 34gp35c1 37 | ;. o .

2 o Lo

FREQUENCY = 765.%1 Cm-1 e
. 0.2134 0.0827 0.4965 0.,0782 0.0422 0.0168 .0.0085 0.

FREQUENCY ‘= S46.0 CH=1 .
0. 4128 0©.6520 0.0003 0,0846 0.0892 0.0236 0.0855 O.

PREQUENCY = 428.5 Ccn=-1
0.3188 0.1u68 0,4177 0.0000 0.000S: 0.0000 - 0.0002.
PREQUENCY = 248.8 Cm-1

0 0.0 0.0
0
0.0
0.0752 00081 0.0694 ©0.1651 0.6212 0.0853 L0433 0.0 0.0 0.0
0.0
0.0
K

0.0 0.0

0.0 6.0 °

PREQUENCY = 245.2 CR-1 .
.. '0.0300: O.1446 0.0161 0.5821 0.1758 0.0242 0.0084
- PREQUENCY = 169.3 ca-1 - - .

0.0277 0.0474 0.0000 0.0047. 0.0080 0.3077 0.6229

‘PREQUENCY = 588.6 CH=-1

0.0 0.0

0.0 0.0

¥,

0.0 .~ 0.0 0.0 0.0 0.0 0.0 0.0 0.7928 0.1396 0.0677
PBEQUENCY = 245.1 CA-1 . ;

0.0 - 0.0 0.0 0.0 0.0 0.0 0.0 0.1541 0.8453 0.0005
PREQUENCY = 168.8 CA-1

0.0 0.0 0.0 0.0 0.0 0.0 - 0.0 0.0531 0.0151 0.9318
. ) . . . .

o

a) Obtained from the fln@l force field of Table 6.8.
b) Entries under each frequency are listed in the order of
‘the symmetry coordinates in Tables 6.6 and 6.7 for the

molecules of C3v and Cs symmetry, respectively. .



