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Infrared spectra of the gaseous, hydrogen-bonded

molecule formed from d1methyl ether and hydrogen chlor-

lde, (CH3)20———HCl, and its 1sotop;c modlflcatlons

O—--DCl (CD,) ,0---HC1 and (CD

37:2€ 3)2 303
studled in detall between 33 and 4000 cm’ l The hydrogen

bond stretchlngnmde is ass1gned between 110 and 120 cm lg'\

. "\\

R4
for (CH ) 0———HC1 (CH ) 0-——DC1 and (CD 0-——HC1 The

- two O—--Hcl deformatlon modes yield a broad, complex ab—

\s

sorptlon centered at 470 cm- l.It 1s anterpreted egms*“b'

>

L

of sum and dlfference tran31tlons 1nvolv1ng the HCl wag~

ging modes, whlch are deduced to be at 50 cm l: The

4

O—--DCl deformatlon modes yleld a band centered at 360
1 , -1 ..

-.ﬂ cm, . Bands at 790 cm " and 600 cm -1 in the spectra of

v

/to the symmetrlc c-C stretchlng mode of (CH

(CH3 2O----—HCl and (CD3)20—-—DC1 are a551gned to theqpver—
tones of the deformatlon modes. Many of the ethereal
modes of €CH3)20———HC1 and (CD3)20-—-HC1 are assigned be—
tween 800 and 1500 cm -1 The shape of the band a551gne%
3)20--—HC1
does not resemole band shapes calculated for tHls absorp-
tlon u51ng two p0551ble geometrles of the molecule and
does not, therefore, 1nd1cate whlch geometry 1s correct
The effect'of sample temperature on the shape of the band
due to the HC1l stretching mode 1nd1cates that the funda- -
mental tran51tlon is at 2480 cm 2 not at 2574 cm -1 as

preV1ously postulated The band due to the DC1 stretchlng

iv . o SR S 8

O—-—DCl have been.

.", R

@



.mode ofi(CH ) ,0-=-DC1 has a deferent shape to that of
(UD3)20———DC1 The dlfferences are attrlbuted to com—
'blnatlon tran51t\ons 1nvolv1ng-the ethereal modes._It ds
JsUQQ?Sted‘that combination‘transitions involving'thefDCl -
.ox HCl stretchlng ‘modes and the DCl or HC1l wagging modes \
,f cause shoulders 50 ¢cm -1 away from the peak due to the
:DCl stretchlng mode and contrlbute to the general dlf—b
fuseness of the band due to the HCl’ stretchlng mode. The
7 _relatlve 1nten51t1es of all of the- bands due to (CH ) O—;—‘f
HCl are presented : ) | ” |
Infrared and Raman spectra of ethylene sulphlde—h4,
and ethylene sulphlde d4 and 1nfrared spectra of cis and
Erans l 2= dldeuterloethylene sulphlde have be T recorded
in thlS laboratory by D. A Othen and are 5551gned in ,
this work " Thirty- 51x frequenc1es from these spectra é?g
a551gned to fundamental v1bratlons and these frequenc1es
are used 1n normal coordinate calculatlons, A force
fleld contalnlng 51xteen force constants reproduces the
mthlrty six observed frequenc1es w1th an average error of
0.41%. The calculated frequenc1es allow many of the unas-
151gned experlmental frequenc1es to be a551gned ‘The
’normal .modes of each 1sotoplc molecule are . descrlbed 1n
terms of the 1ntramolecular dlsplacements determlned from f
the’elgenvectorscand potential energy dlstrlbutlons.‘Most
’.pof the methyle?f? modes of the dﬁdeuterated molecules |

'cannot be desc‘;bed 51mply The Az methylenlc rock is
. B
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fg calculated to be of a hlgher frequency than the A2 methylenlc‘

twist . for both ethylene sulphlde h4 and ethylene_sulphlde-d4.
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) ThlS the51s deals w1th the v1brat10nal spectﬁamof ]?s e
) . e '
two- unrelated molecular systems. In the flrst three » RN

. : _:g.

'chapters,‘the 1nfrared spectra of several 1sotop1c forms

%
of the hydrogen—bonded molecule dlmethyl ether-——hydrogen

chlorlde are presented and dlscussed In Chapter z, the o~

"‘av

normal v1brat10ns of four 1sotop1c forms of ethylene

sulphlde are ah}lyZed. S f_ —

v
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_CHAPTER 1

"INTRODOCTION =

1y

L 1.l ’General'Introduction

The flnst three chapters of this the51s deal with
¢ R
fthe 1nfrared spectra of the gas- phaser\hydrogen-bonded -

molecules formed between dlmethyl ether h6"and hydrogqp

chloridc . CH ) CL——HCl],.dlmethyl ether het an deuterf

ium chloride [(CH;) ,0---DC1], dimethyl ethﬁ\hdf and -
ethyl ether- d6

' dr~3§ anéédeuterluﬁ‘chlorlde FKCD %%6¥:~DC11 /JIn Sectlon 1.2

hydrogen chlorlde [(CD )!0-——HCl], and dim

a general dlscuss}ﬁh of the phenomenon of hydrogen bond—

: :ing is presented. The normal modes of v1bratlon of hyd—
'rogen bonded molecules are deflned and described in
Sebtlon 1.3 and the current theorles of 1nten51ty enhance—
ment and broadenlng ofthelnfrared absorptlon bands of
.these molecules are rev1ewed in Sectlons l 4 and 1.5,

‘.respectlvely. The previous studles of the 1nfrared
spectra of the dlmethyl ether—hydrogen chlor:gi system

| and related hydrogen—bonded systeﬂg "in the gas phase .are
reviewed in. Sectlon l.6. The aims of the present study 'Kw

are preSented in Sectlon 1. 7.

1.2 4ydrogen Bondlng
Slnce the concept of hydrogen bondlng was flrst
deflnltlvely 1ntroduced by Latlmer and Rodebush (l) in.
\*c,.

'_1920, thousands of Srtlcles have appeared in the lit-

'ergture_to 1llustrate thexbroad.occurrence of this,

_ﬂi .



2.
v‘phenomenon. In aciition t0'its well known role in deter-
gmining the psr oorties and structures of many blologlcally
important compounds, hydrogen!bondlng has been shown to
~be of great 1mportance in most other fields of chemistry. \
| Desplte the vast number of . studles of hydrogen-gonded sys-
tems, the theoretical understandlng of hydr@gen bonding -
t»lS still only semi- quantltatlve in nature. Much of-the

e :
oy ‘ knowledge of hydrogen—bonded systems has been reviewed in

J

e tekts by leentel and McClellan (2), V1nogradov and
Llnnel (3) ‘and Haml ton and Ibers (4) Also, the book by
Had21 and Thompson (5) and the review of the spectroscogic
manlfestatlons of hydroggp bondlng by Murthy and Rao/iEE
are partlcularly useful in relation to the work pregénted ',
B in this the51s. : ’ :\ o ll o ) -
A hydrogen<§ond is sa1d to ex1st when a hydrogen
atom is bound 51multaneously to two or more atoms (2).
In thls the51s re term 'hydrogen bond' refers to the ~ - /yb

weaker of the two bonds in the trlatomlc system A-H ‘f%fB;
."ﬁk and is the H-~——B bond. The energy of a hydroge bond
usually 11es between 3 and 10 kcal/mole, w%th the average
“-fC' \}energy about 7 kcal/mole. These enerales are 1ntermed1ate
. between the. energy of a normal covalent bond and those of
the less spec1f1c van der Waals 1nteract10ns. The A- H
bond in bhe A-H —L——B system is con51dered torbe a normal
covaIent‘pond although somewhat weakerithan it wquld be

. in the absence of hydrogen bondlng., A-H is the proton_



- : \

Vdonor functlonal group and B is the proton acceptor atom

3.

or szte of a molecule.. Usually A is an eké”“ronegatlve )
atom such'as 0, N, F, S Cl etc. and B is generally ani
A1

atom or ion with one or more lone palrs of electrons,

%such as F, N, O, Cl, Cl etc.
4

. When a hydrogen bonrd is formed it is found that,

EY

1f A and B are atoms, the A---B and H---B dlstances are
& ‘.
usually shorter than the sum of the vam der Waals'

frad111(7) of the- A'and B atoms and the H and B atoms,
respectlvely. In X-ray and neutron dlffractlon studles
ghese observatlons are used as crlterla‘for the presence
-of hydrogen bondlng. The A---delstances~found by these
'studles havé been used in theoretlcal calculatlons of

the energy of the hydrogen bond (8). However, a complete -
and_rlgorous ‘quantum mechanlcal model which can predlct |
thlS energy does not ex1st at present, ‘since the approx-
lmatlons which must be used in the' calculatlon llmlt thel

' accuracy to the .Same order of magnltude as the energy
thself Qualltatlvely, 1t is believed (9) that the energy
gof the hydrogen bond arlse:Lprlnc1pally from four dlstlnct

,1nteractlonsk/wF1rstly, el trostatlc 1nteractlons,

predomlnantly Coulomblc in nature, arlse from attiactlpn

between the p051t1ve charge on the H atom and the neg' ive

charge on B Secondly, the approach of the A-H group

‘ towards B causes dlstortlons in the negatlve charge dls— p)

4

"trlbutlons on A-H and B and. leads to delocallvatlon '

- . -\
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- effects in Wthh part of the charge of B re51des at A or
H. Thlrdly; the motion of the electrons in A—H and B
_glves rise to a dlsper51on interaction between a.fluctuf
ating d;pole in A-H and'the fluc::aking'dipole that it
induces.-in B. Finally, a‘repulsive.interathon results
from the overlap of the electron charge clouds of the'

-

A H and B atoms. '

When A—H and B are portlons of the‘same molecule,
the 1nteractlon A-H--—B is termed 1ntramolecu1ar hydro-
gen bondlng.,,An example of this type of 1nteractlon 1s ‘ ?
that whlch can occur ijortho-halophenols (10). Since
'1ntramolecular hydrogen bonds affect malnly the.electronlc .
stuctures on the proton donor and adbeptor groups, the
'phy51cal behav1our of systems w1th these types of hydro—
gen bonds is close to that of normal non—hydrogen-bond—'
ed substances. When A-H and B are located ‘in two separ—
~até molecules, the 1nteractaon 1s termed 1ntermolecular
hydrogen bondlng. This the51s deals with 1ntermolecular
hxdrogen bondlng and spe01f1cally w1th that whlch occurs

between the hydrogen -atom of a hydrogen chlorlde molecule

and one of the lofie lpairs o{leleCtrons on'the oxygen.atom
of a diMethyl ether<b vecule; Since these types of
thdrogenjbondS‘change‘ he number mass; shape'and -
electronlc structure of - the ilnteractlng molecules,_
‘studleﬁ of the physxcal propertles of an 1ntermolecular

’.hydrogen bonded system often yleld 1nformatlon about



these interactions; Non—spectroscopic methods (11,12)
include studies of meltlng and b0111ng p01nts, dielectric
constants and” dfpole moments, v1sc031ty, vapour pressure
%
and molar volumes., Unfortunately, .changes 1n these
phy51cal Propergies can also occur as a result of less -
spec1f1c 1nteractlons and, therefore, non~spectroscoplc
’studles cannot prov1de unamblguous proof of hydrogen.
bondlng.\ Spectroscoplc technlques, however, are capable
of prov1d1ng eV1dence relatlng the 1nvolvement of ‘a
spe01f1c hydrogen atom and spec1f1c accepfor group in
" the formatlon of a weak bond. The most widely used
technlques are 1nfrared and Raman spectroscopy (13 l4),
nuclear magnetlc resonance (15) and X-ray and neutron
dlfﬁractlon (16) Perhaps the most spectacular spectro—

1c manlfestatlon of hydrogenrbondlng occurs in the

ational spectra'Of hydrogon-bonded molecules and as

sult, 1nfrared and Raman studles prov1de the most

monly used cr1ter1a for the presence of hydrogen

The Infrared Spectra of Hydrogen-Bonded Molecules

In general two egﬁects of hydrogen bondlng af@‘
'observed inr the 1nfrared spectrum of a hydrogen—?gpded
molecule. l) the frequenc1es, shapes and 1nten51t1es of
absorptlon bands that are. present ln the spectrum of. the

)

hydrogen—bonded molecule andblnlthe spectra of_the non-
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fbonded proton donor and acceptor molecules are dlfferent '
in the two .cases; 2) new bands appear in the spectrum of
the hydrogen-bonded molecule as a result of the loss of -
lrotatlonal and translatlonal degrees of freedom of the
component molecules. It is partlcularly useful to con-
sider the 51x v1bratlons whlch occur 1n the A-H———B partv
‘of a hydrogen-bonded molecule (13). Flgure 1 dlsplays
these v1brat10ns where B is treated as a p01nt mass and
the proton donor is con51dered to be a bent trlatomlc'
molecule, R—A- Each V1bratlona1 mode 1s denoted by
thetappropriately subscrlpted letter \Y (yé{,and may be.
described as shown in Flgure l where the plane is that
formed by the to bends to atom A. |
1‘;.' of these modes, the A-H stretchlng‘mode, MS, has
}recelved most attentlon since it usually absorbs between
2500 and 3500 cm 1, a region whlch is easily, acce551ble

fﬁ t0'study. As far back as 1932 Freymann (17) observed

that in the spectra of alcohols there are two reglons of

absorptlon by the O-H stretchlng mode, one due to the
monomer at about 3700 cm ; and one due to associated
fmolecules at about 3400 cm.l./ Since then it has been._
shown that the A-H stret;hlng mode in a hydrogen—bonded -
mOJecule is always lower in- frequency than the corres-

- pondlng mode in the absence of hydrogen bondlng Murthy'

~and Rao (6) glve an exten51ve list of these frequency

shlfts for a: large number of hydrogen-bonded molecules.

9
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o FiGURE 1. The 51x v1brat10na1 modes 1nvolv1ng the a, H

and B atoms of. the non—llnear, hydrogen bonded molecule,

. R-Af}jf—-g |
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_There arefcases in'which a decrease in the{A—h stretching
frequency,AUs, indicates the presence_of a hydrogen bond,
although.the A---B distance. is greater than the sum of the
van der Waals‘.radii of the A and'B atdms For example
Holzbecher, Knop and Falk (18) have shown that the vs
absorptlon for the more weakly bound of the two hydroxyl
groups in SOlld Na [Fe(CN) NO] 2H20 is about 100 cm -1 be-
low that expected for a non—hydrogen—bonded hydroxyl group,
even though the nearest neighbour to the oxygen atom 1s a

| nitrogen atom 3.63 A away. The sun of the van der Waals'

.'radll for oxygen and nltrogen is 2.9 A (7) ‘and” thus 3. 6"

| A is well outside the range predlcted for the 0——-N dlS-
tance’ whenéulo—H—-—N hydrogen bond is formed Thus,the

\change 1n the A—H stretchlng frequency Av ’ clearly pro-
vides a very sen51t1ve probe for detectlng hydrogen bondlng.

The decrease in frequency of the A-H stretchlng
vibration when a hydrogen bond is formed must be brought
about at least 1n part, by a reductlon of the A—H stretch-

'_///;;g force constant caused by a redlstrlbutlon of electron .
denSLty of the A—H bond (19). Thus Avs must‘reflect many |

- of the propertles of the hydrogen bond. Thé'most 1mportant,
correlatlon is the relatlonshf% betwegn Av and AH the

[

energy of the hydrogen bond.-,Such a relatlonshlp was flrst
. proposed by Badger and Bauer in 1937 (20) and an approxlmate,’
llnear relatlonshlp betweenlh; and AH has been establlshed

by Drago et al (21 22) for molecules contalnlng hydroxyl

e



" the baSeis;Length depend largely upon the nature of the gﬁ
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groups. The negative slope of the. stralght line corres- .
ponds to a decrease in the O-H stretchlng frequency by
about 60 cm-l for eaéh kcal/mole._ Unfortunately, a 51mple

relatlonshlp has not been establlshed to cover all A-H---B

nsystems, because the slope of the Av vs AH line depends
upon the nature of the 1nteract1ng molecules (l3) AIso,

correlatlons between Av and other properties of the hydro-"

gen-bonded system, such as the A—-—B or H---B dlstance, or
1

component molecules and only qualltatlve conclu31ons can

usually be drawn from them (13L

o 'In addltlon to decrea51n6 the Vg frequency, the form-

atlon of a hydro§én bond also causes an extreme 1ncrease in

the breadth of the bands assoc1ated with thlS mode. The R

lnten51ty of the v fundamental absorptlon 1s also 1ncreased

: usually by an order of magnltude (23), although the flrst

overtone of Vg is usually less 1ntenSe than in’ the absence

of hydrogen bonding (24) These phenomena are unigue to’

‘hydrogen—bonded systems and are observed for ‘gases, llqulds,
'ysolutlons_and solids. However, the 1ncreases in the breadth

“and intensity-of the Vg absorptlon upon hydrogen bond form—

" ation are not well understood and few correlatlons between

'these phenomena and propertles of the hydrogen bond have

;been made. Because they are 1mportant in. the 1nterpretatlon

. of the spectrum of (CH3)20-——HC1 the theorles of 1ntens1ty '

enhancement and band- broadenlng in hydrogen bonded systems

EA
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are reViewed in Sections 1.4 and ..s, respectively.’

In A—D——-B systems v is found to absorb at a lower
frequency than the correspondlng mode in the non-assoc1ated
deuterlum donor molecule, and the ratlo of the frequency
»vs-ln A-H———B to that in A-D---B usually lles between 1. 3 ‘

and 1,4 "Although the 1nten51ty enhancement of the v
fundamental absorptlon in A- D—--B systems is usually as
1arge as that in A—H-—-B systems, the 1ncreased breadth
- of the absorptlon is usually less pronqunced for the
deuterlum bond (25). N ’ ' o A I
_~_ *  The in-plane and out-of-plane A-H---B deformatjion.
f//\\\\modes,vbband Ve reSpectively,are modeS'in which the
hydrogen atom 1s dlsplacedln dlrectlonsperpendlcular to
the dlrectlon ofiﬂuehydrbgen bond. Unless the proton
donating molecule is dlatomlcr~v is present in the
absence of hydrogen bondlng qs the 1n-plane R-A-H deform-
atloh\mo e.l If the donor ﬂolecule contalns more than |
three jf ms,-, _1s also present in the absence of hydrogen
ndlng as a tor51onal mode. When the proton donatlng
molecule-ls dlatomlc,_both_\;b and v dan be con51dered as
' neuyyibrational modes arising,from the loss. of two rota-
'tlonal degrees of freedom of the donor and acceptor mole—
cules. ThlS spec1al case is dlscussed in Sectlon 1.6 for
the hydrogen halldes hydrogen bonded to ethers and |
';nltrlles. In the most general case, when Vb and v ‘a e

t
~both present 1n the absence of hydrogen bondlng, the hydro-

P

A 4



: w1th PT ertles of the hydrogen bond is that they’often
: b

L

their force constantsﬁér ghcreased causlng them to shift
to hlgher freqdencies;;ﬁ S example, it is known (26) that
in unassoc1ated alcohols Y andvt absorb.between 1200 and
1300 cm ; and at about 225 cm—l,‘respectrvely, while 1n7
hydrogen—bonded alcohols they absonb between 1330 and 1410
cm-l and at about 650 cn l,'respectlvely., Usually\\/he
1nfrared absorption’ bands due to Vh and Ve do not show any

major intensity change when a hydrogen bond is. formed but

they do become somewhat broader (26, 27)

c 3, J A

Few successful correlatlons between the shifts in

yb'or vt with propertles-of the hyd&ogen bond have been

‘Tade; although it has been shown that the. absollte values

L)

- of these shlfts, as well as  Av } become larger as the

strength of the hydrogen bond is increased (27 28). A

major dlfflculty in éorreﬂatlng ther;hlfts of vb and vt s

occur ‘in the same spectral reglons as many other tran51—

~tic s and cannot be deflnltlvely a551gned, sometlmes-be—

cause they are coupled with someyother vibrational mode,

Slnce vb‘%nd Vi e modes which 1nvolve the motion of

t

’uthe hydrogen .atom to a large degree. they Shlft (:\fre—

quency by a factor of about 0. 7 when a deuterlum atom 15,

~subst1tuted for the hydrogen atom in A—H———B and a study

of. the deuterlum‘§h1ft often leads to a deflnltlve a551gn-

ment - In cases/where Vb and vt’mlx.with other?modes,z
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however, a vibrational;analysis;is needed %o assign them .
(29),
The last three modes shown in Figure 1 arise from

the loss of three tr&a%latlonal degrees of freedom of the

\

1nteract1ng molecules - The \ mode 1nvolves motion of
the 1nteract1ng molecules agalnst each other along the

hydrbgen bond. and the v and vB modes involve wagglng
2

8
. 1
motlons of one molecule about the other, 1n d1rect10ns

perpendlcular fo the dlrectlon of the hydrogen bond Be—.

 cause the hydrogen bond 1s very weak relatlve to normal
e

covalent bonds, the force constants for\v and the vB

modes are very small . and thus, these\godes absorb at .
/

low- frequenc1es, usually below 200 cm \ This reglon also
contalns abgorpfior by skeletal and to/slonal modes (30)

} whlch often compllcate the as51gnment of Vg and vB

However, numerous studles ‘have been made in. whlch Va has

b€en unequlvocally a551gned usually in the reg10n>between
: £y .
100 and 200 cm” (31) The few studles in whlcz_vE modes_

_ have been successfully a551gned 1nd1cate that these modes

_absorb weakly below 100 cm "1 For example, CarlSon,’

."wltkowskl and Fateley (32) éﬁ&gn a Vg mode at 68 cm‘l in
o

-1

formic ac1d dlmer and at 50 ' - in acetlc ac1d dlmer“

Dué\to t@f lack of experlmental data on the. vB modes
/

no correlatl n &%s been made between thelr'frequen01es

)

-and properzles of the hydrogen bond However, it has

been establlished that the frequency of- the Vg mode depends

\

':' N o . ! R ’ ’
L . . . . ) ' " © 9
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upon the strength of the hydrogen bond 1n @ similar manner

to the magnltude of the shift of the A-H stretching freL

-quency, Au For example, Brasch et al (33) ‘have shown.

that in two dlfferent solid forms of phenol the frequency'

"of vo was higher. in the' form which had the larger Avs and,

]

presumably, the stronger hydrogen bond. B

o

No 51gn£§10ant Shlft is observed in the frequency

'of-v or vB when a deuterlum atom is substltuted for the

”deuterlum atom for a hydrogen atom causes llttle change

g

Q

hydrogen-bonded hydrogen atom (31).' ThlS arlses from the
fact that these modes 1nvolve the motlon of whole mole-

cules agalnst each’ other and the substltutlon of one,

1

in the v1brat1ng masses." S /

L~

In addltlon to. the characterlstlc absorptlon by the

‘a

six modes shown in Flgure l the 1nfrared spectra of

hydrogen—bonded.molecules show that the absorptlon by the

 other v1bratlonal modes pres&nt in both the prpton donor

IS

and acceptor molecules is 1nf1uenced by the presence of

==
_tﬁe hydrogen bond. In partlcular, the frequenc1es of ab-

ﬂrptlon ‘of the modes 1nvolv1ng the atoms part1c1pat1ng

dn‘dlrectly in the hydrogen bond are shlfted‘relatlve to thelr

p031t10ns in the spectra of the non—assoc1ated molecules.:

g ThlS Shlft may be m:.ve, as is found for the (‘=O

"icstretchlng frequéncy of several;carbonyl acceptor mole-

cules (34), or p051t1ve, as is found for the skeletal

| v1bratlons of the pﬁrldlne—ethanol system (35) The
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1

v1bratlona1 modes which do not 1nvolve .atoms part1c1pat1ng

dlrectly 1n the hydrogen bond show smaller shifts. No

l

large changes in the 1ntens Llties ‘and widths of the bands

I8

due to these modes are gen rally observed when a hydrogen

bond 1s formed

1.4  Theories ofﬁlntensity Enhancement e

'

“*i', In- general the 1nten51ty of an 1nfrared absorptlon
. band 1s proportlonal to the square of- the dipole moment
functlon, U, which can be expanded as a power serles 1n

the normal coordlnates, Qi’ of the_molecule (36):

, \ - C B L .
R du : BEEUUAY
R i \s0. /. £ i j.\s0is0. J S
/o o ) Vo
where _is the permanent dipole moment of the molecule.
Only the flrst two . terms on the’ rlght hand ide of eqéa-

tlon [1] are' sidered'in the-approximation of electrical

' harmon1c1ty wh L1le the second and hlgher order derlvatlves
' >

are referred to as the electrlcal anharmon1c1ty.

It has been stated (23) that the large 1ncrease 1n
1nten51ty of thé& Vg fundamental absorptlon and- decrease
'%«'.1n 1nten51ty othhe flrst overtone arises anm an 1ncrease‘
| 1n the absolute value of au/aQ and a decrease in the |

absolute value of ] u/aQ ; where Q 1s .the normal coordln-

/ s/
. ate of the vskv1brat10n. However the 1nten51ty of the

overtone is also’ dependent upon the mechanlcal anharmon—'
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A \

1c1ty (37) and this explanatlon can only be acceptable 1f
Jthe mechanlcal anharmon1c1ty is small Sandorfy et al (38,
39) have shown that, in a number of hydrogen-bonded alco;
hols,~the'mec nical anharmonlc;ty 1s large and therefore;b
: should also contrlbute to the 1nten51ty’of the overtone.
Calculatlons (40) have shown that,,lf mechanlcal anharmon—
,‘icity'is taken into account' a large 1ncrease in. au/aQ 15,
by.itself sufflclent to 1ncrease the 1nten51ty of the
fundamental and to lower that of the overtone. /ﬁ

| Hugglns and leentel (41) have suggested that pol-
a;;zatton of the lone pairs of electrons on the acceptor |
‘atom,.B; accounts fortﬂg,anten51ty 1ncrease of the Vg fun-
damental Flgure 2(a) shows that 1n an unpertirbed :
7A,H-——B molecule, a dlpole, Ei' is 1nduced in the lone
,-palrs of electrons on B by the hlghly polar A-H bond and
that thlS induced dipole has the same dlrectlon as the A H
dlpole,uAH Durlng the vs v1bratlon, as shown in Flgure ’
‘2(b); Ei.v1brates in phase w1th uAH and contrlbutes an ad-
'dltlonal c0mponent to the overael change of dlpole ‘Toment,
gau/aQ , The lack of an 1nten81t>\1ncreage of the v (or Vo)
absorptlon upon formatlon of a hydrogen bond can also b§4 '
‘explalned u51ng thlS model 51nce during the V- v1bratlon,
as shown in Flgure 2(c), the 1ndgced dlpole v1brates exact—

*ly out-of-phase w1th the V1bratlon of gAH Thus au /30b

is opp051té 1n sign to, auAH/aQb, and au/ij is not 1n—

o

~
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'FIGURE 2. (a) The induced dipole, ‘B;. and the A-n
~ dipole, yu Hagr of an unperturbed A-H--=B molecule.
(b). Dlrectlons of the changes in dlpole mOMents’
during - the v V1brat10n of an A—H—f—B molecule.
(c) Dlrectlons of the changes in dlpole moments
during the Ub v1brat10n of an A- H---B molecule\j
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creased. This 1is oLv1ously an over51mp11f1ed plcture but

e

1t does prov1de a useful model .to qualltat1vely explaln
-

the 1nten51ty behav1ours of _the Vg and Yy modes.

!

,v,lﬂS',“ Theories ‘of Band Broadening
R . It is generally'believed\that at least ! ‘one of the
,follow1ng two mechanisms plays a major role in determlnlng

the breadth of the v, band of a hydrogen—bonded molecu]g\e‘;!P

I1] ' Interactions betWeen Vg and the low frequency vib-
ratlons whlch 1nvolve the hydrogen bond »vé,and VB' glve
rise to a serles of comblnatlon bands and hot bands (42),

whlch distribute the 1nten51ty of vs over a large fre-

quency range. ' -

/
[21 ._ Overtone or summatlon bands of fundamentals other
than"ys whlch are close in frequency ‘to vé are lnten51fied
through Fermi resonance (37) w1th)vs. - |
. ‘v(

E Nelther of these mechanlsms is dependent upon the phy51ca17
‘ state of the system but w t}e broad vs’absorptlons arev '.:cs
observed in the spectra of hydrogen-bonded molecules 1n all -
"phy31ca1 btates, the bands are usually broader in the

“spectra of llqulds and concentrated sofutlons (43). ThlS

addltlonal broadening hag beéh explalned (43) by postulat—

A_lng the ex15tence .0of a gariety of hydrogen-bonded spec1es,

¥ "
{
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each with'a unique Vg frequency and correspondlng absorptlon
band whlch may be broadened through mechanlsms 1l or 2.

Mechanlsms h and 2 can only be operational 1f
t

‘the potential energy surface'for‘the nydrogen—bonded mole-
\,

cule is anharmonlc in nature (44). \The pPresence of anharm—
‘onlclty 1s in 1tsel a- broadenlng mechanlsm, s1nce it
causes: the frequency of a given v1bratlonal mode, Vi to be‘
dependent on the degree of exc1tatlon of other v1bratlonal
.modes,:vj,vvk, etcft Consequently a band ofufrequenc1es
.results fromveaéh vibratiohal degree of frEedom insteadf

of the singley discrete frequency predicted for a. harmonlc
osc1llatlon (37) ’ In addltlon, the presence of anharmon—

'1c1ty allows bands due to comblnatlons of v1brat1qhs to

' appear 1n the sp ctrum. These bands are denoted by zv if
| AN

SN
[they are due to the overtone of the vl v1bratlonal mode "
and by v, + nvj or v, - hv if they are due to summatl n
or dlfference transrtlons, respectlvely. A summatlon ba d,

X
v, + nvj, arlses from the 31multane9nsgex01tatlon of one

i
"quantum of the Vi v1bratlonal mode and n quanta of the vJ
'v1brat10nal mode. A dlfference band, yi - nyJ. arlses
from the tran31tlon from a state in whlch n quanta of the vJ
v1bratlon have been exc1ted to a state whlch is one
"quantum of vl above the ground state.

‘ Mechanlsm l results from the anharmonlc force f1eld
of a hydrogen—bonded molecule, whlch allows coupllng between

the A-H stretchlng mode,‘ Voo and the hydrogen bond stretchlng
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mode,’\)O (45) . Thls coupling was described c1a531cally

‘fls based on the observatlon that the A-H frequency de-.

s

, by the 'fluctuatlon theory{of Badger and Bauer (20), which

creases as the A---B dlstan e, AB’ decreases on hydrogen

bond formation. The theory c'n51ders that the range of
values of rAB’ whlch must exist due to the thermal vibra-
tions. of the relatlvely weak hydrogen bond, leads to a
range of Vg frequenc1es,_ ThlS should give rlse to -a broad
- absorptlon band. for Vs with the hlgh frequency portlon of
”the band arising from vs vibrations occurring at larger-

: than—average.values of rAB*%nd the low frequency portlon'.
_ofbthe bamiarisingfrom Vg v1bratlons occurrlng at shorter—.
than;average rAB vaiues. For an 1solated A—H———B system,
however, th//change 1n the rAB dlstance occurs rhythmically
with the frequency of the vU.VibrAtfon. In_effect, the vg
ylbratron S frequency_modu}ated by the Vg yibratiOn'and
:thisiidea{allowed Batuev_(46.47)fto‘extend the fluctuation
<

theory to become the" frequency modulatlon t 20ry, Stlll

—framed in cla351cal mechanlcs. Batuev showed that the

: '

broad band which results should con51st of a ‘series of

sub -bands w1th frequenc1es vsv%gnvo; where n is 1ntegral

: Slnce these bands must 'borrouvylnten51ty from ‘the funda-.
Mental Vs band the total 1nten51ty 1s then spread out |
over a- w1de frequency range. g';,

sd',_The quantum‘megpan1Cal treatment of the anharmonic"

coupling between vs'ang_v also leads to the result that

s ?



20,

-

transitions of the type vs + v, where n is integral should
'l be observed In the'absence of" special COndlthHS, the 1n-?
tensities of the transitions are expected to decrease in

5

the order Vg vs + v [v + 2v r Vg +J3v ;.;...,aand"vsl+
nvc is expected to be more intense than v, {lnuo by the -
Boltzmann factor, exp (- nhcv /kT)

quuantum mechan1ca1 treatment of the: 1nteract10n bet-
ween V. _and Vo was flrst dlscussed by Stepanov (48) and
later modified by Sheppard (45) It is necessary to out-'
line its main features in some detall because 1t leads to’
the p0531b111ty that the normal 1nten51ty dlstrlbutlon pre-
sented above may . not apply. Stepanov argued that because
' vo'_ls usually about teh t1mes lower in frequency than Vs%
separate potentlal energy curves can be drawn for vo'ln thej

-

ys = 0 and V =1 v1bratlonal states. ‘This separatlon is
analogous to the separatlon of\electronlc and nuclear
motion. in the quantum mechanlcal treatment of molecules
'(49). The energy levels of vV, can then be drawn on’ these
curves for each state of V ¢ as shown in Flgure 3 for an
A—H—-—B molecule. At 1arge A---B dlstances, no. hydrogen
bond is present and the curves are separated by the v1bra-
'tlonal energy of the non-hydrogen—bonded A-H stretchlng
,mode Van (free) "~ The separatlon of the curves close to
thelr m1n1ma 1s approx1mately equal to the v1brat10na1
"'energy of vs in the hydrogen-bonded molecule.. Thus the

1 . . B
'_curve for the V_ =1 state has a deeper minimum than that -
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A—B Distance

FIGURE 3. The Stepanov energy level scheme for -

. the. 1nteract10n of v' and Vg v1brat10ns.1n the

‘hydrogen-bonded molecule, A-H---B. Vé and V afe

the quantum numbers for the A- -H and H-——B stretch-
1

.1ng vibrations, respectlvely, and the curvesnd‘

drawn on the energy levels are the squares ofw

L_ B
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for the'V =0 state. Sheppard (45) has argued that since

~

the hydrogen atom moves on the average closer to the center

\

of the bond when V =1, the hydrogen bond is stronger when\\
Vs = 1 than when.V = 0 andtﬂKEpotentlal energy mlnlmum
occurs at a shorter A———B dlstance when v ,= 1 as shown
in Figure 3. Because the A---B motlon durlng the vo v1bra-%
tlon is, c1a351ca11y, ‘SO much slower than the A-H motlon
during vs, Stepanov argued that the tran51t10ns from Vs'
to V = l occur at constant A———B dlstance and therefore,?rf

the more probable tran51t10ns occur at A——-B dlstances

whlch are more probably occupled 1n ‘the varlous vc levels ‘

N o

The probablllty of occupancy of each vd level, that 1s 04.

the square of the wave functlon (50), is sketched 1n 'fﬁ‘

oW

Figure 3 and the most probable tran51t10ns arefbelleved to'“'

"orlglnate and termlnate at theJmax1ma in these probablllty:

S

curves. Thls effect may be referred to as the V1brat10na1

Franck-Condon (51) effect, and it manlfests 1tsel¥ in - the

-~

-case deplcted 1n Flgure 3 by allowlng the summatlon bandﬂ

.vq.~-

vs + Vg [V =0 l V0 0 ~+ l], to be more 1ntense ﬁhanf
the ‘fundamental band, v_ [Vs= 0 » 1, v s = 0=+ 0]. Th.ese-ul

arguments, therefore, predlct that comblnatlon bands of

1«
&y

the type ve t + n\)o may appear in the spectrum\w1th an un-
. d

'usualvinten51ty dlstrlbutlon. They also predlct that hot

-bands, from tran51t10ns of the type vs + n\)0 - nvo, vs +-V-'

(n+l)v - nvg or vs‘+ nv_ - (n+1)vo (42), may appear in

the spectrum w1th unusually h1gh intensities. Due to the



ﬁmeqhanical anharmonicity,-these hot'transitions can absorb
at frequenc1es 51gn1f1cantly dlfferent from those of their
correspondlng ground state transmtlons and thus, they can:
contrlbute to the general background of the ys band and;

: in some cases, lead to a diffuse band structure. However,

~ hot tran31t10ns can contribute to a large degree only if
the temperature is hlgh enough to produce a large popula—
,tlon in the exc1ted V states when \ ;=:0, and at very low

?temperatures the band should be resolved into features

Qseparated by about the frequency of vo;

Perhaps the best proof to date that combination bands

can be respons1ble for the broad, diffuse band seen for

B some hydrogen—bonded systems is glven by the studies by

* Evans and Lo é52’53) of the dlbromlde ion, BrHBr .; ThlS

M.
‘ion. has two stretchlng modes, a symmetrlc mode whlch is

%gf«“'analog us to Vo; and an asymmetrlc mode whlch is analogous

J

to VS An extremely broad dlffuse band between 500 and

3;;;1300 cm'l un the spectra of BrHBr at temperatures greater

- .

o ggvthan 100°K h been assxgned to the asymmetrlc stretch.,
. T o
~ - In spectra Ofn Br ~at about 20°K thlS band 1s resolved

Roi
1nto well deflned peaks whlch may be 1dent1f1ed as bands:
,of the typeyvé_+*nvo; as well as sum bands 1nvolv1ng Ve
' :and‘a:lattice mode. The dlfference bands were not present

2] .
\

involving vs and vo‘and other low—ly’ng v1bratlonal modes,'

--along with the hot bands assoc1ated witk these trans1tlons,->

—
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in the spectra of ErHBr_ at 20°K but were evident in'spectra,A
of BrHBY at 100°K. = fy |
Theimportance of'interactions;between Vg and the
hydrogen—bond maggdng.modes, vB, hiﬁ‘been p01nted out by
Thomas and coworkers (54,55), who have prov1ded conv1n01ng
ev1dence that hot bands of the hydrogen hallde stretchlng
v1brat10n in CH CN—-—HCl and CH3CN-——HF from excited states
,of vB contrlbute 51gn1f1cantly to the breadth of - the obser—
ved band. | | |
Mechanlsm 2 1stﬁmaonly other mechanlsm of band broad—
enlng Wthh has recelved w1despread attentlon. In a poly—
fatomlc molecule, if two v1brat10nal levels belonglng to two
dlfferent V1bratlons or comblnatlons of V1bratlons are
‘ nearly degenerate and are of the same symmetry, a pertur—
bation of these levels can result from a resonance 1nter-'
.actlon (37) Thus, the two energy levels are Spllt, cau51ng
the frequency of one vibratlon to be hlgher than expected
~and the frequency of the other to be lower than expected.
"In addltlon, the 1nten51t1es of the bands due to tran31-j'
tlons to these energy 1evels are mlxed Thus the 1nten51ty
of an. ‘overtone or comblnatlon ‘band, whlch is usually much
weaker than that of a fundamental band can appear to be
_muchzgreater than expected ‘ In other words, it is p0351b1e
.for the weaker band to. borrow’ 1nten51ty from the stronger

' one.' This has the effect of dlstrlbutlng the 1nten51ty

of the stronger band over a larger frequency range than in

o . . . . '



25.
thelabsence of‘an lnteraction.' In the cases where the 1n-
| teraction occurs‘rhrough anharmonic terms in the potentlal
energy function, as must-be'the case 1fraacombination'level,
interacts with a fundamental level, thls effect is known as
Fermi resonance,’and 1swelldocumented (37) in the spectra
of non—hydrogen—bonded molecules.. Bratoz, Had21 and
Sheppard (56) p01nted out that 1nteract10ns between Ve and_"
overtone;or comblnatlontran51t10nswh1ch absorb close to vs

9

'fcould account for the broad Us band in the.spectra of

\uu:rogen-bonded molec‘les. In particular, these authors“
; were able to a551gt much of the compllcated structure on

the ‘broad vs band bserved in many carboxyllc acid dlmers

[
i Ay
I

”156) to summatlon tran51t10ns whlch 1nvolve v1brat10ns of
the ‘COOH groups, and- whr_h/are enhanced in 1nten51ty by
Ferm{}resonance with the O -H stletchlng v1brat10n. ’In
add?tlon,vﬂaurle and Novak (57) have shown that many of
the features on the Ve band of acetic ac1é~_%mer can be
'a351gned to summation tranSLtlons whlch 1nvolve v1brat10ns'
"~ in the allphatlc part of the acid and which are enhanced
in 1nten51ty by Feﬁml resonance w1th v . Clearly, thus,
if the hydrogen- bonded molecule is large and many combln—_ﬂ
atlon tranSLtlons have frequen01es whlch are close to Vg
'thls mechanlsm of Rhand broadenlng can be very 1mportant.n
It is’ also clear that, s{nce the enhancement of 1ntens;ty

of overtone or - comblnatlon bands occurs ‘to a greater degree

as . the frequency dlfference between these bands and’ Ve
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‘iﬁequenc1es if usbls not a single band
but is 1nstead a progre551on of bands of the ty;K\ /; nvo;r
Thus nechanism 2 becomes a more powerful broaden1nq7/ .
mechanism when con51dered 1n conjunctlon with mechanlsm 1.

Witkowsky (58) and Marechal et al (59-62) hav? had
‘51gn1f1cant success in attemptlng fo account for t&
l,complex spectra—{56) ‘of the carboxyllc ac1d dimers wlth—
out 1nvok1ng Ferm1 resonahce. Whlle detalls of thelr
theory are not completely clear, they con51der the anhar—
monic coupllng between Vg and Vo and the 1nteractlon
‘ betweenihe two hydrogen bonds in the molecule. Because of
the 1nteract10n between the two hydrogen bonds in each
E d1mer,vthe tran31t10ns that they calculate cannot be all.
.clearly related to-those in a 51mp1e sum and dlfference
'band serles of the t¥pe vs + nv ., although-all of their
’.tran51t10ns are of thls type._ The only system that they

treat that does not contain the compllcatlons of’ two in-

tengctlﬂp'hydrogen bonds lS that of the N—H——-N bond 1n4
-To} xd 1m1dazole (59). {p thls case thelr calculated |

ftransy{&bns are 51mply those expected from the most ele-'
B
.mentary consldefatlons of sum and dlfference bands of the

- =

’type Vg -+ nvo, that 1s ‘an equl spaced serles of bands with

@

;relatlve 1nten51t1es in th order vsj>vs + vo > v§‘+ 2\)0 >

‘vs + 3v, ‘and Vg + nv belng more intense than WV '—gnua by

the’ Boltzmann factor for the level nv .-,Thus the details.

»

<
N
RS
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of their apparent success in explaining the spectra of the
N . 4 h .

carboxylic acid dimers are obscure at present.

1.6 Infrared Spectra of Gaseous Hydrogen-Bonded'Molecules

In order to develop the v1bratlonal theory of hydro—
gen—bonded molecules, more vibrational data on isolated ,
A—H———B‘systems are hlghly desirable. These data are best -
obtalned through 1nfrared studles of gase s systems con-
talnlng one hydrogen bond per molecule. nfortUnately,‘
vthe number of systems whlch can’be successfully studied
in the gas phase is llmlted 51nce a 51gn1f1cant partlal
rpressure of .the hydrogen—bondedgmolecule is needed to

4 obtaln a good spectrum The formatlon of a hydrogen—

bon ed molecule  is controlled by the equlllbrlum

~

4 C —

'A-H + B <“> A-H---B f

and relatlvely few systems have suff1c1ently large equil-
/ <

1br1um constants to produce enough of the hydrogen—bondéd\
molecule. The carboxyllc ac1ds are perhaps the ea51est to
study in the gas phase since, even at room temperature, |
the majorlty of the molecules exist as hydrogen—bonded )
dlmers (63). Unfortunately, each dlmer has a cycllc‘ %éf
structure COntalnlng two hydrogen bonds and infrared d -
'studles of these ac1ds do not yleld dlrect 1nformat10n

about 1solated hydrogen bonds. The most extensively



28.

(s

studied gaseous-molecules which contain one hydrogen bond
|

are those formed between alcohols and amlnes (64 68), ethers .

and inorganic ac1ds (25,68~ 79) and between cyanldes and\\h\f\\\

hydrogen halldes (54,55, 80 81). of partlcular 1nterest )
are studies of hydrogen—bonded molecules in which the‘pro—‘
ton donors are hydrogen halides (25;54,55,72;81). Since

the proton don@rs are diatomic in these molécules,-the

@
forms of the v1brat10ns 1nvolv1ng ‘the hydrogen bond, shown

‘ in Flgure 4 for (CH ) O——-HCl are sllghtly dlfferent from
those presented earller i. Sectlon l 3. In partlcular,

the v and v modes in {CH,). O—--HCl would correspond to
: b t 3°2 _ = ﬂ ‘
pure rotatlons of the hydrogen chlorlde molecule in the

absence of alhydrogen bond Also, the vB modes 1n

;(CH ) O———Hcl are represented as wagglng motlon of the vi
~hydrogen chloride molecule 1n d1rect10ns perpendlcular to ‘ :
© the dlrectlon of the hydrogen bond | | ,

Arnold Bert1e and Mlllen (72) flrst reported that
the 1nfrared spectra of- mlxtures of gaseous hydrogen hal-

1des wlth allphatlc ethers contalned the broad assoc1at10n

L 4

band whlchlf;characterlstlc of hydrogen—bonded molecules.

" In partlcular, the spectra of’ mlxtures of hydrogen chlor-
. ,
. ide wlth varlous ethers (73) each revealed an 1ntense band

a

which was about 400 cm ; wlde and had its absorptlon maxl-‘

‘mum-at about 2570 cm l? The absorptlon maximum was a551gn— o

-

20-——HC1, and two

: ed tov ’ the HCl stretchlng mode in R
'shoulders whlch were dlsplaced by about 100 cm lkto either .

e f\\\
P X
: »
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O---H—Cl 7, O---CI"

HaC / sf,rerckh‘1
| ;3-——H+CI AN |
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‘ 'FIGURE 4. The: Eix vibfatlonal modes 1nvolv1ng the

0-——HC1 part of the hydrogen-bonded molecule,

(CH ) 0———HC1
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side of‘the’maximum were assigned to the sum and difference

&

bands vg * v&. Broad bands observed in the spectra of
(CH.)2O—-—DC1 (25) and (CH3)2O——-HF (77) were also inter-

‘ preted in this manner. From- these a551gnments the fref

quency of vd was predlcted to: be about 100 cm -1 in L *

-1

(CH ) 0-——HC1 and (CH 0——-DCl and about 170 cm in

3)2
(CH3)2O--—HE. These frequenc1es.are-reasonably close to
the observed values of 117 c.:m"l (75) for vo in (CH ) 0—-—HC1

b and vt

<1

and 180 cm-l.(79) for uo in (CH ) O——-HF . The v
modes have ‘been’. reported (78) to lie at 755 and 665 cm

| 1n‘(CH ) O-——HF and at 550 and 490 cm -1 in (CH.,) O-—-DF,

o 3°2
although it is not known which mode has the higher fre—
quency.. These modes have not been observed ir the spectra
: of gaseous (CH ) 0 ——HCl and (CH )20—-—DC1. | |

At room temperature the equllibrium constant for

i'formatlon of gaseous (CH 0---HC1l is small (82—84) and

3)2
therefore a large p§oportlon of the component molecules
. rs not hydrogen bonded However, 51nce the heat of
formation of (CH )20-—-HC1 from its component molecules
is}negative, having been reported to lie between'—5'6
iandr—7 , 6 kcal/mole'(75 82—84); ad ease . in temperature
éftﬂuasystem causes the equlllbrlum constant to become .
larger. Thus, by recordlng spectra of gaseous mlxtures

of dlmethyl ether—h with large.excesses of hydrogen

6
. chlorlde‘at,low ‘temperatures, Le Calveé, Grange and
Lascombe (76) were able to observe the bands due to the

-
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vethefealimodes in (CH3)20~§—HCL between 800 and 1300 cm”l.

Shchepkin and Belozérskaya}(?d) have suggested that a band.
. . : L ’ .

2

Ashape analysis of the band d : to the symmetric-b—o
stretchlngxmmhaln (CH )20-——HC1 leads to the conclu51on

thatthlsmmlecule has C symmetry (Sectlon 3. 4). .,]

’l

%&” Studles of dimethyl ether and hydrogen chlorlde mix-

,,,,, o

tures haVe ag§b beenfmade for the 11qu1d (85) and SOlld
B Y

'(&6 87) phases. It seems cl ‘ur tlat a variety of hydrogen—

,’!

' bonded spec1e51n whlchthe oxygen atom is protonated can.

”-ex15t 1n these phases n acddition to the (CH O~—-HC1;

3)2
molecule. There is, howéyer; no evidence that any spe01esljﬁ'
othertjuux(CH3) O---HCl is formed ‘in the gas phase. |
vThethydrogen—bonded‘molecules formed‘betWeen the
~cyan1des and hggrogen fluorlde (55 80 81) or hydrogen
chlorlde A54) give rise to Vg bands whlqh exhlblt flne
structnres separated by about 2 or 3 cm -1 (54 55) whlch
is in sharp contrast to the broad, dlffuse bands usually
'observed for the Ve v1brat10n 1n other hydrogen-bonded
molecules.\ Thomas et al (54 55) have 1nterpreted thlS
-_-flne structure as due to hot tran51t10ns of the vs

_v1brat10n arlslng from exc1ted v states. Slmllar flne

8
structure was observed (55, 81) on the band at 585 cm -1
A '\ » L
due to: the degenerate F—H-——N deformatlon modes, Vi T Vg
) .

ln acetonltrlle-hydrogen fluorlde.l Thomas (55) 1nterpre—*

ted thlsflnestructure as due to hot tran51t10ns of these.
X A

modes arlslng from excited’ vstleyels,-but_Hnongjand‘Couzl‘,

”

<

-
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/
(81) have assigned it to the normal fine structtre of a
perpendlcular band of a svmmetr;Z top (88).
In his treatment of the anharmonlc 1nteract10n

| between the A—H and hydroqen bond stretchlnq modes, vs |
and vo, Stepanov p01nted out that the energy absorbed dur—b
‘1ng the exc1tat10n of Vg often exceeds the dissociation
. energy of the hydrogen—bonded molecule. If the exc1tat10n
energy is transferred to the Vg mode, 1t could cause the-ﬂ-f
'molecule to predlssoc1ate (89) and thls could cause the
absorptron bands due to the ex01tat10n of Vs to be broadgyu
 The fine structure separated by 2 or 3 cm l on the vs
1bands 1n_acetonltrlle-—-hydrogen chlorlde and acetonlt-

: rlle———hydrogen fluoride (54 ) proves that these mole—.

 cules must have llfetlmes g eater than about 10 -11

.seconds and that broadenlng b' predlssoc1at10n cannot be of
llmportance 1n these systems."The shift of’vr on formation |
Aof the hydrogen bond 1n CH3CN———HC1 (54) is smaller than
that when (CH3)20———HC1 (73) 1s formed - and thlS suggests_i

- (13) that the hydrogen bond in (CH 0---HC1 IS the

3)2
stronger of " the two. It 1s, therefore, very 1mprobable
- that predlssoc1at10n causes 51gn1f1cant broadenlng of the

band due to Vs in (CH ) O———HCl

1.7 Aims of this Work o B o -
' The initial aim of this work was to obtain the infra-

- red spectra of the_gaseous,-hydrogen-bonded molecules
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/

(CH3)20——-HC1 (CDB)ZO——-HCI (CH3)2O———DC1 and (CD3)20——-

DC1 in as much deta11 as p0551b1e, and in partlcular, to

1ocate the Vb vtaand vB modes (Flgure 4). A second alm
was to study the temperature dependence of the shape of
_ e iy

;- the v bands in the spectra of these four molecules to

\ test the proposed 1nfluence of difference bands (25 73).

Further . alms were to conflrm the 1sotope shift of the 117
‘cm_l band reported by Belozerskaya and Shchepkln (%5) and
- to extend the work of LeCalve et al (76) to‘%g%ermlne the
shapes of the remalnlng bands due to ‘modes of the ethereal"

part,or (ChB)%off-HCQ.



CHAPTER 2

Py

EXPERIMENTAL TECHNTIOQUES

2.1 Preparation and Purification of Chemicals

, The dlmethyl ether- h6 was obtalned from Matheson,‘
the dlmethyl ether d6 and deuter1uﬁ>chlor1de from Merck,
‘Sharpe and Dohme and the argon from Linde. Each .gas ex-
cept argon was dried by repeated dlstlllatlons from a
~methanol-dry ice bath until no water absorptlon could be
detected in the infrared Spectrum_of about one-half an -
atmosphere.Of the gas. ‘The argon was boiled from a cold
trap at weil beIOW'—100°Cband no further'purification was.
found necessary, .The deuterium chloride always contained
,é; least 10% hydrOgen'chloride in sPiteVOf'repeatedlyb
.'_flushing the vacuum lines and the’cell'with'the deuterated -
vacid.prior to use. ‘Both the.deuterium chloride and'the.'
commerc1a11y avallable hydrogen chlorlde contalned traces.
of carbon dioxide whlch cguld not be readlly removed 'Its‘~
’presence was unlmportant in the deuterlum chlorlde but 1ts
~infrared spectrum 1nterfered w1th a reglon of 1nterest ln
the spectra of hydrogen chlorlde—ether mlxtures.y For this
freason, hydrogen chlorlde free from carbon ledee was_
prepared in gaggg by the hydroly51s of phosphorous penta-
chlorlde to phosphorlc acid and gaseous hydrogen chlorlde

(90). The reactlon vessel was a one litre trlple-neck flask

' fltted w1th a 250 ml vented dropplng funnel in one neck

Ca
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‘and connected to a conventional glass vacuum rack The
dropplng funnel was modlfled by the inclusion of a stop—
- cock on the ventlng tube.‘ Dlstllled water was f1rst 1ntro—
duced into the dropping funnel and degassed. by direct
pumplng through the ventlng tube untll free21ng occurred.
The ice was then allowed to nelt .and the water was' de-
gassed again. The evacuated }unnel was then isolated from
the apparatus while the phosphorous pentachloride was put
into the»reaction uessel‘andhdegassed by direcbrpumping
for several hours; ‘The pump was then isolated from the
'apparatus and water was added drop—by-drop to the phosphor—
'ous pentachlorlde.. The wet hydrogen chlorlde d:;t:llEE\
.vacuum to a flask cooled w1th\a1qu1d nltrogen. Phe hydro—:
gen chlorlde was then drled by repeated dlstlllatlons from“

.a methanol dry ice bath.

2.2 .Vacuum hines-and thelInfrared Cell .
' v [CE .

When the total gas pressure requlred d1d not exceed d
"one atmosphere, the 1nfrared cell was connected to the |
manlfold of a convent10nal glass vacuum rack Gas pres-'
'vsures were measured to +1 Torr w1th the cell at room
‘temperature u51ng a mercury—fllled U—tube manometer.VWhen
‘spectra of mlxtures of gases were requlred the cell was
_flrst fllled to the de51red pressure of one component and -

then 1solated from the: manlfold The manlfold was evacu— o

'ated to a pressure of at least 10 -2 Torr .and the second
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component was then introduced:into the manifold at a
pressure inghtly above the desired total pressure. The
cell valve : yas then qulckly opened and closed repeatedly,
allow1ng t@e two gases to mix within the cell but mini-
mizing dlffu51on out of the cell until the pressure- in
the manlfold stopped decrea51ng. The final presSure minus
the pressuée of ‘the first component was assumed to give

the pressﬁie of the second component.

Whentﬂmrtotal gas pressure dld exceed one atmosphere,

. the gases were handled in the 7% 1nch long, 1 1nch i.d.

‘and 1% inch o.d.-stalnless steel manlfold shown in Flgure

5 Matheson type 32R stalnless steel gas valves were

‘screwed into 5/16 1nch threaded sockets 1nK\he manlfold

and served to 1solate ‘the varlous parts of the system. To -~

- ensure a vacuum—tlght system, the valve threads were taped .

‘with Teflon and each valve was screwed tlghtly agalnst a

lead washer between the manlfold and the valve. The

standard(Teflon 0—r1ngs usually used in the valves‘were

replaced by lightly greased 1/4" x 3/8" Buna N rubber O-

rings. The manifold’was connected to a glass vacuum

- rack by a rubber vacuum hose and to the 1nfrared cell by

- a l/a inch Mason—Renshaw Industrles compress-o—coupllngﬁ‘ "

,’xlv.

g : .
O-rlng connector welded to a gas valve. ' Two stalnless

K
steel test tubes welded | to the gas valves served as cold

)

flngers Pressures of ‘greater than one atmosphere 1n
.(\

\

the manlfold were measured by a Marsh Mastergauge type

.l}j . .. "a_ W‘
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g T PRESSURE .-
.1 TOGLASS '

VACUUM RACK
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FIGURE 5. Stainless steel manifold used to .
handle gases at pressures ekceeding one étmos—

pherév(nbﬁ'drawn-to séale);

e
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100 M compound gauge, capable of measurlng pressures up to fﬁ

100 PSIG (5870 Torr) with an accuracy of + 6. 5 PSIG (26-

Torr). Pressures of less than orie atmpsphere 1n tHe metal
’

l

: manlfold and cell were measured by the U- tube manometer in
ythe .glass vacuum system. All pressures were measured w1th

the cellvat room temperature. To achleve pressures of

greater than one atmosphere, the gas of 1nterest was flrst
condensed into one’ of the #yo cold fﬁngers of the stalnless

steel manifold The manifold was then isolated from the

" glass system- and the condensate allowed to warm up unt11

the vapour pressure reached the de51red level. Mlxtures

of gases were prepared in a'manner analogous to that used

'when the total pressureof gas did not_exceedhonehatmos—

phere. The pressure of. the'component present in the

. I

least quantlty was always known most accurately as it was

‘measured by theU tube manometer.

The cell used for the 1nfrared>measurements was

‘cylindrical with a one inch internal diameter and ten

3

’ centlmeter path length ‘and 1s shown in Flgure 6. The
w1ndows were held in place agalnst greased Buna N rubber

jO—rlngs by c1rcu1ar end caps whlch were screwed to the/

body of the cell. .A.coax1al stalnless steel Jacket per-

mitted the cell to be cooled W1th a stream of cold nltro:J

- gen gas. The cell was made of. copper tube,‘w1th a 0.1

‘ 1nch wall thlckness, for optlmum heat transfer._ wlthout

lnsulatlon of the out51de of the coax1al jacket, tempera—wv

L.

I

[
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tures down to -40°C could be maintained by regulatlng the
vflow rate’ of the nitrogen. The temperature of the cell
‘wall was measured to + 1°cC by a calibrated thermometer or
.sometlsz Was measured by copper constantan thermocouples
in contact with the cell wall. | :

ngh density polyethylene, 1/16" thlck was used

for w1ndows in the range 20 400 cm -1 and 6 mm. thiCk pot—*
a551um chlorlde windows were used for the 500 - 4000 cm -1
range. Six mm. thick ce51um 10d1de w1ndows were also used
in the range 200-650 cm -1 but these had to be coated wlth
a thln fllm of paraffln to prevent attack bykhydrogen
»xchlorlde.' Th1s fllm was applled by wettlng the window on e
.. one 31de mlth a solutlon ,of paraffln wax 1n petroleum

.ether and allow1ng the ether to evaporate. These windows
.were less de51rab1e than pota851um chlorlde in the region
: above 650 cm -1 because the paraffln coating sometlmes
affected the 1n§rared transm1551on. The 1nfrared cell

\

- and hlgh;messurenmnlfold were tested for safety at high
pressures by fllllng both with 100 PSIG (5870 Torr) of
' argoh No loss in pressure was noted over a period of at

hleast ten hours Qith any of the above windows.

2.3 lnfrared.Spectrophotometers

>

The 1nfrared spectra in the range 200*4000 cm 1 were
recorded on a Beckman IR—12 spectrophotometer.v A Sllt ‘

program was used such that the resolutlon was about 2 cem -1
‘ : : .t : .
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- between 650. and 4000 cm -1 and about 4 cm -1 . between 200 and

650 cm 1? Scannlng speeds of 20 cm /mlnnbetween 200. and
2000 cm -1 and 40 cm /mln. between ~2000 and 4000 cm -1 w9re .
~used w1th a pen perlod of 2 seconds.' The 1nstrument was
operated under double beam condltlons with the' reference
beam elther empty or contalnlng enough ethe: in a gas cell
at room temperature to cancel the absorptlon due to un-
_complexed ether in the sample (Sectrbn/B l).w When water
vapour was to be removed from the 1nstrument it was purged

with air which was drled u31ng a Puregas model. HR-le 112- ;

9ndryer. If both water. and carbon dioxide were o be re—

' *moved the 1nstrument was purged  with nltrogen gas, b01led

-

'ifrom .a 11qu1d nltrogen storage dewar and warmed to room
temperature. The 1nfrared cell fltted 1nto the spectro-
photometer wlth the- gas valve and the inlet and out}et
tubes of the coollng ]acket protrudlng from the sample
'compartment cover. This cover was made from two plex1—
glass plates and masklng tape, and the cracks between the
"cover and the tubes pa551ng through it were fllled w1th
plast1c1ne. Thls allowed the 1nstrument purge to be main-
talned so. efflClently that no condensatlon on the cell
was | observed ‘even at —40°C. The freq"enc1es between 200
:vand-1700 cm - -1 were measured with respect to a f1duc1al
marker, programmed to produce a- mark on the spectrum at’
25 cxn—l 1ntervals and callbrated agalnst the spectrum of
‘water vapour and the standard .gases (91) 'The,frequenciesdt

. X)‘{v
R
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between 1700 and 3000 cm ~1 were measured with respect to =" o

the rotatlonal flne structure of the fundamental V1bra- o

Atlonal band of elther hydrogen chlorlde or deuterlum ch{or—
_ , /\i

ide (91).
The far 1nfrared spectra were recorded on a .

IR-11 spectrophotometer and also by u51ng a Beckm

/ 7 A

FS 720 1nterferometer. Both instruments were cﬁd
u51ng the hydrogen chloride pure rotatlon llnes‘(92) and
spectra were run at about 1 cm -1 resolutlon, The-Beckman—lR
11 was used in the range 80 150 cm ; w1th a scannlng speed
of 10 cm /mln. and a pen perlod of 8 seconds The 1nstru-
ment was purged with dry nltrogen, and the cell was sealed.

1nto it in the same way as for the IR-lZ The 1nterfero—

meter was fltted with a step—drlve for the mov1ng mirror -

'7" and the standard Analogue—Dlgltal converéer plus paper tape

. output Was replaced by a Hewlett—Packard model 2401C in-
tegratlng Dlgltal Voltmeter and an IBM model 026 card punch.
The 1nterferograms were recorded both sides: of Zero, path |
and the spectra were calculated u51ng the Cooley Tukey,
"51ne plus c051ne, Fourler Transform subroutlne; RHARM (93L,
called by a data manlpulatlon program wrltten in this
_laboratory. The spectra were plotted on an off- llne
.Calcomp plotter.‘ The gas cell used for ‘the interferometer
was 1dent1cal to the one descrlbed above except that a

‘metal plate was. flxed to the cell below the gas-lnlet

valve and the ends of the;coollng'tubes.r An O-rirng seal_'
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between the plate and cell compar tment allowed the 1nterfer—

ometer to be evacuated



CHAPTER 3 _v - S | o

RESULTS AND DISCUSSION
_ _ -

3.1 .General

-in this chapter.the-infrared absorption spectra of
(CH )20--—Hclfand its 1sotop1c modlflcatlons are presented
“and dlscussed Sectlon 3.2 deals with the far 1nfrared ,
reglon of the spectrum, where theﬁxydrogen bond stretchlng
V1bratlon absorbs,‘and Sectlon 3.3 deals with ‘the reglon
Abetween 200 and ‘800 cm l, where absorptlons are as51gned to
the 0---HC1 deformatlon v:bratlons. " In Sectlon 3 4 the
~.absorption by the ethereal modes is presented and dlscussed
1n terms of the geometry of the hydrogen—bonded molecule.v
In Sectlon 3.5 a study of the effect of temperature on the
shapes of” the bands due to the hydrogen chlorlde stretchxng,
v1brat10ns:§1théqzarrbus 1sotop1c modlflcatlons of |

| REEEEN ,
(CH ) O——-Hcl is presented ahd “the features on these bands

-~

are assigned. The relatlve 1nten51t1es of- the absorptlon
v"bands 1% the spectrum of (CH3)20———HC1 are presented in
Sectlon 3. 6 » N _

: In many of the spectral reglons descrlbed 1n thlsh
chapter the absorptlon by the hydrogen-bonded molecule was
compllcated by overlapp1ng absorptlon by the free componentsjb
Absorptlon by free hydrogen chlorlde was 51gn1f1cant only/

. in the 3000 cm -1 and far 1nfrared‘re910ns but absorptlon
_by free ether occurred 1n most reglons of 1nterest Attempés
were made to mlnlmlze ‘the amount of free ether present by

-

44
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cooling the cell and/or by preparlng mlxtures ‘of high pres-.

]

sures of hydrogen chlorlde with low pressures of_ether, \
thereby forc1ng a larger percentage of the ether present to
‘become hydrogen bonded Unfortunately, in many cases the
onset of condensation occurred before the absorptlon by the -
free ether became 1n51gn1f1Cant and 1t was necessary to sub—'f
tract thls absorptlon from that by, the mixture to obtaln the
absorptlon by the hydroger -bonded molecule. Thls was done

by plac1ng an approprigte pressure of ether 1n a 10 cm. long
gas cell at amblent temperatare 1n the»reference beam of |
the spectrophotometer, or uy obtalnlng the absorbance spect-.'
rum of an approprlate pressure of ether 1n a 10 cm. path

length and subtractlng it from the absorbance spectrum of

the mlxture. .The latter method proved to be the more advan-

7
ﬁ

_ tageous in reglons of strong free ether absorptlon. An un- ?5if“
certalnty always exlsted in choosrng thepcorrect amount of e
ether absorptlon to subtract, but 1t 'was found that the
resultant spectra were not crltlcally dependent‘upon thls
amount and 1%Kmost ases the absorbance subtracted was- that
due to the same pressure of ether as was used in the maxtures.
The absorptlon by the free ether was not found to’ be 519— »”f
=n1f1cant1y affected by temperature or by pressure-broadenlng
by an inert gas and thus the temperature of and the total
pressure within the reference ether cell was not 1mportant.iﬁ
In addltlon to bands whlch could be a551 ed to elther‘yh

the hydrogen-bonded molecule or to the free comqonents, the

1nfrared spectra of mlxtures of the components often contalned
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b’nds which grew in 1nten51ty with tlme.‘ To conflrm that
none of the bands a551gned to the hydrogen—bonded molecule
- in fact arose from some reactlon product, spectra of varlous

mixtures of the components were recorded at various 1nter-
‘e

vals over a perlod of twenty-four ‘hours. " Any ‘band whlch
o
grew in 1ntens1ty éould not then be assigned to some mode

v

_were found to be methyl chloride,
N

:when' the partlal pressure of each component was 1arge, and

of the hydrogen—bonded molecule.,\:he main reactlon'products

hich formed falrly rapldly‘

1‘ a thln yellow f11m probably copper (II) chlorlde,'whlch was
B slowly dep051ted thronghout the cell and on the cell w1ndows,-

» cau51ng,a decréase in the infrared transparency of the cell.‘

3.2 .Far'InfrarediRegiOn
"o
. In the reglon below 200 cm -1 only one band which was-

L)
'v' /

not present in the spectra of the free componentS‘was

observed. In F1gure 7, curves A, B, and C show the spectra

/2

between 90 and 150 cm =1 of a mlxture of 325 ‘Torr of d1methyl
ether—h6 w1th 325 Torr of hydrogen chlorlde at 0°C 10°C
and 20°C respectlvely. A band which is not present in the

spectrum of pressure—broadened hydrogen chlorlde (curve D)
- s
or pressure«broadened d1methy1 ether—h6 (curve E) is clearly

v131ble close to the J=5+6 pure rotatlon line of the

free hydrogen chlorldebf The absence of an absorptlon at

¢ ¢

thls frequency in the spectra of the pressure-broadened un—

N

f'mlxed components 1nd1cates that the absorptlon present in

( - 1
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FIGURE 7. . Curves A, B and < show absorptlon by 325 TdEr of .

0°C.‘
_“10 'C and 20°C, réspectlvely Curves D and E show absorp-
.'tlon at - 0°C by 325 Torr of hydrogen chlorlde and 325 Torr

_'dlmethyl ether- h6 plus 325 Torr of hydrogen chlorlde a

-of. dlmethyl ether- h6' respectlvely,veach pressure broadened
~with 325 Torr of a1r. Curve F was obtalned by subtractlng
~the absorptlonln curves[)and E from that in curve A.
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spectra of thevmixtures arises‘from a specific interaction
-between‘the.components rather than from a pressure—broaden—
v1ng effect such as is Observed for the trlmethylamlne—methan-
ol system (67,68). The 1nten51ty of the band increases
reversibly as the sample temperature is lowered from 20°C Lo
to 0°C and is the kind of temperature dependence whlch is’
_expected for an absorptlon by a hydrogen—bonded molecule in
dynamlc equlllbrlum w1th its component molecules. Curve F 1n

e Flgure 7 shows the spectrum obtained by subtractlng the

zabsorptlon due éo the unmlxed gases from that of the mixture

RO E

!at 0°C. Due to the strdﬂg absorptlon»by frg%ihydnégen chlor—
| flde, the resultant bandw%ﬁmcurve F, 1?bpborly deﬁinedxbut

it has a half—w1dth of about 25-30 cm -1 and lts'max1ﬁhm 1s
at 119 + 4 cn 1. " |
‘ Spectra of 440 Torr of dlmethyl ether—h6 mlxed w1th
220 Torr- of hydrogen chlorlde and 220 Torr of dlmetHyl,ether

‘s

_--h6 mlxed w1th 440 Torr of hydrogen chlorlde, bothwat‘Q%;,v_
:showed the same absorptlon as that shown 1nw31g;re 7. The
1nten51ty of the absorptlon by the 2: l mlxture was the same
as that by the 1: 2 mlxture, but was sllghtly less 1ntense

- than the absorptlon by the 1:1 mlxture. ~This behavxor can

- be predlcted from a 51mple calculatlon of the equlllbrlum
concentratlon of the hydrogen bonded molecule 1f one assumes
that the molecule is composed of dlmethyl ether-h vand | v
’hydrogen chlorlde 1n equal progs;tlons.” Further, the 25—30

1 half—wldth of the band is con51stent w1th that calcu—
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blated for the rotat10na1 envelope of a v1brat10na1 tran51—
tion in the molecule (CH ) 0~-—HC1 (Sectlon 3.4), so the
band Canconfldently be a551gned to this molecule.

i | :In Figure 8, curve A sh&//'dhe spectrum of a mixture
v'-of 325 Torr of dlmethyl ether--h.6 _w1th 325 Torr of deuterlum
_chlorlde at 0°c¢C and curves B and C, respectlvely, show the
.spectra of free deuterlum chloride and free ~dimethyl ether
_h6, both pressure—broadened w1th dry air at O°C. In spite
of the very strong absorptlon by the free deuterlum chlorlde,.
a band close to 120 cm -1 is clearly visible in the spectrum
_of the mixture. The 1nten51ty of this band was found to

: decrease, reverSIbly, as the‘temperaturé7was raised from

- 0°C. féurve»D shows the spectrum obtained by subtracting

the absorptlon by-the unmixed gases from that by the mlxturéﬁﬁ
'and although curve D is poorly deflnea, it shows that the ..
band is very 51m11ar in frequency and half~w1dth to the

band dlsplayed in curve F of Flgure 7. | It follows, from‘thev
_a551gnment of the latter band to .(CH )20-—-HC1 that the,band .
--dlsplayed in curve D of Flgure 8 arises from (CH ) O--—DCl -

» In Figure 9, curve A shows the spectrum of a mlxture ‘.
of 325 Torr of dlmethyl ether—d6 w1th 325 Torr of hydrogenbb;
chlorlde at 0°C and curves' B and C show the spectra of the
pressure—broadened unmlxed gases at 0°C. The spectrum
'obtalned by subtractlng ‘the absorptlon by the ‘unmixed gases
‘from that of the mlxture 1s shown 1n curve D and reveals a g%%v

band w1th a,half—w1dth whlch is comparable to the half—w1dthsf

of the bands shown in Flgures 7 and 8. The band shown in-
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FIGURE 8. Infrared absorptlon by mlxtures at- 0°C o&aﬁQS
Torr of dlmethyl ether h6 plus 325 Torr of deuterlum
chlorlde (curve AY 325 ‘Torr of deuterlum chloride plus )
r325'Torr of dry air (curve B); 325 Torr of dlmethyl ’
\ ether--h6 plus 325 Torr of dry air (curve C).‘ Curve D was
obtained by subtractlng the absorptlon in curves B and C
from that in curve A. '
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FIGURE 9.
,325 Torr of. -dimethyl ether-d
gen chlorlde (curve A),

51.

v/em

Infrared absorptlon by mlxtures at 0°cC of~

6 plus 325 Torr of- hydro-

plus 325 Torr of dry air (curve B);

325 Torr of di-
meth@l ether-

d6 Plus 325 Torr of dry air (c&%ve C). .
Curve D was obtained by subtractlng the absorptlon in
curves B and C_from that in curve Al

4

—

325 Torr of hydrogen chlorldeA
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‘curve D of Figure 9‘lies about 5 -10 e ! to low frequency
of those shown in Flgures 7 and 8 although this frequency

-

Shlft ‘may appear to be much larger -than it really is due to.
errors in subtractlng the absorptlon due to the unmixed L
hgases. Thls band was found to decrease 1n intensity as the
temperature was ralsed from 0°C and it is clear that the
bands observed in all three mlxtures arlse from elther the
vc'or.vB modes of the hydrogen—bonded molecule. In general
an angle béghlng or tor51onal .mode is expected to absorb at
a lower frequency than a stretchlng mode involving the same
Zétoms (94), but no other band which could be a531gned to
one of these three modes was found ‘above or below the band
‘hclose to 119 cm 1; The HC1 wagglng modes, however, are
expected to absorb very weakly and below lO%écm l (13) and i
probably 1nteract with the rotatlon of the molecule. Indlrect
“evidence is a&so glven 1n Sectlon 3. 3 that these modes absorb
jat about 50 cm l; Thus the band at 119 cm -1 1s assigned
Mto the hydrogen bond stretchlng mode, Vg 1n'agreement with .
Belozerskaya and Shchepkln (75). This freqaency‘is”close.k
‘to the frequency predlcted for vo in (CH3)20--—HC1 by Bertie
 and Millen (73). SRR | | L

e

A knowledge of the anharmon1c1ty of the hydrogen bond

-

stretchlng mode 1s 1mportant to the theoretlcal understanding
of hydrogen—bonded systems. A study of the cwntrlbutlon of
the hot bands of the fundamental (42) to the stfucture of

7

the’ 119 cm -1 band could lead to a semi- quantltatlve evalu--

fatlon of the anharmon1c1ty of thlS mode “In the ether—hydrogen,
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'hq_JchIoride molecule, and attempts were made to obtaln a

”glearer v1ew of the band for thlS purpose. Calculatlons

by

%ndicated‘that-much;of the interfering absorptionjdue to
free hydrogen chloride could be removed by simply increas-

1ng the partlal pressure of the ether while decrea51ng the

part1a1 pressure of -the hydrogen chlorlde. Spectra of

mlxtures of 50 to 100 Torr of hydrogen chlorlde with up to

| 1500 Torr of dlmethyl ether—h6 were recorded but the

absorptlon by the ether in thls region, wh[%h is not a

;problem at a pressure of 440 Torr, was. suff1c1enti§$:;i;ng;‘_'
- at the hlgher pressures to prevent better spectra eing

‘obtalned T

'between 300 and @GO em™1 of;

-

3.3 = Tnfrared Spectra Between 200 and 800 cm -1

.n box I of Flgure 10,

mlxture atﬂ 30°C of 880 Torr
&)

¥ t

. of hydrogen chlorlde w1th ll Torr of dlmethyl ether'—h6

.AI

Curve B showsifhéfspeCtrum of 110 Torr of dimethyl ether;hé'
Ve B sh ! e , _

“at =30°C and c. o shows the spectrum obtalned by sub-

tractiﬁ@jthe abr ptlon due to the ether from the absorp-

|
tion ‘due to the mlxture. Hydrogen chlorlde does not absorb
in -this region and its spectrum is not shown. Curve C

dlsplays a broad absorptlon extendlng from about 325 to-

590 cm -1 whlch has a half—w1dth of about 150 cm'l and is

v'not.present in the_spectrum of the free'ether. Superimposed

: . - : -~
on the band are several sub-bands, the most prominent of -
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which is a- peak w1th a hal§7w1dth of- abdpt 20 centered =

at 415 cm l.' In addltlo three relatlvely strozg fea_ures,

~at 480, 525 and 570-cm 1; are. ev1dent as well as weak
shouiders at about 440Hand 380 cm 12‘ Due to uncértalntlesf
‘in the approprlate amount of free ethei)absorptlon'to sub—'
'tract,~these latter two features, as wel¥® as the doublet
~character of the’ peak at 415 cm -1 and the rather sharp top'

to the feature at 480 cm 1, may not be real N \ﬂ

g Spectra of samples at 30,;—10 and —30°C showed that;;w
the 1nten51ty of the‘band 1ncreased Wlth decrea51ng‘_em—'” |
llperature in splte of some condensation occurrlng «t -30°C.’37
. Thls temperature dependence of the 1nten51ty of the band ¢~Zv§

and the absence of the absorptlon in spectra of the unmlxed

- gases are con51stent w1th the a551gnment of the band to a.
'hydrdgen—bonded product molecu e. Further, spectra of f-

440 Torr of hydrogen chlorlde w1th 220 Torr of dlmethyl .
ether—hG, at ~-309%C showed the ‘same absorptlon as shown in :

‘box I in Flgure 10 and revealed that the relatlve 1nten—t-,

4

sities of the features at 570 525 480, 415 cm -1 dld not~

&

;depend upon whether the ratlo of ac1d to ether was 2 :1 or

8:1. ThlS is con51stent wlth the a551gnment of the whole
/

~band to ‘the. l 1 hydrogen—bonded molecule, (CH ) 0———HCl

In box II of Flgure lO curve ‘A shows the spectrum~

4

'between 300 and 600 cm =1 bf a mlxture at 30°C of 880 Torr

k3

’ of hydrogen chlorlde w1th 110 Torr of dlmethyl ether—d6

- and ‘curve B shows the spectrum of 110 Torr of . dlmethyl

S N ,
.4 @ * v‘ Lo .-\ [ » . ‘ : . W
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ether-4 at -30°C. The subtraction spectrum, shov in

6

curve C, displays an absorption with a half-wid:> _ about
150 cm 1 between 325 and 590 cm 1 that is very similar -
'h:theabsorptlon shown in _curve C of box I. A study of the
effect of temperature on the 1nten51ty of the band and of
the effect of changgng the ac1d to e‘ler ratlo showed that
the absorptlon arlses from the 1: l hydrogen-bonded molecule,-
(CD,) ,0-——HC1. | | | |

The maln dlfferences between the bands dlsplayed in

»curveg C of boxes I and II .occur below 450 cm l. Most

strlklng 1s the absence, in box II, of a peak at 415 cm 1.

.Slnce thls peak 1s present only in spectra of mlxtures con-

talnlng dlmethyl ether h6 it~mast,arlse from a v1brat10na1

mode in the ethereal part of the (CH ) 0—-—HC1 md%scule.

The absorptlon by the free dlmethyl ether—h bexween 375

6

é
'and 500 Cm -1 has been a551gned to the C-O—C deformatlon

| mode (95 96) and the 415\cm l absorptlon by (CH3)20-—~HC1

is clearly due to the analogous mode in the ethereal part

of the molecule.‘ Curve 'C of box II dlsplays a weak feature -

¥

at 'about~340-cm—1 which is not pPresent in curve C of box

, I and whlch falls in the reglon of absorptlon by the C-0-C

deformatlon mode of d1methyl ether-d4 6? (95). ‘By analogy
with the argument used for the a551gnment of the 415 ci -1

peak in the spectrum of (CH3)20—-—HC1 the feature at 340

-cm‘l may be a551gned to the C-0-C deformatlon mode in

(CD ) 0———HC1. The very weak feature at about 370 cm 1 in
|

the spectrum of (CD ) O-—-Hcl is probablyspurlous. b

i
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Above 450 cm -1 the absorptlon does not depend 51gn1f—

B
&

1cantly upon which ether 1s present in the mixture. _The
shoulders at 570 and 525 cm -1 on the band dlsplayed‘in'box

II .coincide almost exactly w1th 51m11ar features 1n box'I.

The absorptlon maximum in (CD ) O"—-HC1 is a smooth feature
centéred€”:470'cm-l anc c01nc1des closely with the feature
at 48b cmfl on the absorptlon by (CH,),0---HC1 (thls feature
" . may be sllghtly hlgher 1n frequency than it should be Qdue.

to poor "cancellation of the free ether absorptlon). This'
series of sub-bands, at 570, . 525 and 470 cm l, has a’spaclng
' of about 50 cm lkand leads to. the conclu51on the - the shoul-
.der at 425 cm -1 in the spectrum of (CD3)20--—HC1 is also a |

member of the group, but due to overlapplng absorptlon is

’

not Seen in the spectrum of: (CH ) O———Hcl
"\' o The features which are common to the spectra of

(CH i O--—Hcl and (CD3)2O———HC1 in this frequency reglon
2
must have thelr orlgln in the O——-H -Cl- part of: the mole*

o

: cules.' Oof the 51x v1bratlonal modes conflned,to thlS part

1of the molecule (Flgure 4), only v, or Ve ‘the O—-—H—Cl

b

l-deformatlon modes, can reasonably be expected to. g1ve rise
- N iﬂ
1
‘to absorptlon in thls reglon. Proof that thls absorptlon is

i due to vb and/or vt was obtained by recordlng spectra anal—g“

-

ogous to those shown in boxes I and II of Flgure 10, but
wIth degterlum chlorlde in place of hydrogen chlorlde._vIn
vbox III, curve A shows the spectrum of a mlxture at —30°C

s / .
_ of 880 Torr of deuterlum chlorlde w1th/110 Torr of dlmethyl

&

o

“r
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‘ ether;hé* and curve B shows that of Il@ Torr of dimethyl

./
RN .o"

g , 3
ether—hsljat 30°C. The subtract;on spectrum, shown in

\_

'curve C, reveals that except for the peak at 415 cm 1, the

',,5ab50rpt1on by (CH ) O-—-DCl is centered at a lower frequency

than that by (CH ) 0-—3HC1 and thus can’ only arise from

a v1bratlon\1\mode 1nvolv1ng the motlon of the hydrogen—

L : - ot

,"-J
——
-
J

Do
"Jl

, to the 0——-H—C1 part,of the molecule, other than v

bonded hydrogen atom Of ‘the v1brat10nal modes conflned ’

bOI‘ \)t

‘f only v s’ the H- Cl stmetchlng mode, 1nvolves th1s motlon. a

Thls mode, however, is known to absorb close to 2500 cm 1
(73) and therefore cannot give rise to absorptlon 1n the

450 cm ; region.

¥

ugu The peak at 415 Cm-l in the spectrum of (CH3)20—-—HC1

gas a551gned above to the C-O—C deformatlon mode and is’

”fluwtexpected to shift 1n frequency by 1sotop1c substltutlon

f°an atom out51de the ethereal part of the molecule. Thu, 4?

J’?fé’@g&

‘.

the peak at 415 cm -1 é;%he spectrum of (CH ) O——-DCl

vfclearly arises from thlS mode. The remalnder of the absorp-'

tlon shown in curve C of box III is rather weak but features

-at 440,,375 330 and 285 cm -1 are ev1dent. These features

~are nearly colnc1dent w1th features at about 430, 380, 340

: and 290 cm -1 seen on-curve C in box IV,.whlch shows the

analogous subtractlon spectrum of (CD3)2O—-—DC1 Although

'-v1bratlonal modes 1n the ethereal parts of the (CH ) O——-DCl'-

‘and (CD ) 0--—DC1 molecules clearly 1nfluence, the: relatlve

1nten51t1es and, to a lesser extent the frequenc1es of the

,‘features, the major portlon of these absorptlons must be

‘-

R . . ) 'AQ S [

b
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| thls mode absorbs at 340 cm -l in (CD ) 0-——HC1 and 1s not

aSSigned to modes in the 0---D-C1 part of the molecules.

The feature at 340 cmf1 in the spectrum of (CD3)2O——~DC1'

, must 1nc1ude absorptlon by the C-0-C deformatlon mode as

expected to shift 1n frequency in (CD ). 0———DC1

i

Some of the dlfferences between the spectra of'
(CH3)20———DC1 and (CD3)20———DC1 may arise from erro;i in
the subtractlon of the free ether absorptlon from that of.
the.mlxture since the absorptlon by the ether 1s of the

same . order .of magnltude as that by the hydrogen-bonded

'-molecule. However, spectra of other mlxtures with the same.

part1a1 pressures of . components contalned features at the

same frequen01es although thelr relatlve 1nten31t1es varled -

somewhat in dlfferent spectra. Rttempts were made to

obtaln more 1ntense absorptlon by all four 1sot§p¢c modl-

flcatlons of (CH3)20———HC1 by increasing th@*partlal pres—

sure of the acid in the_mlxtures and by coollng the gas cell

below -30°cC. Unfortunately{the onset of condensatiOn and
the rapid formation of. reactlon products under these con~
ditions prevented better spectra than those presented from
belng obtalned |

The bands a351gned above to the 0--—H—Cl deformatlon
modes, vb and/or vt, have many of the characterlstlcs of . |
those due to the H-C1 stretchlng mode,_vS (Sectlon 3 5)._f

-~

In each case the bands are extremely broad °w1th a half-

w1dth about flve to ten tlmes that expected for a’ band due f""”

59.
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L~

to a single fundamental tﬂ&n51tlon in (CH O---HCl or -

3)2
(CD3)20‘“‘HC1 and complex, w1th four equally—spaced fea-
' tures. The breadth and complexity of the band due to the
hvs mode has been attrlbuted (73) to interactions between
‘ys and Vg the hydrogen bond stretchlng mode. By analogy,
g the breadth and gbmplex1ty of the bands due to vy and/or Ve
probably arise from 1nteract10n of these modes with the

HCl wagglng modes, vBl, -and vBZ.‘ Thus the observed features

“on. these bands may be a351gned to tran51t10ns of the type

or-vt + an, where n is 1ntegral or zero, - From the

bl
separatlon of the features the fundamental fre;uenoy\of the'

vé modes must be about 50 cm 1;* The frequency of the vB,:

modes is not expected to be 51gn1f1cantly dlfferent in the
DC1 complexes and thus the observatlon that the features on
the bands'due to the 0——-D—C1 deformatlon modes are separ-
ated by about 50 cm l leads to the conclus1on that these -
b’ ©F V¢r

features also are due’ to transitlons of the type v

If«the hydrogen chlorlde molecule aﬁtaches 1tse1f to
one of the.lone palrs of electrons on the oxygen atom of the

ether molecule, the hydrogen-bond@ﬂ;'b?e ule belongs to the

‘p01nt;group C ‘,(Sectlon 3 4).~£%he ley element of symmetry f

Is a mlrror plane “‘which contalns the hydrogen chloride mole~ -
‘Acule and the oxygen atom of the ether and whlch blsects tHE‘

.C -0-C bond angle., vb is deflned as the 1n—plane O---H- Cl
_~deformat10n mode ‘in whlch motlon of the hydrogen—bonded ‘

hydrogen atom is parallel to thls plane and vt is the out—of—
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Plane mode and 1nvolves'ﬂot10n of the hydrogen atom perpen—
dlcular to this plane. Thus Vb and vt have’ dlfferent sym-
metrles and cannot 1nteract w1th each other. Symmetry argu-

ments, however, permlt any sum or dlfference band of vb or

Vt w1th e1ther vB the 1n-plane HCl wagglng mode, or vB
1 .
‘the out—of-plane HC1l wagging mode. Thus, the/bandSvof
the type v, + nv. and v + are as probable as those
b= .32_ €= "y
of the type Vb i;nvsl and\) + an P although the modes in -
P1 2

the former comblnatlons do not take place in the same plane
whlle those in the latter comblnatlons do. Thus no. dlstlnc—

. tlon between the VB modes 1n the comblnatlons w1th vb and v

l—
»

‘can be made on symmetry rounds, although 1ntu1t1vely onel'

" would 8§§§ct\comb1natlons of modes in Wthh atomlc displace- h

\\‘

‘ments take. place 1n the same "Plane to be more llkely to
‘occur than those 1n which the atomlc dlsplacements are per-

pendlcular to each other

- : . {

-— -~

Since a dlfference tran51t10n orlglnates in an excited
"v1brat10nal energy level, a dlfference band must decrease\xa
1nten51ty as the temperature is lowered due to- depopulatlon

of molecules of that level. However, calculatlons showed
that the Boltzmann dlstrlbutlon of molecules between the
dground state and levels up to 100 cm -1, above it was not 51g—
nlflcantly dependent upon the temperature between +30°C and
.h—3O°C,1and a change in 1nten51ty of a dlfference band such
v’v.asvvb - vB would not be detected in this, temperature range
Thus the observed constancy of the bandshape with temperature
does not rule out the contrlbutlon of such dlfference bands '

S
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to the structure of the O---H-Cl and\O—-—D-Cl déformation
bands.

_ . C
Before the assignment of the features of these bands

‘is-discussed;in moré'detail; the spectra shown invFigure 11
‘must be presented. Curves A and B{’reSpectively, show the

'absorptionvbetween;700 and 875 cm—;

/

by é mixture of one
atmqsﬁheré of dimethyl éther._h6 with two atmosphéres of
v‘hydiogen chlofide, and by a’m@xture'of two étmospherés of

dimethyl ethéé-hG with.Oné atmosphere of hydragen éhléride,
both at +35°C."A.broad band, céntéred»at about 790 cmfl,is.
Cle&flyvgvident in both curves, but i§ pot presep# in thé ?
| spedtra of the free.ether (curve D) dr the freeAhydrogen'
’Chiéride(cuive‘E).- TheAébsofpfionfis overlapped above 825

"cm ! by a strong band due to the symmetric C-O stretchjng

' mode of dimethyl ether-hy (95,96) and thus no reliable
measurement of its half-width can be made. IﬁsAihténsity,
‘which is about one-sixth of that of the band centered étx

470 cm !

in (cns)zo;——nc;,v;s the samé'gor‘dimethi}'ethgrAli .
:4h6 ﬁ'hydrogen chloride ratios Of”l:Z‘ahg ?;i; ‘Injtéejbf\ |
spéctfé of mixturesvwith‘a ﬁotal presSh#é'ofjénevagmbsphére'7
the inténsity at 790 cﬁfl,wasvfoqufD inéreaﬁeré?éréihiy.:‘
,asvthéfteﬁperéturé was 1owered to the onse#.of ¢ondensé£ipn; ;
Thus;thé‘béhd'ii{assigﬁeqfto the (CH3)2o—=—uc1fmo£gcﬁié; -
CurVe(:shdwsthe spectrum of a‘mixtufe'of tWOiéﬁmosphérés

of dimethyl ether-h_ with ong:: osphere of dedteiiumfﬂ"‘
(O dimethyl etherhe WITh oppamospere of demermm o
.chloride at +35°C. Cqmpariséﬁﬂéf curves B and C shows that

e
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;f FIGURE 11 Infrared absorptlon at +35°C by: 1 atm of
. dimethyl ether«h6 mixed w1th '2 atm of hydrogen chloride
fu(curve ‘A); 2 atm of dlmethyl ether- ~h, mixed with 1 atm

o . of hydrOQen chlorlde (curve B), 2 atm of dlmethyl ether-

thG mlxed w1th 1 atm of deuterlum chlorlde (curve C);

1 atm of dlmethyl ether— he (cu?ve D), l atm of hydro—
' gen chlorlde (curve E). '

N L



-spectrum of (CH
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the broad absorption at'790 cm*l.has almost completely dis—
appeared in the iatter case; leauingonlyaameak feature
labout one-twentieth as intense as that in curve B. The
deuterium"chloride contained at least 5% hydrogen chloride
as an impurity and the residual band may be assigned to
(CHy) )0-=-HC1 rather than (CH),0---DCl. -

Since the band is not present at 790 cm -1 in the

3)20—--—DC1 1t must arlse from a mode in

whlch the motlon of the hydrogen—bonded hydrogen atom is

_1mportant Only two a551gnments appear to be posslble for

this feature. Either it is due to onejof the Oe——H;CI

‘deformation modes or to the first overtone'of one of these

-1
0D '
I 3

in the spectrum of (CD3)20-——HC1 and- one at a lower fre-’

modes. In either case a band should be present at 790 cm -

quency in the spectrum of (CD3) O---DC1 or (CH ) 0———DC1 |

The spectrum of (CD3)20-——HC1.in;the 790 cm l reg;on couldﬂ
not be obtained because of a;strong overlapping"absorp%ion

due to the symmetrlc Cc-0 stretchlng mode of the dlmethyl

ether-d . -(95) but the spectrum between 500 andw650 ém ;?‘

of (CD ) O——-DCl is presented in Flgure 12. Curve A’shoWs

‘the absorption. by a mlxture of two atmospheres of d1methy1

ether- d6 with one atmosphere of deuterlum chlorlde at +3S°C¢’

A very weak, broad absorptlon extendlng from about 550 to V

- 620 cm -1 is Just v151ble in. the spectrum of the mlxture but

7/

is not present in the spectrum of the free ether (curve B)

- or free deuterlum chlorlde (curve C). The weak‘absorptlon.v

“ .
P -l

e
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[ - - o . l//cm

vFIGURE 12, Infrared absorptlon at +35°C by 2 atm of di-
methyl et:her-d6 mixed with 1 atm of deuterlum chlorlde '
(curve A); 2 atm of dimethyl ether- -d_ (curve B); 1 atm

of deuterlum chlorlde (curve C) '

v

. j ' L ’

6
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close to 600 cm_1 s 10own in curve C arises from a thin .
vellow film whic :as present as an impurity on the cell
wind-ows Secti- 3.1). To show that the.weak feature shown
".in ¢t Y ctually arose from (CD ) O———DCl rather than
from th s film, " the 1nfrared cell was evacuated 1mmed1ately
after recording the spectrum of the mixture andlthe spect-
rum of the cell was recorded. The feature was not observed
in thls spectrum and theregore cannot arise: from absorptlon
by the cell.' Attempts to observe this band with greater

intensity, by coollng the cell and 1ncreas1ng the pressures
’of the components, resulted in either condensatlon of the
complex or rapid formatlon of methyl chlorlde and were not
successful. |

~ The aSsignment of the 790 cm—} absorption’by

'(CH‘) o-—eﬁcl and the:éoo cm-l absorptlon by (CD3)20—--DC1
to analogous modes’ nece551tates a dlSCUSSlOH of the rela-
tive 1nten51t1es of the bands. It has been shown (97) that c*/
the 1nten51ty of vs in: free deuterlum chlorlde is about one
“half of that in free hydrogen chlorlde.@ Slnce Yy and Ve

involve prlmarlly the motlon of the hydrogen-bonded hydro-

gen atom, one’ would expect the 1nten51ty of vy, ©or vt in

the deuterlum chlorlde complexes to be about one-half of
o, 4
that in the hydrogen chloride ones. - Clearly the intensity

_of the absorptlon by (CD )20::1DC1 is much less than one-
S
half of that by (g§3 2O——-—Hci ' However, the absorptlon at

790 cm ; is not ﬁi removed from an. extremely strong absorp—

symmetrlc stretchlng mode of the ether.

tion due to the *i
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If the 790 cm-1 absorptlon is due to a mode whlch has the
Same symmetry as, ﬁhe ethereal mode, it is pos51b1e for the

f

weaker “absorptF%

)

,ance (Sectlo@,l 6) The symmetnic C—O stretchlng'mode

n to gain 1nten51ty through Ferml reson-

belongs to the.A' symmetry spec1es under the p01nt group

'CS, allow1ng such an 1nteractlon to take place if the 790

cm-.1 band were due to .either vb or to the first overtone

of elther vb ‘or vt In (CD ) O——-DCI there‘is no strong
absorption close to 600'cm.—l and thus no 1nten51ty enhance—
‘ment through”Ferml resonance is possible.

. The vb and vt modes haye been assigned to features"
ofpapproximateiy the same'intensityvat 755 and 655 cm -

&y
vin_v‘f spectrum of (CH3)QO———HF (78) ‘and at 550 and 490 cm -1

»

in the spectrum of (CH ) O——~DF (78). As is the case for

(CH3)20-——HCl~and (CH3)20———DC1, it is impessible to deter-

mine which mode has the higher frequency asbo"'th‘\)b and Vi
show similar isotopic shifts ‘and neither exists in the
oy ] R : ;
-1

absence of the hydrogen bond. The separation of 90 cm
between ‘the. modes in (CH )20——-HF makes 1t very dlfflcult
to Justlfy the assignment of one of these modes 1n
_(CH3)2O———HC1 at 790 em 1 and the other near to 470 cm l.
It is probable, therefore, that vb and vt,are both con—

_ tained in the.470 cm -1 band and that the 790 cm -1 band 1sb
the absorption by 2v

7

b(CD ) O-——Dcl must Ehen be assigned to 2v

p OF 2v -The 600 cm l.absorption by

b or 2vt, wlth

‘the fundamentals absorblng below 400 cm l.“

T
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'the first overtone of v, or v,

'natlve ass1gnment whlch uses thlS feature is to a551gn v

. U | "~ 68.

Unfortunately;the vb and vt modes cannot be unlquely

assigned If “the ratlo of the frequenc1es of ub and vt is
@ SR

the same for the. Hcl and DCl complexes as: for the:ﬁ@ and

& ;L.

DF ones, respectlvely, then vb and vt must be separated
by about 60 cm,l close to500,cm—l and by about 40 cm-¥‘f,;

A

'close to 350 cm 1; .Since features were observed at 340

v

and 380 cm -1 in the spéctrum of (CD )20———DC1 they may be

a551gned to Vb and vt Their a551gnment at 470 and 525

—1 .A

cm for the HCl complexes ylelds an 1sotop1c ratio of

1. 38°for both bands, compared to 1.40 under the harmonlc
approx1mat10n,1f 1t is assumed that vb is hlgher‘(or lower) .

thanu\_)t in both the HCl»and-Dgl complexes, This assignment,

however,_suggests that 19o,¢m'1 is a very low-frequency for

It 1s p0551b1e that thlS

b t°

d feature is at the low frequency end of a” broad absorptlon,A

most of whlch is hldden by the much stronger band above
850 cm 1. It is also p0531b1e that, because of the v1bra-
tlonal Franck-Condon effect (Section 1. 6), the most 1ntense

tran51t10n in the overtone band 1s not the overtone of the

‘ most intense tran51t10n in the fundamental band. " An alter-

b
and Ve at 470 and 420 cm -1 in the- HCl complexes and at

340 and 290 cm -1 1n the DC1l complexes but the 1sotop1c

: ratio,_420/290 = l 45 is somewhat large.

It is useful to use thesé frequenc1es to calculate

w_and w x where
: e’e

e

- | | N
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. G(G) = we(vv+.l/2)h— w. X, (v +¥i/2)2.  » (1)

J/as defrned by Herzberg (98). G(v) is the energy,term of'
-the_vth vibrational energy levei, w, is the harmonic con-
tribution to G(v), and WeXq is the anharmonlc constant
From this equatlon the follow1ng expre551ons are obtalned

‘for the fundamental and first over tone frequenc1es of the

b (or Vv ) mode.f‘ ‘.“ z_; o K

vy = W= Zwexe B ‘ | (Za)

. = _ X . oo A

St
|

Once mé and WXy for the HCl complexes have been cal—_'r

D

"ulated from these expre551ons, those for the DC1 complexes,.
denoted by meD'and‘wexeD, may be_computed (99) from the

- following formulae:

We = puw, - : - - (3a)

_ ‘ g
Ye¥e =P wx, (h)

Qhere-pz .G /GH' where G and G are the G matrix elements

(100) for the 0———D—Cl and’ 0—-—H-Cl deformatlon coordlnates,

_ respectively.v These elements correspond to the element

2¢, deflned in appendlx VI of reference 36. %

0““"‘ 0__D = l 7 A and rHCl = rDCl = 1.4 A
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‘*’ | are 1.7193 and 0.,,8-78”"\amu—1 A 2, respectlvely.v The masses
of the atoms used'ln the calculatlon Were taken from ref-

erence 101 The values of Gp and G y1eld 02 = 0.5111;
g >
and p = g. 7149.

3,

For . the sake of Sme11c1ty in the follow1ng dlscusslon

.the 790 cm -1 band is assumed to arlse from 2v the flrst

overtone of the v mode, although it is 1mp0551ble to

5-- ’ determine whether 1t arlses from 2v5 or 2v The most
' »
-reasonabie agreement with thlS overtone frequency is

“~

:obtalned 1f V. is a551gned at 420 or 470 cm,l. To a551gn
_vb at 570 or 525 cm ; leads to unreasonably large p031t1ve (
‘ anharmonlc terms, but one of these features may well be

_due to the other deformatlon/mode,_vt;_'If;vb 1s,asslgned
at 470 cm 1 then w, ='620/m L, wx = 75.cm L, méD'=

e’e
443 cm-1 and’wexeD.#y38 3'cm—1.' Substitution;of,these
‘Za and 2b.-predicts vy =.367¢ém‘1 ’

‘and - 2v/ = j “1n the DCl complexes.- The weak feature

values into equatio

ed in the spectrum’of (CD3)20-—-DC1 (Figure . 12) was’

,deflnltely at ‘a lower frequency than 657 cm l,ybut"367 Cm'l'

is close to an observed feature at 380 cm 1d, The palrlng
3 2. .

of 470 and 380 cm"l 1nd1cates that 525 and 340 cm.1 must

v

correspond to the same v1bratlon. Thus, thls a551gnment h

requlres that the anharmon1c1t1es km?very large 1ndeed
and does not agree well w1th the 0vertone frequency for

(CD ) 0-——DC1 The second a551gnment, in whlch 790 cm 11

‘1s taken to be the flrst overtone“of 420 cm -1 ylelds"

® . .
E

i
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m . .
N -1 - -1 D -1 D _
W, = 470 ¢cm , w X, 25 cm 7, o, 336 cm ©, and mexe =

12.8cm‘l,enuipred1cts the correspondlng frequenc1es for
the DCl complex to be 595 and 310 .cm l. The former agréES
well. w1th the observed overtone absorptlon 1n the DC1l com-
plex but 310 cm'lldoeslnot correspond to any obv1ous
feature in the observed spectrum.. Thus, W1th the present
vdata no unlque a551gnment can be made, although of the
two dlscussed the secord one is to be preferred on the .
ba51s of the smaller anharmon1c1ty that 1t 1mp11es for ',
this mode., | A

J

£h

3.4 Infrared Spectra‘Between 800 and 1500 cm T

" Because absorptlon by the free ether 1s very strong"
in thlS reglon, 1t was necessary to record spectra of
mlxtures contalnlng very hlgh partlal pressures of hydro—
gen chlorlde and low partlal pressures "of ether.. 'The__
3,large excesses of hydrogen chlorlde in the mlxtures caused
i_most of the ether to become hydrogen bonded even'at am-- -
‘blent temperature.' To further 1ncrease the percentage
yof ether present in the hydrogen—nonded form, the 1nfra-
red cell was cooled i At -10°C the equ111br1um constant
for the formatlon of: (CH3)20———HC1 is. computed from the
mean enthalpy and’ entropy reported by Gov1l Clague and
:Bernsteln (84) to be 1.86, standardkstate oneatmoSphere.

'fSubstltutlon of. thas value 1nto the equlllbrlum expre551on

for formatlon,of (CH )2 ~—-HC1 reveals that at 10°C only ’

C o ’ e
- ¢ - . -
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six percent of the etherpresent in a mixture of 5860 Torr

of hydrogen chloride w1th 10 Torr of dlmethyl ether h

/g
'f‘bo '

remaaﬁg'uncomplexed. Under these conditions some conden—

Aisation of the’hydrogen—bonded complex undoubtedly occurs,

but this has no effect upon the shapes'and frequenc1es of

the banggﬁreported in thlS section. Due to the'very large

- hydrogen chlorlde to ether ratlos there existsg, a p0551b—

111ty that hydrogen-bonded spec1es other than a\l l com—

chlorlde strbtchlng mode, Vg in the 1: 1l complex is known

' to glve rise to a band close to 2500 cm’ -1 -{73) and a com-

L3

'4parlson of thlS band w1th the absorption by the hlgh

pressure mlxtures in: thls region dld not reveal any dif-

[

-ferences which could be attrlbuted to other complexes.,

' In Flgure 13, boxes II and III show spectra of. 10
’t.

Torr of dlmethyl ether-h6

at +35°C (curves A), and of 10 Torr of dlmethyl ether h

mixed with 5860 Torr of argon

6

’ mixed‘with“5860 Torr of- hydrogen chlorlde at +35°C +10°C
‘ 4

P

09C and 10°C (curves B .C, D and E,. respectlvely) The .

1nten51t1es of the spectra showniln the latter four

curves become progre551ve1y weaker as’ the temperature is

"vlowered as a result of condensatlon of (CH3)20—--HC1 In
‘box I1I, curve A shows’ two bands w1th PQR structures, one

at 1102 cm™! w:l.th a half-width of about 45 ¢n” L ana BR -

.

separatlon of 26 l cm % and one at 1179 cm’ l'y;thva_halfey

! and a PR separatlon ofu22.0#cmf;; 4

' plex are. present in these mlxtures. However, the hydrogenv

.
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'FIGURE 13. Infrared absorptlon spectra of boxes I and IV,:f
‘-20 Torr of d1methy1 ether h6 mixed w1th 5850 Torr of Ar- .
gon’ (curves A) or: w1th 5850 Torr of hydrogen chlorlde
, (curves B),'at 0°C; boxes II and III 10 Torr of dlmethyl =
o 3 7¥at +39°C (curves A),
; je fat +35°C (curves B), :
'_’+10°C (curves C), 0°C (curves”I£,~o§;310°C (curves E) |
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'of 25 30 cm

-’aépectrum of dlmethyl ether-h6 have been as31gned (95 96) o

. Yo
. F

74. Lo
’ N
Curves B through E‘show that, -as the &emperature is ‘low-

ered . and the absorptlon by free ether 1s decreased the
spectrum approaches a 11m1t of two bands w1th half—w1dths
-1 and PR type structgres. One band is cent—

ered at 1097 cm -1 and has. a PR separatlon of 11 cm‘l and.

-

the other is centered at 1171 cm } and,has a PR separa;,

tlon of 9 cm l. The bands at 1102 and 1179 cm ; in the

to mlxtures of thewasymmetrlc C—O stretchlng and CH3

¢

the spectrum of (CH ) O——-HCl must arise from analogous ,

,'modes In box III, curve A dlsplays a band centered at '

934 Cm -1

Curves B tm? ugh 'E shﬁw that the correspondlng band in

: ithe spectrum of (CH3)20——-HC1 has a halfW1dth of about

S )

- C-0 stretchlng mo‘;, which must therefore Berasglgned ath‘

~ 20 cm l, its absorptrpn max1mum at 912 cm l, and avweak“

-1

free ekher has been assigned (95 96) to the symmetrlc

-1

~

912 cm. ™ in (CH ) -—--HC1.

!

f . Boxes I and. IV of Figure 13 show spectra of 20 Torr

of dlmethyl ether- h6.m1xed with 5850 Torr of argon at 0°C

(curves A) and of 20 Torr of d1methyl ether—h6 mlxed with

19

5850 Torr of hydrogen-chloflde at o°c (curves BY., Thef

l,shapes of the bands shown in curves B dld not change as’

I'the temperature of the m1xtures was lowered below 0°C

_and therefore these bands must arise almost completeiy

S

R S S S : | (/v
_ ' _ S - _

w1th P and- R branches separated by aBout 24 cm -1

“

Jrocklng modes and thus the bands at 1092 and 1171 cm l‘in__i

C oy

» shbuider at about 925 cm . The~band at 934 cm-l in the .

C &
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- from (CH ) O—Q—HCl  In box -I, curve A dlsplays a weak
band centered at 1245 cm l, with P and R branches separ-
'ated by about 20 cm }{' This band has been a551gned (95,

) 96) to the totally symmetrlc CH3 rocklng mode of dlmethyl
ether- h6. The weak sllghtly asymmetrlc band shown 1n
_curve B is centered at 1248 cm -1 and undoubtedly arlses
from the analogous dee in the ethereal part of
(CH3)20—--HC1 In -box 1V, _curve A dlsplays a band with a

half-w1dth of about 35 cm lvand w1th sharp features at, -

'1454 and 1462 cm Fl and a shoulder at about‘l475 cm l.

A”.Thls band ‘has been as51gned (95 96) to the five 1nfrared

"actlve CH3 deformatlén modes in dlmethyl ether—h6
Q

"B shows~that the band due to these modes in (CH ) O--—Hél.

" Curve

pnhas a half w1dth of about 25 cm } and is centered at’1465
:ﬂcm_l, although the absorptlon ma§1mum is at 1462 cm 132

The reglon between 900 and 1200 cm -1 has been-studied }i
' by Le Calve, Grange, and Lascombe (76) The temperatures.

and the ac1d to ether ratlos were hlgher in the present,‘

N :-""o?k'i’;f"fb‘%t]_’t'he Limige
Perature was leer.. gégsential}y therséme in?both |

studles, except that ‘ﬁ

at .‘1'228 ’an"'.1‘465 cm.l i the spectrum%.f/(cn ) o———ln

”gare geported here for the f1rst tlme. All of the ban-lp
":‘between 900 and 1500 cm.; appearedlgnshlfted in frequency
1n”the spectrum of (CH ) O—-—DCl SO - there cannot ‘be’ any

ca.._” .__,;
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51gn1f1cant coupllng between the ethereal modes and thEHn
modes 1nvolv1ng prlmarlly motlon of the hydrogen—bonded
‘hydrogen atom. The spectrum between: 800 and - 1500 -cm —1 ofd”
(CD ) 0———HC1 was not stu&ied in as much deta11 as that

of (CH ). 0———HC1 but four bands, centered at 816, 925,
1057, and 1160 cm } w1th approx1mate half—w1dths of 20,
‘40, 25, and 30 cm 1 respectlvely, were clearly eV1dent

r

and were close in frequency to. four correspondlng bands
Y/

The frequenc1es

-

in the spectrum Qf dlmethyl ether d6

..Hof the bands 1n the spectra £ (CH3)20~-—HC1 (CD3)20——-HC1
"and the ethers are pnesented 1n Table 1, _along w1th thelr |
_assrgnment (95 96% ’ | o
Flgure l4 sﬁows two p0551ble geometrles for

.‘(CH3)20-~-HC1 . In structure I the hydrogen chlorlde‘
.,molecule bonds to SNE of the lone pairs of electrons on
”‘the oxygen atom. The only element of symmetry in strucf
‘hture I is a mlrror 1n the plane of the a - andi‘c?-prin—

c1pa1 axeslof 1?ert1a ~and’ thus structure I haspcg symmetry.
In structure IT the hydrogen chlorlde molecule bonds

s1multaneously to. both lone palrs -of . electrons on the -

oxygen atom an

ies in the C-O—C plane of the ether

' moleéule, formlng a hydrogen—bonded molecule of CZV-SYmr

i,_ meﬁry. It has been suggested (74) that an analy51s of

P

12 cm l proves that the complex has C symmetry.“ff~f

: To. test the conc1u51on of reﬁerence 74 calculationSZWere o
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TABI:E 1 Lo SRR

Frequenc1es @ and A551gnments b of Absorptlons Between

800 and 1500 cm -1 in - (CH3)20---HC1 (CD ) 0———HC1 ahd

A >
A A

,5{ ‘ ;‘h, the Free Ethers

o

(cn3)2 R (CH;) ,0---HCL. " “je, Aééignmeht h

934 T  912v:'i:{cc‘ Symmetrlc c-0 -

' - L R Stretch o

- 1102 s *'_»}‘f ;v‘1Q97 .;fi; o CH3 Rock + Asym- ;'
- 1179 .f;' ‘ j"»1171‘- ,j_-_i»‘ metrlc Stretch
1245 - . 1248 - CH,

3. Rock

.. l462 - :f;ﬁ; S 1465;~'f;4'-;; CH3 Deformatlons ﬁlil'

B (CD3)20 i'*"‘. : .'i‘._ . (CD ) O-——HCl ) i i Asslgnment

829 v ¢ "vﬂ~~".'§16f'@i‘;ﬁf” ' Symmetrlc C-O

_ Lo ; B B Lo Stretch T
931 o f-925A"7,«.‘fg _.CD3
ﬁvalOGO;-:‘,"$€j cX', c;057”_i‘}““ ~ CD; Deformations :

-

Rock

1163 ,: jJ‘R Glf ‘:eillép'jiﬂiw; ' Asymmetric C-0 s
> R oo ‘Stretch -
.lgfgf“‘ C
a)’ FrequexcieS‘areﬁrepcptediin:&mhl_
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C, MODEL

FiGURE - Y4. -The two p0551b1e geometrles for the f

' 4
(CH )20———HC1 molecule. The axes- marked a, b and

4

c are the pr1nc1pal axes of 1nert1a.
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made to determlne the band shapes of the Cc-0 symmetrlc
stretching mode u51ng both the C and C2- models. For
each model the geometry of the ether part of (CH )20-——
HC1l was assumed to be that reported by Bulkls et al (1023.

for free dimethyl ether-h and the 0———H and. O—F—Cl

6’

,:distances,were assumed to be 1.7 A and 3.1 A respectiv—
ely. The Schachtschnelder program CART® (103), and
'values of the atomic masses tabled in reference lOl were

,used to calculate the rotatlonal constants: (104) for

each model These constants, A, B, and c, respectlvely,

are proportlonal to the 1nverse of the moments of in-

'ertla about the a—; bQ, and c- principal axes of
‘rotation which areﬂdeflned in Flgure 14 for each model.

- For the C model the values of the constants are A =

0.316, B = 0.068, C = 0.058 cm ! and for the c, model
1

~ the constants are A = 0. 337 B = 0. 061, C = 0.053 cm ;faé;

. 2

Thus both. models are asymmetrlc rotors but closely approx—ﬁi

Lo WL

.
i smn, . L cY

glmate prolate symmetrlc top molecules. -

For the C2v model the C- O symmetrlc strexchlng

v1bratlon would cause a dlpole moment change along the

- a- pr1n01pal ax1s of rotatlon ‘and hence an A—type 1nfra—

red absorptlon band (104) is predlcted ' The analogous

"mode for the C model would cause a dlpole moment change

‘ 1n the ac plane, with almost equal components along the

a- and c- axes, and hence an AC hybrld band (104 105) 1s

predlcted Ueda and Shlmanouchl (105) have calculated

t.

. the shapes of A— B-, and C type 1nfrared absorptlon

.
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~bands for forty dlfferent asymmetric rotors whlch are

. characterlzed aceording to their molecular shape by two

4

'parameters, X and Y, where, : o \
X = 2Cc/B R - (1)
and Y =1 - (c/a) - (C/a)'. (2)

Substitution of the approprlate rotational constants into
these equatlons yields X = 1.74 and Y = -0.026 for the sz
model and X = 1.22 and Y = fQ.036 for the Cs model. The
values»ofythese parameters rn.eaCh case‘most closely
approximate those of rotor number 8 of reference 105:

.The a-, B-, and C—type infrared absorptlon bands pre-
dicted for thlS rotor are shown in box I of Flgure 15,

‘as reproduced from ‘reference 105. The A—type band, pre-

'dlcted for the C2 model,“has a 'PQR structure with a

a

o 'promlnent Q branch. ‘An AC hybrid band such as that ‘

:lpredlcted for the C model, can be constructed by the co LT
‘ :superp051tlon of A- and c- type bands. Since both the A-
and C-type bands have PQR structures,‘the AC hybrld band
‘w1ll also have P, Q and R branches, and no dlstlnctlon
between the C and C2 models can be made on the ba51s'
I,of band shape. ' _

"A more detalled look at the shapes of the bands T
predlcted for the two models of (CH—J O-—-HCl 1s warrantedv

-because the bands shown in box 1 of Figure lS were calcu-

lated w1th the assumptlon that the sum of ‘the rotatlonal
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0 © 50 . 100

T,
j B
Raoks 53
SRR,

FIGURE 15. Box I, A-, B- and c- type bandshapes predicted e
‘for (CH3)204——HC1; box II, typical Ac.hybridwbands-of '

gauche-1, 2-dichloroethane., TheSe.bands‘havefbeéﬁ reéﬁéﬁﬁ;

duced from réference 105. -



constants, A+ B + C, was 5'cm;1, whlch 1s of the order
of ten times the sum ca}culated for elther model of -

(CH ) 0——-HC1 As a result, the bands shown in bOX'

of Flgure 15 have much larger PR separatlons and there—‘_
fore larger half—w1dths than would be expected for bands
in the spectrum of (CH3)2O—-—HCl .The PR separatlons
and half—w1dths of bands due to’ (CH ) 0—-—HC1 can be‘v.

,calculated since,’ at a glven temperature, T, they are

-approx1mately proportlonal to /lA + B + C)/T. Therefore,
the PR separation of .an A-type band in the spectrum of
the'C model for Wthh A+ B+ C-=0. 451 cm 1, would
be that measured from the A-type band in box I of Flg-
ure 15, which is about 40 cm 1, multlplled by /6—Z§I7—.
"This ylelds a value of about 12 Cm ; and thus the sep- .
aration of the/Q branch from elther the P or R branch

'should 1deally be one half of this value, or about 6

cmvl. The half W1dth of the A—type band shown in box I’
of Flgure 15 is about 70 cm l and therefore the half-

" width of an A—type band in the spectrum of the C2v model

' of.(CH ) O———HCl would be about 20 cm l; The AC hybrld
band predlcted for the C-0O symmetrlc stretchlng mode of -
the C ~model should correspond closely to the AC hybrid

'band calculated in reference 105 for gauche -1, 2 ~dich-
P
loroethane.. This molecule has the rotatlonal constants

A = 0.3169 cm 1, B = 0.0784 qm and C = 0,0675 cm B

/m

‘whlch yield x = 1 72 and Y.= -0. 074 These valuss\ire

"~
5 ““&“:1‘l e b
[ S e

82.
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~very close to those calculated for the és'model of

ol

" been excite

(CH3)20_—4BCl;nuithe‘sum.of the_rqtationaliconstants of
gauche-—l 2—dichloroethane is very close to the sum of
the rotational constants -of the C model belng 0.4628
and 0. 442 cm %, respectlvely. _Box_II of Figure 15 drs—
plays two AC hybrid bands ouf"gauche 1,2-dichloroethane
with A:C ratios of 6-4 and 4:6. The AC hybrid band due
to the symmetrlc C-0O stretchlng mode in the C model is
predlcted to have an A:C ratlo of approx1mately unlty
and‘should, therefore, correspond closely to the bands
shown -in box II of Figure 15. Each of these bands hasQa;

Prbminent Q branch, a PR separation of about 10 cm 1 °

and a half—wldth of about 25 cm 1.

The half—w1dths of the bands predlcted for both the“
Csvand C2 models are close to the observed value of 20
cm-l; but nelther model predlcts band shapes whlch+cor-'“
respond at all to the shape of the band at 912 cm %; for
which no P, Q or R branches are resolved. The. failure
to predlct the observed band shape mbst be 1nfluenced
by the rather hlgh popuI}tlon of. the exc1ted states of
"‘the v& and’ vB modés whlch must exist 1n the tempenature

~ \

range studied. Thus,~exc1tat10n of the symmetrlc c-0
stretchlng v1brat10n must take placeﬁslmultaneously from
a large number of v1brat10na1 ‘states whlch dlffer only

in. thenumber uant of the vo or VB modes Wthh have

‘N%fand vg modes involve motion:
-;'77 ‘-, , . N
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-of the hydrj ‘-llo 1de molecule%;large dev1atlons from

3 the equlllbrlum molecular geometry probably exlst ‘in these/

states. Tqan51t10ns from these exc1ted states shoulq,

'

3.5~ infrared Spectra”abowe'lsooﬁcm_lf ‘ : v
n B gg’ = ]

In Flgure 16, curve A shows the spectrum betWeen

2200 and 2800 cm.%.of a m1xture of 250 Torr of dlmetﬂyl

ether—h6 w1th 250 Torr of hydrogen chlorlde at +35°C and

-

curve B shows the spectrum of a mlxture of 100 Torr of
dlmethyl ether‘h w1th 100 Torr of hydrogen chlorlde at
—30°C.; Each spectrum was recbrded w1th enough . ether at'f'

+35°C in the reference beam 6f the 5pectrophotometer to

=~

_cancel the free ether absorptlon, whuch 1s showA 1n_- -
. ‘ +. ‘ s '
curve C. %ﬁe sharp- llnes V151b1e on the hlgh frequency

J

81des of the bands in curves A and B arlse from free P
hydrogen chloride. The pressures of the ComPOnents in }%

the mlxture at -30°C w re smaller than in the mlxture at

'r,* ""n

+35°C but, as a result pf- the 1arger equ111br1um constant

4
‘_A. e

"« for formatlon of (CH3)20—-sHC1 at the lower temperéture,
_the concentratlon of (CH3)ZO—--HC1 was approﬁimately the
same in both mlxtures. Curve A dlsplays a broad band o

Wlth a half-wldth of about 250 cm -1 and 1ts‘absorptlon

*
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2800 . 2600 2400 .

. | . V/cm
- FIGURE ;é;'lnfrared abSOrptlon by 250 Torr of dlmethyl
_'ether—ﬂ6 plus 250 Torr of hydrogen chlorlde at +35°C

(curve A); 100 Torr of dlmethyl ether-h6 plus 100 Torr
of hydrogen chlorlde at -30°C (curve B); 100 Torr of
dlmethyl ether h6 at +35°C (curve C). Curves A and B

. were recorded with 250 and 100 Torr, respectlvely, -of
dlmethyl ether- h6 at +35°C in a 10 cm. }ogg cell 1n‘the '
’ referénce beam N BN
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maximum at 2574 cm_l;y Also ev1dent/are shoulders of ap-

prox;Lmate]_y equa]_ 1nten51ty at about 2680 and 2480 cm 1,

as well as a thlrd weak shoulder at about 2360 cm -1

o

The shape of the band is identical ‘to that reported by ,
e
Bertie and Mlllen (73), who a551gned the- absorptlon maxi~

‘mum to the HCl stretchlng mode, vs, and the three shoulders.

N\,

" to varlous comblnatlon tran31t10ns of vs with the hydrogen
'bond stretchlng mode,,vo. Thus the shoulder'at 2680 cm-l‘
was assigned to the sum band, Vg ot vo, which represents

the vibratioﬁ%l transition,'[vS =0 -1, V =0 + 17].

The shoulders at 2488\and«2360 ém” -1 ware assignedvtont e
N

dlfference bands v —'vo, i.e. the transition [Vs<— -+ 1,

<
I

g

-V
g

1 > 0], and vs —RZvO, the tran31tlon [V =0 > 1,
™

2 4’01, reSpectively. On the ba51s of thls assign-

. ment one expects the intensities of the features at 2480
-and 2360 cm l,to decrease relatlve_to the absorptIOn maxi-
'mum.as the,sample temperature is lovered. since dlfference
. .

transit_ons orlglnate in excited vibrational energy
¥ . o

‘ levels (42). The relatlve 1nten51trés of the features
s at 2574 and 2680 cm -1 should show llttle temperature de-
N pendence 1f the above a551gnment is correct, ‘since both
features are assxgned to trans1t10ns orlglnatlng in the’
v1bratlonal ground state. Comparlson of curves A and B
shows that the weak feature at 2360 cm ! is less 1ntense“ u,
relative to the absorptlon maximum at -30°C than at. +35°C

'whlch is coj 51stent w1th its’ ass1gnment”to a_dlfference,
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| band However, the 1nten3a5y of the shoulder at 2480 cm.}

\_;/, does not appear to be’%epen?ent upon the temperature al—

though the entire portlon of the band to hlgh frequency

of the absorptlon maximum has lower"lnten51ty relatlve to

that of the max1mum at -30° c than at +35°C. These obser-

vatlons contradict the a351gnment of the 2680 cm l feature

to a- 51mple sum band. and the 2480 cm -1 feature.to a dif-

. ference band.

" In Flgure 17 curve A shows the spectrum between

2200 and: 2800 cm -1 of a mixture of 250 Torr of dlmethyl

! ethef»dﬁ w1th 250 Torr of hydrogen chlorlde at +35°C and

-f""”

curve B shows the spectrum of a mlxture of 100 Torr of

“ 1

dlmethyl ether d6 with 100 Torr of hydrogen chlorlde a

i -30°C. The absorptlon shown 1n curve A is 1dentlcal to

that reported by Bertle and Millen - (73)for (CD O———HCl

372
Comparlson of curves A and B shows that the effect of
sample temperature on the absorptlon by (CD ) O——-HCl is

v

the same as that observed-for (CH ) 0—-:§¢1 The only
dlfferences between these ~spectra and. those shown in .
Flgure 16 are tha% for (CD3)20—--HC1 the 2480 cm -1 featureb
f\ is sllghtly better resolved a< a peak at the lower tem—
I':perature, the- absorptlon max1mum is sllghtly narrower
than for (CH3)20--—HC1 and an absorptlon correspondlng to
the weak feature at 2360 cm -1 in (CH3)20—-—HC1 is not
- v1s:|.ble.7 The latter dlfference is due to. overlapplng

: absorptlon by the C—D stretchlng modes (95 96) in- both the

. free d1methy1 ether- d6 (curVe<3) and (CD ) 0—-—HC1 ‘,The

“
i
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Log lo/1

. - Y S S
S 2600 \J 4 2400 ¢
_‘; FIGURE'17. Infrared absorptlon by:. 250 Torr'of~dihethyl
b v
B,

iéiu;ether-dG plus 250 Torr of hydrogen chlorlde at +35°C

(curve A), 100 Tgrr of dlmethyl ether--d6 plus 100 Torr'_

-of hydrogen chloride at 30°C (curve B); 50 Torr of

(

/dlmethyl ether—d6 at +35”C (curve C).‘ Curves A and B
/’were recorded with 250 and 100 Torr, respectlvely of'
dlmethyl ether-,-d6 at +35°C in a 10 cm. long.cell in the

reference beam.
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smaller width of the absorption maximom of (CD,) ,0--~HC1
may well be due to the moments of 1nert1a of . thls molecule
belng Yarger than those of (CH ) 0——-HC1 'and cau51ng a
‘narrower rotational envelope for each v1bratlonal tran51-
_tlon. ‘ . R
Slnce the shape of the band at the two temperatures
is 1ndependent of - the ether used the general 1nterpreta—
tion of the structure of the band’glven by Bertie and
~Mlllen (73), that it is due to sum and dlfference bands

B

of the type vs ¥ nv  with no 1n;1uence from Ferml reson-b_
ance, must'be correct. However, on the basis of  the ex- |
perimental evwdéﬁbe presented above, it is more reasonable ”

"to assign the 2480 cm -1 feature to Vé and the absorptlon
. -1, '

maximum at 257§(cm,' to v, + v . Thus the sum band,
QS 4‘290,'must-contribute to the'intensitv at 2680 cmf}
and the difference;band, vé]— v, s must contribute to the
2360vcm-1‘absorptionf‘ The observed ‘decrease in 1nten51ty
-at 2680 cm-1 with decrease xn temperature can be explalned‘
by postulating that hot tr§n51tlons of v + 2 . of the‘
type [V =" 0 » 1 V =n + n + 2], where n is a non-zero
integer, make an unusually large contrlbutlon,to the 1n-'.‘
te951ty. In a/\tudy concurrent w1th but 1ndependent of
Mthls work, Lassegues, Huong and: Lascombe (106,107) have
.quantltatlvely studled the vy band in (CH )20—-—HC1 between
:50°C and +90°C, and have shown that the temperature de-"

pendence requires an,3531gnment of thls sort. These'authors
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observed thatathe 1nten51t1es of the features at: 2360

¢

and 2680 cm ; show temperature dependen01es whlch are

PRI

compatlble w1th tran51tlons startlng in levels whlch are 5

hlgher in energy by approx1mately 1.8 quanta of Vg than !

-

the startlng levels for the tran51t10ns assoc1ated w1fh

the 2480 and 2574 cm -1 features. Thls 1mplles that,~1f Ky

o
the tran51t10ns [V = 0 ~ 1, V ,; 0 » 0] and [V'.; o - 1, ég
V0 ; 0 » 1] make the major contrlbutlon to the 1nten31ty |
at 2480 and 2574 cm l, respectlvely, the hot transltroﬁsu
[vs;o+1,v ﬁ2+41 and [v. ﬂm+1 v-=2+1]U--, '.

‘.must maketjuamajor contrlbutlon to the 1ntens1ty at 2680

1

and 2360 ‘cm l. respec lVGlY- , T e
4;,» It seems clear, however, that these four tran31tlons,A,

each of which shoulq have a rotatlonal envelope of about

25-30 cm~ 1 (Section 3.4), cannot account for the»dlffuse—\

e

ness of the entlre band unless some spec1al mechanlsm,

such as an abnormally largevgrfect of centrlﬁugal dlstor-

\‘l

tion (106), broadens the rotatlonay

vtransitigni\\Any such effect QQQ{
~(L g

VS = l (and p0551bly V

fenvelope of each

TR )
v
.operatlve in the

_bnly be

the half—w1dths of the

Ly
o

O
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spread out over a large fregueniynrange. It is also pos-

, _ x
sible that hot transitions of the vs vibration from ex-

B

cited vB states, which have been shown to be’ 1mportant in

the 1nterpretatlon ofthe spectra of CH3CN--—HC1 054{ and

CH3CN—~—HF (55), contrlbute to the dlffuébne

<of th%
band .in (CH ) O—f—Hcl ‘It is probable that thes hot N
tran51tlons are respon51ble for the slight. Shlft of the
vé band and sharpenlng of the 2480 cm -1 feature.?; the:

c

e

lower temperature.
.y‘\"'\ \

The a551gnment of the absorptlon max1mdm to Vg +“v6

"rather»than to vs and the 1mp11cat10n that hot trans1t10ns

contrlbute 31gn1f1cantly to the 1nten51ty of the whole

. band can be ratlonallzed 1n terms of the v1brat10nal

'

Franck-Condon effect (Sect1on 1.6). From a con31derat10n

of~the observed band and ;%s‘assignment reasonable pot-

’“Q entlal energy curves, such -as those shown in Flgure 18,

'*';can be drawn to 1llustrate this effect in (CH

3) 2o---—nc"‘l

T The energy separatlon of the curves, glven in cm -1 for

J

easy comparlson w1th v1bratlonal frequenc1es, is about

2500 dm l close to ‘the minima- and 2886 cm 1, equal to the\
¥ A ;

v1brat10nal§fqeqqency of free hydrogen chloride (91), at

1arge Q--*Gl_dlstahbes.' The dlssoc1at10n energy of 2485

3L B : o
% 1s thetequlva&ent of the mean vglye of 7. l kcal/mole -

k“

.ment of vs at 248% cm l and of Vg T Vg at 2360 cm -1 yields
' \ -

-3

‘ Jvalue of 120 cm “1 for thegseparation Qﬁﬂthe Vo‘=,0 and
Wi . “,‘- : Q' K ":1‘ . . ' t

i

' reported by Gov11,iclague and Bernsteln (84). ?he a551gn— ﬂ
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,,EIGURE'IB;_The Steéanov energy level scheme fo: "he

interaction of the ysrand Vg modes in (CH3)2O—~—H31.

Vs.ahd Vofare the quantUm,nuﬁbers for the HCl and

hydrogen bond'Stretching.vibrations, respectively,

and the curves drawn on the energy levels are the
: : ' : ~ .
squares of the wave functions.
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mf ture ‘E correct. Thus the force constant for the uo mode

U

93.-""

g

~V_ =1 levels when Vg, = 0, which agrees_very wellw1ththe

observed frequency at. 119 cm l. When Vs =1, the separa—

‘tion is 94 cm»1 if the assignment of the 2574 cm~1 fea—

2
.must be smaller when V =1 than when V = 0 whlch 1mp11es

- that, although the potential curve for the V = l state

has a deeper minimum than that for the V Ogstate, the

' mlnlmum .for the V = l ‘'state is broader, so that the cur-

-vature is less. Since the 1nten51ty of Vg +'vo'1s greater «

than that of Vs, the upper minimum must occur at' a dif- .
ferent 0---C1 dlstance than  the lower mlnlmum, causing‘

the tran51tlon [V = 0 + 1, V = 0+1] to be more probable
than the transition [V =0 +1, Vq = 0.+ 0]. The dlffer—
ent equlllbrlum distances for uhe two V states'can-also
cause tran51t10ns star\ypg in excited V levels to be
more probable than: the correspondlng tran31tlon from the

3

ground state.

A ]

[

]

‘ Flgures 19 and 20 show spectra between 1500 and 2000
chI of 1:1 mlxtures of deuterlum chlorlde with d1methy1
ether—h6 and with d1methy1 ethtr-dG, respectlvely, at -30°C
(curves 4). and at +30°C (curves B). The spectra were re-
corded with enough of the appropriate freevether in the

reference beam of'the s%echf ometef to cancel the

) h‘ls shown in curves g
¢ .

, Absorption by free unterlum ch;orlde was not subtracted

from these spectra and appears as the rather sharp llnes

on the portlon\gi\the bands above 1850 cm l. The;broad

N : : ) ~
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FIGURE 19 g Infrared absorptlon b 100 Torr. of dlmethyl

ether--h6 plus 100 Torr of deuterlum chlorlde atf 30°C

(curve A), 250 Torr of dlmethyl é%her h6 pﬂgs 250 Torr ,

&
of deuterlum chloride at +30°C (curve B), 250 - Torr of

dlmethyl ether-h6 at +3Qfé (curve.C) Curves A and B

- were recorded w1th 100 and 250 Torr, respectlvely, of —

¢ E]

-dlemthyl ether h6 at +30°C in a lO cm. long cell 1n the

£
reference~beam.'

S

S g



we

2

. beam. 'y

(w - .
- ;‘ . ]

0 t——1=— A - ] 7 0
2000 1800 : oo L
N | 3% v/cm L .
: : A '
EIGURE’ZO. Infrared absorptlon by. 100 Torr of dlmethyl

-

ether--;dr6 plus 100 Torr of deuterlum chlorlde at —30°C

3

(curve A), 250 Torr of dlmethyl ether d6 plus 250 Torr

),ef“deuterlum chlorlde at +30°C (curve Q), 250&Torr of di-

st

methyl ether-d
™

}”'recorded with 100 and 250 Torr, respectlvely, of dlmethyl

ether-d _at,+30°c in a lQ,cm.

6 longzcell.ln the_reference
‘ o T _

Y

6,at +30°C (curve C). Curves A and B Were 5
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bands which are ev1dent in curves B offﬁguresJBfand 2@

have ha. f—w1dths of about 100 em ; and their absorpt on
>

max1ma at 1850 cm -1 but dlsplay con51derably dlfférent

.0
X

S
features. In JCH O---DCl (Flgure 19) thls band has ,

shoulders at 1905 1810 and 1785 cm l_ln addltlon to weaﬁ\

M ' " / .
absorptlons at 1760 and 1580 cm l._ IK (CD ) O—--DCl? ’

/

(Flgure 20) the band has shoulders at 1900, 1800 and 1680

Zcm l. Curves A of Flgures 19 and 20 show that although“

.

at the lower temperature the absorptlon bands shrft to

lower . frequency by aqut 5 cm l; all of ‘the féature&fa

5§
[

present at +30°C are also present at —30°C . These features B

3 \

are, however, less 1nten§e rg;ative to the absorptlon
max1mum at —30°C than at +30°C.° Cgrve Al 1n*Flgure 20

also shows that the band in (CD ) O-——DCl at 30 C has an‘i

addatlonal shoulde\~at about 1870 cm 1. g
‘.

Y. The ab%orptlons between 1700 and 2000 cm 1 1n the

v spectra of mlxtures of deuterlum‘chlorlde and ethers have

L ' B
] bonded molecules are 51mllar té those of the ether hydro—

=at10ns of vs w1th vo weaker for the deuterated ac1d How— .

been a551gned by Bertle andAM1llen (25) to the DCl stretch—

1ng mode \ s*~ in the 1: 1 complex of deuterlum chlorlde ;

i
e

| w1th the apprOprlate eﬁher. These authors noted that the

&.
bands of several ether»deuterlum chlorlde hydrogen—"&ﬁab

. Q . .- 1 .v:',.' o
gencmlorldemolecules, w1th the Slde bands due to combln-
- /s

ever, the detalls of these bands 1n (Eﬁ\) O———DCl and

.(CD3)20-——pCl‘cannot be en?%rsly explarned’in this vay

' v . . -
. co

‘ ( -



‘and there_are_differences between these two bands which
must be explained. The feature at l 70 “l s pregént e

only in the spectrum of (CD3)20——-DC1 (Flgure 20)" and must,
. therefore, arlse from an ethereal mode.- It can be attri-

< - buted to the summatlon tran31t10n due\to the comblnatlon
of ‘the symmetrlc Cc-0 stretchlng modexat 816 cm -1 Wlth a.

: CD3 dé&ormatlon mode at 1057 cm -1 (Table 1). This tran-
51t10n absorbs weakly in the spectrum oftﬂuapure ether

and 1s, therefore, probably enhanced in 1nten51ty in the

—

. spectruﬁgo% (CD3)20——-DC1 by a Ferml-resonance inter—
‘ /
e

4actionf ction l 6) w1th the v mode. The sﬁoulder

;;/%; close to 1800 cm,l appears. as a sIhgle feature in the

»

N

spectrum of-(CD3) O———Dcl but as a doublet in the spect-

rum of (CH ) 0¥¥;DCl. ThlS doublet may be due to a Ferml

resonance type of 1nteractloh\b3§ween the flrst overtone ’
‘g of the\symmetrlc Cc- -0 stretchlng mpde at 912 cm | -1 (Table | N

l), and/the mode glv1ng rlse\to the absorptlon close'to

tone or comblnatlon tran51t10n 1n\JCD3)20--~DCl

a11able for such an. 1nteract10n close to 1800 cm ;_'7'

the spectra of (CH3)20--—DC1 and (CD ) 0--~DC1 is the
presence of a feature at 1580 cm: -1 1n the spectrum of the
former molecule. A band‘at thlS frequency also ev1dent

1n the spec;rum of (CH ) o—-—HCl and undoubtedly corres—;
. "Q,/. . o

=
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ponds to a weak band at essentially the same'frequenCy in
the spectrum of dimethyl ether-h6 (Figure 19, ‘curve C).
Thls band must also ‘have enhanced intensity in the spectra

of the hydrogen—bonded molecules as: 1t would otherw1se
/ ?
not have been observed because of the ether An the ref-

ference beam.
g g

'It is clear that the Vg bands in the spectra of ‘the

deuterium chlorlde complexes differ 51gn1flcantly from ' 4
s "those in the ;;>ctra 6f the hydrogen chloride comple es :
in a way whlch is not Smely due to the combln tlonlbands,

_vs + nvo} belng weaker for the deuterated aci{ds t25). The
@

.u\ aﬁbﬁprptl n maximusi in the spectrugrbf\‘CH )20~——f\I/6r
{‘. (CD3)20-——DC1 is accompénled by shoulders -about 50 cm 1

'to either side and, in view of the a351gnment of the v

£ } . ¢ .
~ modes at about 50 cm 1 (Section 3.3), it is natural to

'assigngthefmaximum’toyvs and the shoulders}to sum and -

difference transitions of the”type vs + VB The observed

'decrease in 1nten51ty w1th decrea51ng temperature of the
¢

.feature at 1900 cm - l, a351gned to vg + vB is explalned
v/"”*
by assumlng that tran51tlons of the type\>'+ (n+l)v - nv

B 7B
' contrlbute 51gnrflcantly to thls 1nten51ty through the -
. Vibrational Franck—Condon_effect. Th:¢a551gnment of v
f_at‘1850 cm—l yields 1.340 for the'ratio of the frequencies’
of Vg in the hydrogen chlorlde and deuterium chloride
»‘complexes. »Th;s value indlcates-that the_anharmonicity'
. of-vs”in'these complexesvisygreater thanfthat.of the corJ.

a’\‘

FAS : L *
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responding mode in the ices, where the ratio is 1.354

v,

(108), but is not ,rac"dinarily large.,
, It is notewulchy t.azt 1l:1 mixtures. of ether and
hydrogen chloride - -2P°C, with a total pressure of _

200 Torr, and at +35°C, with a totak pressure of 500
Torr, gave rise to Vg bands with approx1mately the Same .
integrated absorbances but identical mlxtures .of ethé% ‘
with deuterium chloride always.gave'rise to Vg bdnds
which were more lntense at the lower temperature. This
_ 3suggests that there is a sllght 1ncrease 1n the tempera-
 ture dependence of the equlllbrlum constant for formatlonv
of thetwdrogen—bonded;%ﬁsfule whenzdeuterlum chloride
" is used in place Yof hydrogen chlcoride in the‘mrxtures,
and therefore, that AH, the enthalpy change for forma- | {
tlon of the- hydrogep bond 1s larger for (CH3)20———DC1 (f\f%

than for (cCH 0—-—HC1. Unfortunately, no accurate

3)2
computatlons of the heats of formatlon of these molecules

are p0551ble from the spectra presented above since’

: nelther the amounts i the free components in the mixtures

nor the 1nten51t1es are known accurately.

3.6\?Relative Intensities°of the Bands . |

In Table 2 the frequenc1es and.. approx}mate relatlve.
A

-1nten51t1es of the bands in the spectrum of‘%@ﬂ O--—HCl

are presented. ~Since the most intense band is that -due
to'vs, its. 1nten51ty 1s glven an arbltrary value of lOO,v

- so_that the values for the 1nten31t1es of thg other bqus



- TABLE 2
} mas y 3
Frequenc1es and Relative Inten51t1es of \
Absorption Bands in (CH ) 0...HC1
v/cm™t o Assignment . Intensity ?
: T - (Arbltrary Unlts)
2675 . e
:2574 ~°  HCY stretch, |
200 - . o 100.0 -
. " s, . \s o o » = i s ) . .
~2360/ . . :
o ‘ L ‘
\ -
- 1465 . CH,; deformation o 5.8
1248 CHj rock . . o.s
1171) - CH, rock. o R . 18.0
3_ . | P
1097,. + aSYm. CO'stretch e 13.0
912 » Symm. CO stretch .= - . : ' ' 10.0
_ o - _ - @
790 | | 2vb, 2vt.:‘ R ' 0.5 :
570} . : A . §?
525 'O—f-H—Cl deformationkvb}.vt. 3.02
470 | o - | e
415  C-0-C deformation |
119 - 0--H st:etch"\)c ' 0.3
"a)  The intensity was?measured-fgr_(CDB)éO—--HCl
p 3
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can be:regarded as pércentages of this.intensity. The

relatlye intensijities ofthe bénds'above 850 cm 1 should

be Quite reliable»because-theywere a&l\measuredy'with aid

of a'planimeter,ﬁroma single absorbance spectrum of a

mixture of 20 Torr of dimethyl'ether-h6 with 5850 'fo‘ifr |
of:hydrogenchloride‘ath?C.: However, the relative in?_
‘tensities of the bandsvbelow 850 cm_l must be regarded

,f as approx1mate as they were determlned by calculatlng _

{} the 1ntegrated absorbance per atmosphere of complex (25)

for each of these bands and comparlng thlS value w1th
that calculated for the Vg band. The equlllbrlum con-
stant used to calculate the amount - of complex present was

3

!
computed fromtjﬂamean enthalpy and entropy of formation
} .

. reported by Gov1l Clague and Bernstein. (84) However,

he errors on‘thelr values of the enthalpy and entropy

ff formatlon allow the equlllbrlum constant at 0°C to lie
etween 0. 15 and 9. 5 standard state 1 atmosphere.'Thus,
}he relatlve 1nten31t1es quoted for the bands below 750
may_be con51derably in error because w1dely dlffer-v-
_ing pressures and temperatures of the qomponent gases
/ were required for the different bands and the intensities‘
,; obtained markedly.reflect the value'of.the'equilibriumv

constant that_ was used. ~It shouldkxanoted that the

e

relatlve 1nten51ty of the O---H—dﬁ deformatlon modes was_

determlned for (CD O—-—HCl The llmlted portlon of

" the band that was observabl

o

1n (CH \——-HCI 1nd1cated
3 2 N

that the 1n€en31ty was approximately the ‘same 1n the two

Af , o .V.j T fv ' . /”’///A\\



~ fundamental Vg ébsorption by‘(CH
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‘systeﬁs;;: e, - {
SRR 5
}3.7 Summary ‘

. The mostfsighificant resuite of this'study are
that: 1) the assignm%nt"of the v, mode of (CH3)20;__
HC1 near to 120 cmfl }s confirmed by thehobservation
of absorption in this regionfin'the spectre~of
b andfvi
modes g1ve rlse to absorptlon near to 470 cm 1-for the

(bﬂ3)2o———nc1 and (cb,) o———301 2) the v

\

HC1 complexes and near to 360 cm'l for the DC1 com-

- plexes. These absorptlons are compllcated probably

due to 1nteract10n W1th the v modes, whlch are de—‘

B

duced to be at'about 50 cm—l; 3) an analysis d% the

shape of the band due to the C—O symmetric stretchlng

.modﬁ of (CH3)20~-—HC1 does not indicate the geometry

of he molecule, as previously suggested; 4) the
3)20----—HC1 is at

24 Olcm 1 énd not at 2574 cm 1 as previously postu—
lated; and 5) comblnatlon tran51t10ns of the type

v, * an cause shoulders 50 cm l,away from the neak

e to,vs'in'the DC1 egmplexes.

| -



CHAPTER 4

VIBRATIONAL‘ASSlGNMENT AND NORMAL COORDINATE CALCULATIONS FOR

FOUR ISOTOPIC MODIFICATIONS OF ETHYLENE SULPHIDE'

4.1 General Introductlon

I 'f The 1nfrared spectra of ethylene sulphlde—h4, ethylene
sulphlde—d4, c1s~l 2—d1deuter10ethy1ene sulphlde and Ergns—'v
_ 4'1 2- dldeuterloethylene sulphide have been measured in this
" laboratory by D. A. ‘Othen (109). Hereafter 1n'this,thesis‘_'

274 274
C D2H25 and trans CZDZHZS respectlvely. Raman spectra of

these compounds w1ll be referred to as C.,H,S, C.D,S, cis-

)
(109) . .

V2

llquld C2H4S and C D4S were also recorded by D _A. Othen

These spectra were assigned as part of the present
work and normal coordinate calculations were carried out to
’determine how well a harmonic valencefforce field;contains

~ ing selected fbrce'constants could reproduce therfrequencie5~
L , _ ‘ , | o
of the fundamental vibrations of all four isotopic modifica-

Y 4

- . tions of ethylene sulphide. The calculations'were also
~ desired to assist the a551gnment of the spectrum of trans-

2 ZHZS to check the mutual compatlblllty of the a551gn—.

-

ments of the four molecules, and to determlne the form of

the methylenlc v1brat10ns for the HCD groups.

)

‘ The structure, symmetry and v1brat10nal coordlnates of
ethylene sulph1de are: glven in Sectlon 4.2 and the prev1ous \)

studles of the V1brat10ns of ethylene sulflde are reVLewed

SN

103.
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in SeCtion 4.3.  The frequen01es of the features observed in
the spectra of the four 1sotop1c molecules are presented and
a551gned in Section 4. 4. The computer programs used ln the
normal coordlnate calculatlons and various 1nput data are
descrlbed 1n Section 4.5 and the: development of the force
fleld is summarized in Sectlon 4. 6. The results of the cal-
. culations are dlscussed in Sectlon 4.7.

"f;/)’

4.2  Structure, Symmetry and Vibrational'Coordinates of

Ethylene Sulphide

The structure of C2H4S has been investigated by

: ‘Cunnlngham et al(llO) by means of mlcrowave spectroscopy

ThlS molecule was found to have C2 symmetry and the struc-

ture shown ln‘Flgure'Zl. In this work the atomic sites are

referred to by the numbers which appear- 1nwﬁlgure 21 as sub-
'scrlpts to the atomlc symbols, and the bonds are referred
yto by thb numbers which appear in parentheses beside them
In each of the four isotopic modlflcatlens of ethylene sul-
phldevdlscussed‘ln‘this chapter, atoms l, 2 and 3 refer to
32, 12, .12 '

S, "°C and C atoms, respectively.‘ In C2D4

.C2§ symmetry, atoms 4, 5, 6 and 7 are deuterlum atoms.. In'

s, whlch has

cis- C2 2H28 -which is assumed to have Cﬁgsymmetry, atoms 5

and 7 are deuterlum atoms, and in trans C2D2H28, which is

assumed to have C2A symmetry, ‘atoms 4 and_7 areideuterium_'
. - . .

-~

atoms.
Also shown in Figure 21 is the orientation of the

l"

\



FIGURE 21. The structure of ethylene sulphlde. In

105.

this draw1ng H4 and HG' which should lie dlrectly o

.under HS and H7, respectlvely;have been offset for

. &
clarity. The number in parenthes?s be51de each.

:wbond is used to de. gnate that bond A

y
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ethylene sulphide molecule ‘with respect to the three Cartes-

ian axes, and thls orientation is the same for all fc1r iso-
‘\

top1c modlflcatlons. The x-Cartesian axis is parallel to'

T

the c-C bond‘ and the plane formed by atoms 1, 2 and 3 is

t@the zx" plane.V‘

. The bond angles and boﬂd lengths in C cis-C.D_H.S

2 4 2272
and trans CZDZHZS are assumed to be the same as those in

CZHKS (110), and are shown in Table 3. .The rotatlonal con-
stants, A B an? C (Sectlon 3. 4), ‘'were calculated for each

isotopic modlflcatlon usrng these parameters and the appro-

'prlate atomic masses (101), and are presented 1n Table 4.

\ B
The rotat10nal constants are used in Sectlon 4. 4 to predlct

the rotatlonal envelqpes of the varlous v1bratlonal transi-

tions.

The flfteen fundamental v1bratlo£s of C2

representatlon (111) SAl + 3A2 + 4B1 + 382 under therp01nt

J.

H4S form the

group C..., and 'since C.D,S also has C symmetry,-its vib-
2v 274 2v

'ratlons also form thls representatlon. .The v1bratlons of
‘Ccis- CzDzﬁzs form the representatlon 8A' + 7A" under the

"p01nt group C and those of trans- C D HZS form the represent-

272
atlon 8A + 7B under the point group C _ In this work the

- fundamental v1brat10ns are numbered in the order of decreas-

,1ng f,equency w1th1n each symmetry class, follow1ng the

rCZD4STv1 throughvv5 refer to the five Al vlbratlons,vv

conventlon 1ntroduced by Herzberg (112) ‘Thus in C2H4S and

26 .

through Vg refer'to,the three A2 vibrations, Vg through Vi
. : /- - o ’ -

/

—
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, TABLE 3 '
S - ' . !
» Molecular Parameters® of Ethyléne Sulphide ¢
w ) . °
’ dn_c R 1.4716 A
- N\ ' ..°
deg © ' 1.8155 A
. ,. ' - ) ‘ ) -] (
dC_H - 1.0771 A 4
| c-&-s° 66.091° | b
c-S5-C ° . 47.818° o
’ H-C-H 115.900° "
H-C-C . © 117.835° )
. ~ B-C-S_. - 119.570° X
? ﬁifﬁ N o 106.567°
~

. ~
a) Frah\F ference 110.
, S

‘ g » A ‘\ ~
b) a iszghe angle between the CCH and CSC planes..
‘. &
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: ' TABLE 4 . -
Rotational Con‘si:ants of Four ISOtOplC Modlflcatlons
- of Ethylene Sulphlde
Molecule . A \ C
C,H,S : 0.7479 1 0.3608 - -0.2696
C,0,S ¢ - 0.5256 0.3068 ° 0.2291.
‘,cis—CzDZHZS - 0.6209 1 0.3314 - 0.2470 \
transTC*ZDZHZS 0.6174 Q'.-3339' - 0.2463
o
. AR
: {
o = B
a) Units are cm . .
/m ]
P /
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@".
v

refer to the‘fourmhlvibrations and'Vij through&\i15 refer to' w

- the three B2 vlbratlons. r}n c1s-C2D2HZS or trans CZDZHZS

vy through.\)8 refer to‘the eight A' or»A v1brat10ns, respect-.

.ively, and vg through vlS refer to the seven_A"hor B vibra--
; ‘ 9

-,tlons, respectlvely. R
The 1nternal/coord1nates (100) of _ethylene sulphlde;
which are used in the normalﬂcoordlnate calculatlons (sec-
_tion 4.6), are llsted 1n Tablé 5 and are defined w1th respect
i\to Figure 21 The coordlnates whlch descrlbe the stretchlng

of\valence bOnds are denoted R R where i refers to the bond

~ \

nunmber shown ln Flgure Zl Thus R4 is the coordlnate which

‘ descrlbes the stretchlng of a C-H bond at carbon atom 2 in
-
: C2H4S and cis- CZDZHZS' In C2D4S and trans CZDZHZS' R4

describes the stretchlng of a C-D. bond at cérbon atom 2.

_/

The coordlnates whlch descrlbe chgnges in valence angles
are denoted ajk, .where j and k 1nd1cate the two bonds form-
1ng the angle. Thus a45 is the coordlnate whlch descrlbes

>
the change in the HCH angle at. carbon atom 2 in C Hqs\and .
thecmange51n the DCD and HCD angles at carbon. atom/z 1n
._j/\_
CZD4S and cxs— or trans 02D2HZS lrespect;vely,

'tFive.of the twenty internal coordinates defined in

' Table 5 must be- redundant since t*ere are only flfteen
genuine v1br?;10ns 1n\each 1sotop1c modlflcatlon of ethylene

»

sulphlde. Th

5 of these redundanc1es arlse«slnce six 1n-'
ternal coordlna

es, le 2, 3,‘ 13, 2 and a23, are deflned

.‘,1nvthe CSC rlwé, which has only\three degrees of v1bratlonal

C i
g

s

B N
: *%

n"gf-



S

T

}

/)

Coordinate'Nuhber-

10

11

12
13
14
15

16

18
19

20

W ® N o U

110.
”.'r TABLE 5 \'\ '
Inteqnai.Cor !iﬁ‘ ésé for Ethylene Sﬁiphide"
e B R | Y
Al - \
'Notatioﬁ : ‘Desc;iptidn. .
Rl Cz; 3 Stretch
- R, C4-S, Stretch
is} Ry cz—sl Stret?h
| R, P CmHy Stretch
RS C,-H Strétch
| R, C3-H . Stretch
R, ' Cy-H, Strgtéh
- Gus ﬁ4—82 5 Bend“
e Hg-CyH, Bend
a3, S{~C,~H, Bend .f
%35 :551'62_ Hg Bend *
%6 . 5)=Cy-H He Bend
%27 : 51'5; 7 ‘3¢“d f .
@y, [~ ©3-C,=H, Bend
a15 ;C3—62 HS ngd
%6 C2—63 6‘ Eend--
e Sy CyH, Beng
agy 31'62 ~C, Behd |
—«,012 Si—63 2  ‘Bend
a23> c -g C3,_3end

a)_‘
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freedom; The other ‘two redundanc1es arise since only flVE'

[v)

of the .8ix angle bendlng coordlnates deflned about each -
carbbn atom are 1ndependent.‘ In order to take full advant-
age of the symmetry of -each isotgpic modlflcatlon, it was
“vnecessary to use all twenty inter’al coordinates to éonstruct

symmetry coordlnates (111) The symmetry coordlnates for

Sty

2 4S are the same as those for C2D4S and are presented in

Table 6. These coordlnates form the representatlon 8Al +

3A2 + GBl + 382 under the p01nt group C and ‘a comparlson

2v’
of this representatlon w1th the v1bratlona1 representatlon

N

:of C2H4S or C2D4S shows that three Al and two Bl symmetry

< coordlnateS'are redundant The symmetry coordlnates for
Cis~ C2 ZHZS whlch are’ presented 1n Table 7, form the rep-
_resentatlon llA' + 9A"™ under the point group C and, thus, .

three Al and two A™ symmetry coordlnates ari redundant The

symmetry coordlnates for trans -C Dzﬂzs,

in Table 8, form the representatlon llA +. 9B under the p01nt
. ) .
~ group C2 and thus, three A and two B symmetry coordlnates _

h are presented

'are redundant.~ Al redundant coordlnates were 1neluded in

the calculatlons and 1e1ded zero roots upon solvxng the

Y

secular equatlon (10') v
‘ It is usual 6113 116) to descrlbe the v1brat10ns of
2 4S as elther'l) a C-H stretchlng mode, 2) a r1ng deform-

ation mode, or 3) a methylenlc ‘angle bendlng mode. In
certaln cases the descrlptlon (or form, or normal‘éoordlnate)
o - v N .

'"of the v1bratlons is approxlmately g;ven by the approprlate

. A
z.
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- TABLE 6

L

. . a - : S e
d;rdlpatgs for C,H,S and C2D4S

\

Symmetry C

o

Coordinate

Description

'Syﬁmetryv

-

Number

3
. / . ..0.,
r~ ~ ~ S~ ~ - ol ~
< < < < < <L oL
S~ S .
~ o N —
- o} 3
ﬂ')\l
~ + o+
A :
D 0
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¥
, TABLE 6 (continued)
R
Coordinate o . Description . Syfmetry
Number ) : L
S L a;, + d Na - ;\)v' ‘B'7.
16 2 )%14 7 %15 7 %16 T %9 1 .
1 ; N . .
S —jaf, = a B, .
17 /2 13 . 12 l
‘ S > —]; R, - R + R, = R B
. P18 7 184 57 Rg T Rypr 2
S  j 1 a,, - am + a1 - a B
19 ' 21734 7 %35 7 %2k T %27¢0 By
S 2 -6 +a.. -a B
, 20' 21714 15 716 17 2

a) Defined with respect to the internal‘cbordinatés in
Table 5.
o ¥

BN
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o o ] T
R—

| symrhe'tty_cOchdinatesa for ciddc,pn.s
- ’
Acdérdinate Description
Number ‘
| Sl R
Sz - /‘;: g'Rz * Ry s
"934. Al m f _’
sy é-g%s '“67;» |
%6 __ | /‘;: ;.“3.4 %26 2 .
57 | /% '3&35 _°‘A27._' g _
Sg l 'J%,gai4 aiG%'
Sé /% ;"1 ey %
S10 " ',% ;913 '“12$
5111; 23.', | g
Py ),% ; Ry ", Ry $
‘31’3 /% Ry = Re f
S14 é; Rs = Ry f -
s15 ',% ‘;“45 i é’%?f

114
)
Symmetry
A (
: | .
A"
av .
Al
Al
Al
‘A'.
IX
Al
e
A
A"
a»

A"
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Table 7 (continued)

Coordinate ; Description  Symmetry
Number : b : .
S ' 1 a., - a A"

16 19347 %6
« P O S .
S17 ' /s 3“35, °27£ A
;
s ‘ 1 __. n
SlB _V;;;a 4 alﬁz A"
. l - ) an
S19. /3 3“ 5 “17; A
S - 1{q a AN
20 /5 13 12 *

£

a) Defined with respect ﬁo the internal coordinates in

Table 5.

N o ¢
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.TABLE 8

Symmetry Coo;dinatesa for trans-C

Coordinate

Number -

1

S2

10

n.

11
12

13

n

14

0

‘116. .

C
2Dof5S |
Description Symmet£y<
'/;{RZ + R3§L - " T A
v l‘ . . . ) S - . !
/5{114 + RT} A
14 o
/%{_Rs + R6} . A
/5{‘_‘45"_"“67}.' A K
Y SEPORR
_,5{ 34 “27}; A
1§ . @y -
fe {/"35 * “_26} A
‘ 1'. . " . . . ) .
',3_{“14- +f’17} A
e :
2 a
/> { 15 * 16} A
RS |
= a
6{‘ 13 % “12,} | A
Y A
| 23 “« . S
=!{ R, - R } ,_ »
/2 2 . 3 "
1y e ’
AR -
- l ‘. .
;% R} B
1 ,
g1 as '“57}_ - B
. ‘. [‘/_. :



Coordinate
Number

Sie

S17

S18

S19

20

(continued)

-TABLE 8

Ao
TR

- Q

alms

Description

-

j% {“i4

%7 )

426}

1)

R
[
o

. _-

R
e
N
S, o

[y

117,

Symmetry

a) ‘Defined with respect'toAthe‘internal coordinates in

Table 5.

e
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symmetry cooqdinate. Thus, because the C-H stretching vib-

| : . )
rations have much different frequencies-from those of the
other modes, thelr forms can be expected to be closely

approx1mated by the symmetry coordlnates S3, 9,'Sl3land
8.(Table 6). Those v1bratlons approx1mated by S3 and

S,3 are called symmetric CH stretching.modes-whilevthe 3

2
xother two are called asymmetric (or antisymmetric) CH2
'stretching modes.‘ There are three v1brat10nal modes whlch
11nvolve deformatlon of the csc rlng. - Since there are six
symmetry coordlnates in Table 6 whlch.describe'ringdeforma—
tions (S 52, S,;ﬁss, S12 and Sl7), three of these coordin-
ates must ke redundant. Although all cpordlnates are 1n—.
cluded in the caﬂculatlon, the rlng deformatlon modes w1ll
be qualltatlvely descrlbed by the symmetry coordlnates, Sl,
152 and S, ., which correspond to the C-C stretchlng mode, 3
-the/éimmetrrc c-S stretchlng mode and the asymmetrlc C—
stretchlng mode, respectlvely. ”

The remaining eight vibrations in C2H4§'are'usdally‘
cla551f1ed as deformatlons, wags, tw1sts and rocks (ll7) of‘:
the methylenlc groups.. Each of these terms descrlbes dls—
placements which are defined by linear vcomblnatlons of ‘the
symmetnycoordlnate51n Table 6 whlch involve the SCH and
CCH angle bendlng coordinates.. The methylenic deformatlons
. are desq@lbed by S5 + SG and S15 +-Slﬁ ‘and refer, to the sym-‘
“‘metrlcal 'sc1ssors—11ke bendlng of the HCH angles. Because

'of redundanc1es, the methylenlc deformatlons can also be

w ’ . . ' o \

ety
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b

described by the symmetry coordinates S, and's,, of Table 6.

The term 'methvlenic wags‘ refers to the 'fan-like' motions
vy I . .

of the methylenic groups perpenﬁicular to their own’ planes,

and are defined byys - S_ and S - S

57 6 15

twists are defined by Slo - S;, and Si19 ~ 520, and refer

to restricted rotation of the hydrogen atoms about the bi—’

16° The methylenlc

sector of each HCH angle. The methylenic rocksvare‘defiﬁéd7'
hy_Slo +_Sll and S19 + Szo,‘and-refer to the rotary mot,J.onL

of each methylenic group about an'axisvperoendicular'tofitsv .

; v

S

plane. It must be emphasized that these terms are only
__approxrmate descrlptlons of the v1brat10ns and normal co-

ordinate calculatlons 1nd1cate that many v1bratlons are much

s ,9 "

more compllcated than these 51mple terms 1mply Nevertheless,;f

thlS termlnology is useful, and” has been applled by others!g
P .
(113 llG) to ethylene sulphlde, and 1s used 1n this work.»
¢ ;'}K—«x N
" The termlnology given above can also be used to des-‘a'

L

crlbe the v1brat10ns of C2D4S. There is, however, no anal—v

ogous termlnology to descrlbe the methylenlc v1brat10ns of

w o

cis- and trans CZDZHZS.V For " 51mp11c1ty, the v1brat10ns whlch

o . RV

1nvolve changes in the CCH and SCH angles (or CCD and SCD
angles) w1ll be referred to as CCH (or CCD) deformatlons
until the calculated form of these v1brat10ns is presented

R J

4.3 Prev1ous Studles of the Vlbratlons of Ethylene Sulphlde

The V1bratlona1 spectra of ethylene sulphlde--h4 have Jf?'

A

been studied several tlmes.v ‘In 1940, Thompson and Dupre (113)
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reported the infrared spectrum of the gas and the Raman
spectrum of the liquid, with the‘unavoidably low frequency
accuracy and resolutlon'awaiiab1e~at that time.‘ In 1951,

) Thompson and Cave (114) repeated ‘the work of Thompson and.
Dupre with better resolutlon and frequency accuracy, and
showed that the earller work was suspect. - The following -
year, Guthrle, Scott and Waddlngton (115) reported the 1n—v

\erared ‘spectrum of the liquid for the flrst tlme. More

h\recently, LeBrumant (116) has studied the 1nfrared and
RaMan,spectra of the liquid and the infrared spectrum of: _
the;solid, and Aleksanyan and Kuz‘yants (118) havé.reported
the infrared'spectra\of the gas, liéuid and solid‘and the
“Raman spectrum.of the liquid.

The a551gnments of the fundamental frequencxes whlch
.have‘resulted from these studles are shown in Tables 9 and
10 for the 11qu1d and the gas, respectlvely. The a551gn—
kment of the fundamental frequenc1es of’the.llquld (Table 9)

§§.3by LeBrumant (116) was not modified from that of Guthrie,
e

@ﬁw.Scott and Waddlngton (115) apart from a more precise de-
T

’§$ termlnatlon of the ff%quenc1es, but Aleksanyan and Kuz' yants
R

w@f 18 119) have a551gned the A, CH2 wag at a hlgher frequency'

%, » n elther of the Al r1ng deformatlon modes. There has
w“ been nb experlmental ev1dence to 1nd1cate the relative

"ﬂfrequenc1es of the CH2 wag and the .c-C stretchlng mode, and

" the Lﬁotoplc derlvaﬁ ; §‘stud1ed in the present work should

' r_esolve thls problem.‘f "rhe A‘w.modes -appear very weakly in

S : :
é . o : : . - : . N e
%y . L , . c
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Previous Assignments of the Fundamental Fr.equenciesa

TABLE 9

Description

_Vl Al‘C—H stretch

VZ A1 CH2 deformatton

' v3 Ai -ring ﬁode".

Vg Ay CH, wag

v Al-ring mode

v A2UC-H stretch

v A2‘CH2 twist

Vg~ A2 CHZ rock

vV, B, C-H stretch

v B. CH2 deformation
Y11 By Gy vag

B. ring mode

v, B, C-H stretch

of Liquid C

121,

b) LeBrumanf»accepted the assignment of Guthrie et al.

. e) Assumed to be nearly degenerate with Vv

~d) Assignment of ‘these. features is not certain.

1o‘ .

Guthrie LeBrumaﬁtb Aleksanyan - Othen
et al . et al
3000 2994 - 2993 2995
1446 - 1446 1445 - 1450
1112 1111 @,1024 1112
1025 1024 . 1112 1025 )
625 - 616 613 611
3080° 3071 3071 3072
1100 1172 — o
875° - 900 895 . (895)¢
(3000)¢  (2994)° (2993)° (2995)€
1627 1426 1425 - Tum ’
1’0‘5‘1.~ 1050 1052° —
660 657 650 (651)8
3080 . 3071 3071 3072
'943 942 943_- ‘ 944‘
824 823 823 822

- ¢) Values calculated from the frequencies of the corresponding B2 modes..’

B 25t



" Previous Assignments of the Pundamental Ftequenciesa

TABLE 10

\

Description

<
Pt
- d
[

<
N
’_‘:>

CH2 defotmation

A, ring mode
cow
Vo Ay CHy vag
Al'ripg mode
C-H stretch
7 2 2'§wist

rock

pa
- NI

3 8tretch
%,
: Z-deformatiou

-V, B17CH, wag

o
(O

Vio B

\Y Bi1ring mode
V)3 B, C-H stretch
vld 82 Cﬂzﬁ;vist

Vy5 By CH, rock

of Gaseous C2H4S.

C-H stretch

Thompson and
Cave

3017
1471
1107 .

._626

———

@B
__’/’/ .
- 1440
1050
685
3089
825

945

a) In*cm-l

. ) . "\ .
b) Assumed to be'nea:ly»degenepate with v

-

1

N 122,
Aleksanyan and’ Othen
Kuz'yan;s '
3013.5 3013.5
1456 - 1456.8
1033 1109.9
11095 lo24.0°
627.4 627.3
¢ —
_ - m>
o | /)
T 3013.5)° 7 (3013)P
1435 '»~1435.9 -
1050 1050.8
668 | -
3084 3088.0
944.0 945.2' W
8.0 824.3
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‘the Raman spectrum and are inactive in the infrared spéétrum,
f J

and thelr frequencies cannot be regarded as well determlned

‘For completeness, the: fundamental frequen01es, obt ined ?y

Othen (109) £rém the RamaLQSpectrum of'theillquld which /are

: Ak o
used in this work, are af%g pnesented in Table 9. The%e fre—

v
. -l\
_h} "y

/////

quenc1eE do not dlffer s,gnlflcantly from those reportgd by
Le Brumant (116) and by Aleksanyan and Kuz yants (llBV ]
For the ‘'gas (Table 10), the fundamental frequendles of
Aleksanyan and Kuz' yants (1l8) are con51stent with those of
Thompson and Cave (iI4)‘aparttfrom the'addition‘of 1033 cm 1
as the frequency of an Al fundamental and “the 1mproved pre-
c1s1on w1th whlch the frequenc1es were determlned.-
Aleksanyan and Kuz' yants ‘have assigned (118 119) thelr
'frequenc1es of the gas following thelr a331gnment of the
frequenc1es of  the 11qu1d (Table 9) . This ass1gnment dls-
agrees with the earller one of Thompson and Cave (114) in
f that the latter authors as51gned the methylenlc rocklng mode p =
to hlgh frequency oﬁzthe methylenlc tw1st1ng mode. In recent
years it has become accepted that methylenlc tw1st1ng modes
d11e to hlgh frequency of the rocklng modes. ThlS conc1u51on
is based on the spectra of cyclobutane (120), cyclopropane ,
(117,121- 123), and hexamethylene tetramine (124- 127), im
lwhlchlatxgeasgsaﬁe/methylenac twistlng mode has a dlfferent
_symmetrywé;om a- methylenlc roqg ng mode. In all cases, the
methylenrc téAst was a351gnedt/*frequency comparable w1th )
,that of the methylenlc wag and con51derab1y ‘higher than that

4 o e -

.= . X . Id
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) . -
of the rock Consequently, this order has been accepted for

ethylene ox1de (128) and methylene cyclopropane (129 130),
and- is adopted in this work. For completeness, the funda-
mental frequenc1es of gaseous CZH4S wh1ch are used 1muthls
work (109) are 1ncluded in Table 10; theif assxgnment 1s‘h\
discussed in Section 4.4. The vibrational spectra’of
‘ C2D4S ahd cis- anditransjczpzﬁzs'have not been previously
‘reported. | -
The‘observed frequenciésdlisted ln Tables 9 and 10
have been used (131 133) to calculate various force constants

of C2H4S ’ In eaéh case, however,/the number of force con-

‘stants required toreasonablyreproduce the observe fre-

quenc1es exceeded the number of frequenc1es, sO these cal—

u'culatlo S are suspect. Further, Venkateswarlu et al (131,132)

2
lnclude ,frequenc1es from Thompson and Dupre s (113) early
'work whlch have since been shown to arfse from 1mpur1t1es
4.4 The A351gnment of’ \he Spectra of C 4S,CZD4S‘and cis- . _

and Q:ans—czoznzs I
The infrared~spectra of.gaseous C'D S. c1s CZDZHZS :.'é;\
and trans CZDZHZS are presented in Appendlx IV The vib-
’ rat10na1 spectra of/C2H4S are publlshed (116 118) so- those A\

recorded by Othen (109) are not reproduced in thlS the51s.

't:The frequenc1es of the features observed ‘between 200 and

l

1500 cm and between 2000 ‘and 4000 cm -1 rn~the infrared

spectrum of the,gas and_the_Raman spectrum of the 1iquid are:

1.
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v - \

presented in Table 11 for C2H4S -and Table 12 for Cqus.

~Tables 13 and 14 present the frequenc1es of all features
consrstently observed between 200 and 4000 cm -1 in the in-
‘frared spectra of gaseous c1s-C2D2H28 and Erans CZDZHZS, SRR
respectlvely. In Tables 11-14, the lnfrared absorptlon band.(
associated with each.frequency is described by the letters’:
'PR'_lf only P and R branches (134) were observed and by
the letters PQR' 1f P Q and R branches (134) were observed.'
The letter 'P' be51dé2a;frequencygln Tablesnll ‘and 12 - indi-
cates that the Ramanuhand at'thisdfrequency,has a_depolar— :ﬂ
ization ratio (1355 which iS'less ‘than 0. 55; The assign—'.
ments presented in Tables 11-14 were determlned as part of
" the present work and are dlscussed below.p_

The flrst stage in ‘the . aszignment of- the peaks observed
in’the.spectra to particular'vibrationsrls.to determ}ne, as
vfar as possible,' the symmetry ofvthe tranSiéion'caus}ng‘ |

each ‘peak. Two paeces of ev1dence glve thlS 1nformat10n.

. 1) a Raman: depolarlzatlon ratlo of less than 0. 75 can only

-arvse from a totally symmetrlc mode (135), SO the frequen—
cies marked P in Tables ll and 12 must arlse from Al tran—-
51t10ns; 2) the shapes of the 1nfrared absorptlon bands of
- gaseous molecules vary with the symmetry of the tran51tlon'
-cau31ng the. absorptlon.p |

The shapes of the 1nfrared absorptlon bands of. the
gaseous ethylene sulphlde molecules can be predlcted u51ng

"_the methpd outlxned ;n Sectlon.3,4. In both C H4S and C D, S,

2°4
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TABLE 11

ftequenciesa'ahd Assignment of. Features Observed in the Infrared and

-

'Infrared (gaa)b |

3088.0 m, PQR:

3084.2 v, Q

3013.5 Vs, PQR

1456.8 m, PQR

2903.6 w, PQR

2863.5 w, PQR

.1435.9 m, PR

1255  wvw, PQR

1173.3 v, Q-

1109.9 m, PQR

1050.8 s, PR

1024.0 m, PQR

945.2 m, PQR

- 824.3 w, PQR

688.1 m, bd

B j"‘j

e
s

627.3 vs, PQR
623.0 w-

a) In cn-l

b) Abbreviations: w = wéak;
- broad; P = polarized; Q = Q branch; PQR = P

Raman>Spectfa of C,H,S -

2°4

Raman (quuid)b

8

Assignment -

3077w v

1 2994.7 vs,P

13'32 C-H stretch

. - hot band

\

_f{ vl A1 C-H stretch

- vgbBl f;H stretch
.\zvz A;
3 P Ao L
1450 m,P V) A) CH, deformation
1431 m 916 ﬁl cgé defotmation
1230 vw. 2 A
1112 s,P:: | v, Al c-¢ strdech
- | Vjy By CH, vag
1025 s, ? vA.A1~CH2 Hﬁg
944w V4 B, CH, twist
sgs’yw _ | A,? .
\-822.v Vs B, cnz’rock
o _
, 650.8 ? = YIZ? Bl C—$ stretch .
 §&&;§>vs, P Vo A C-S stretch

hot band

m = medium; s irstfqng; v = very; bd =
»Q and R branches were

,.visible; PR = P and R branches only were visible.
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#

'Frequenciesa and»Assignment of Features Observed in the Infrared and

Raman Spectra of CZDQS
. . b . ] b ) . )
Infrared (gas) Raman (liquid) Assignment
, 2385 w _

2331.3 m, PQR o 2320m V)4 B, C-D stretch
2215 w, Q . . o } hot band
. o B - S
2212.5 m, PQR . » 2201 s, P , .vl Al C-D stretch
2209 w, Q- o | o hot band

'2185.2.m, ‘PR v“ 2177 w ) .v9 B1 C- D stretch
.ZiZS W, PQR : Zill w,P 2V10 Al'
- 1241.3 vw : ‘ - 1222 m,P '
1180 m,P
| 1168 w,P
1064.2 m, PR , _1055 w le Bl_-CD2 deformaiion.
1027.8 w h
946.4 m;  PQR 940 5, P v, A) C-C stretch
830.7 s, PR o 82?;V i o »vll'Bl CD2 wag
766.5 m, PQR o 762 s,P ’ v&‘Al CD2 wag
746.8 w |
710.8 m, ?QR »} 708 w ) \)14 Pz CD2 twist' C e
654 w, bd '
i: 618 m ) 2? Bi c-S stretch
613.3 vs, PQR - 603 s, P v A C-S stretch
| 573.1\@, PQR 579 w Vs BZ co, rock
©a) In cm

b) The abbreviations are explained in Table 11
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Frequencies and

_ . |
N | 'K°‘ \ - Loa
« j,l -
TABLE 13 v

Assignment of Features Observed in the Infréred

Spectrum of Gaseous ciz-c D _H, S

)
L
-1 2 Assi t
v/em signmen
3052.0 s, PQR . v, A CHH stretch
s : . - : .‘4' . ) ‘E‘v';“.:l. E ' . » B ‘ Gz ‘ - In’;‘
o 227204 m, PQR o LV A' C-D stretch '
1332.6 w, ’PQR : ‘v3 A' HCD deformation
’ 5 ﬂ . S
1310.0 wj PR V. A" HCD deformation
1083.7 m, PQR? ; i
1068.5 m, PR?
.971.9 m, PQR - . v, A' CCH cr JCD bend.
, S -
921.3 m, PR V. .<A" CCH or CCD bend
~ | | 13 1-or. CCD.
756.8- m, PQR Ve AT CCH or CCD bend:
654.7 @, PQR y . V; A" CCH or CCD bend -
614.87'é$'>?QR‘ : | Vg A' C{S stfetch ¢
\ . . . . v ~ ':.

:

a) ‘The abbreviations are expléined'iﬁ Taﬂle 1
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TABLE 14

Frequencies and Assignment of Features Observed in the Infrared

Spectrum offCéseous trans-CzDZHZS A
V/cm L Assignment

3051.0 m, PQR S
o ' C-H stretches
©3044.2 m, PQR - :

2272.2 m, PQR | -
- C-D stretches
- 2262.6 w, PQR ' T

1315.2 ww, Q . o :
R HCD defbrmation
1293.1 vw, Q -

°1113.4 m, PQR A 4A CC stretch |
11002.8 s, PQR | |
f86;;7 ‘m, _fQR ,
773.4 m, PQR - o . ot or ciD vends
704.5 m, PQR . |
| 668.2 m, PQR |
. 617.5 vs, PQR : . S, | Vs A C-S stretch
610 shouldér " A ';  '
3 ‘

~

- a) The abbreviations are explained in Table 11. .
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\the principal axes of inertia, a-, b~ and c-, are_parallel
to the 2-, x- and y- Cartesian;axes, respectively; which_are
defined in Figure 21. It can therefore be seen from the . )

!

character table for the point groﬁp CZG'(136) that,‘in both .

274 274
parallelvto‘the'a—axis, and therefore yield A-type (104,105)

C_H S and C,D,S, Al_Vibrations cause dipoie moment.changes

infrared absorption bands; By vibrapions cause dipole»moment’
changes parallel to the b-axis,'andftherefore yield B-type

'(104,105) 1nfrared absorptlon bands, and B v1brat10ns cause

2

dlpole moment changes parallel to the c-axls, and therefore
B )

_y1e1d C-type (104 105) 1nfrared absorptlon bands.\Q t is

an ¥

found, by substltutlng the values of .the rotatlonal constants

3
g

of C. H S and C D,S given in Table 4,1nto-equat10ns l and 2

274 2°4
of Sectlon 3 4, that: X = 1.494 and'Y —-3 108 for C234S and
X = 1.493 and Y = -0. 183 for- C2D4S :These,parameters indi-

cate that C His closely approxlmates rotof nﬁmber 16 of

:, jreferénce 105 and C204S closely approxlmates rotor number

. 25..Therefore, for each molecule, a B—type band is pre-
'dlcted to have only P and R branches whlle A-‘and C- type
. bands are. predlcted to hﬁye P,.Q andwR branches (105).

The a551gnment of the Al modes in C_H,S at 3013 5,

24
“1456 8, 1109.9, 1024.0 and 627 3 Ccm 1, the,Blhmodes at
z'modes atl30v‘.0,

945.2 and 824.3 cm™ T is consistent with previous assign-.

3013, 1435.9, and 1050.8 cm f.yand the B

_ments (tables 9 and 10). ‘The fourth Bl

mode (v ) has been
assigned’between'GSO and 685 cm -1 by "all prev1ousha

ors.

- .
sy
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(113-116,118). The only band which is observed in this
region in the infrared spectrum of gaseous CZH4S is a broad,

featureless absorption at 688.1 cm = whose shape is unlike

anyéhand shape predicted for C
-1

SH,gS from referenee 105. Since

there is a band at 650.8 cm in the Raman spectrum of liquid

C,H,S it has been argued (118) that the feature at 688. 1

cm © is the R branch of a band with PR structure whose P
branch is hidden under the strong absorption at 627.3 em L,
This implies that the separation between the P and R

branches is at ieast 35 emflJ However, the method of ref-

ereneevlos_(SeCtion 3.4) bredicts that the separation
between the P_and-R—branches of .a B-type band in the in-

-1

frared spectrum of gaseous C_H S is about 17 cm ~. Because

24
of this discrepancy between calculated-and observed PR
“separatlons, the p0551b111ty that the 688 1l om- -1 feature_.
arlses from an 1mpurlty cannot be ruled out, and the fre-
.quency Qf thegfourth B1 mode of the gaseous molecule ls_left
unassigned. In the liquid, “this mode is probably at 650.8
cm~1. C ) : o
| The weak features with PbR sttucturesﬂat 2903.6,
2863.5 and 1255 cm_ -1 in'the:inftared speetrum of ¢234s aré'
a551gned to the flrst .overtones of the fundamental tran51-
. tions at‘l456.8, 1435.9 and 627 3 cm‘li respectlvely.; The

proximity of 1255 cm !

to twlce 627. 3 cm -1 “implies that
. this vibratiOn‘isdalmostrharmonlc._ The weak ahsorptlon at

- 3084.2 cm—l'undhnbtedly.arises from a hot transition (42)
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associated with the'B2 mode assigned at 3088,6 em™ 1. A
very weak feature at 1173.3 cm ! cannot be assigned to an
OVertone or combination transition and its origin iSAnot"
. obvious. It does not have the characterlstlc PR structure.
of a Bl fundamental absorptlon, nor does it have. a corres-—
pondlng polarlzed Raman band which 1s characterlstlc of an
-Al mode. Its a551gnment to a 82 mode would requlre that
it shlfts to 710.8 cm -1 or lower in C D4é which is most
unlikely. |

The a351gnment of the Raman spectrum of: the llquﬁd
follows from the above a551gnment,of thelnfrared spectrum
lof the gas. As is usual, the Raman spectrum does no ‘ ide

’ good ev1dence of the locatlon of the three A2 modes (v )

6[
~J
and v ) and thus, they are not a531gned in Table 11. The

7

h_weak feature at 895 cm -1 has been ass1gned by Le Brumant
'v(116) to an Az mode but was: con51dered to be .too weak to
be confldently a531gned 1n thls work

As is the case for C H4S,.the Raman spectrum of c.D,S

274
(Table 12) does not prov1de a clear—cut 1nd1cat10n of the fre-

‘quenc1es of v6' v7vand?v8,'so these modes are not assigned W
éour strong Raman bands have depolarlzatlon ratios of less
'than 0.75. The correspondlng infrared absorptlon bands, at
- 2212 5, 946: 4 766.5 and 613 3 cm. l, show PQR structures

| and can be ‘assigned to Al modes. The product rule (137) can
:be used to predict the frequency of the flfth Al mode. The

theoretlcal value of the product of the Al frequenc1es of

frequenc1es of

C204S divided by the product of the A1
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C2H4S is given by:
I. f—1= —_—1. = 0.3657 (1)

,_k my )\ M

where the primed symbols refer to propertles of CZD4S and

the correspondlng unprlmed ones refer to propertles of
-2 4S M is the molecular welght, the vk are the frequencies‘
and m, and mD are the masses (101) of the hydrogen and deut-

erium atoms,.respectlvely. From the flve Al frequen01es »

of C S (Table 11) and the four Ay frequenc1es of C2 4

2 4
a551gned@above, the m1551ng.frequency is calculated to be
-li§8 cm_l, which indicates that v, is' the missing fundament—
al. v, of the gaseous molecule is left unassrgned at pre-ﬁ
rsent; There are three medlum, polarlzed Raman bands of the
1iqu;d near to 1168*cm 1, one of whlch cou1d~he dqe t°,“2'
or they_could all be dnelﬁoicombination'or overtone transi—
vtions..

: The'three strongest infrared bands with‘PQR structures
which have‘corresponding-dgpolarized Ranan bands are assigned-

to the three'B fundamentals. ‘Thus V.. is assigned at 2331.3

2 13

cm_'l, v, at 710 8 cm ! and V.. at 578.1 cm 1. The theor-
etical value of the product rule for the 82 modes lS given
‘by:

15 /v.'\ f 3/2 [y 1/2

k \_ [ M | o
klzl_ — =1 — — = 0.3967 (2)
P\%x/ ™ " T
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-

\

where C is the smallest rotatlonal constant (Table 4), and
the other symbols have been defined in equatlon 1. The
'value obtained from the three frequenc1es as 1gned above

2 4
theoretical value.

w1th those of C_H,S is 0,3988, whlch agrees wkll with the

Three of the Bl fundamentals can be readily as31gned

to the medlum or strong bands at 2185 2, 1064.2 and 830.7

cm—lQ These all have the PR structures expected for a Bl

mode and. correspondlng depolarlzed bands appear weakly in

<

the Raman spectrum. - The situation concernlng the fourth B

mode is 1dent1cal to that for C,H,S. The feature?

is too far away from the absorptlon at 613. 3 cm: l'fCﬁf

;ye the ‘R branch of a B-type band whose P branch 1F burled

undertheabsorptloncentered at 613.3 cm L. v is, there-

12
fore, left unassigned for the»gaSebus molecule, although it
probably appears as the medium band at 618 cm—lvinvthe.
Raman spectrum of'the liquid. The description of the funda-

mental v1brat10ns of Cc,D,S given in Table 12 follows from

the descrlptlons of the v1brat10ns of C2H4S and the approx1m—;

: ate frequency shlfts expected to occur upon deuteratlon.

The weak features 1n the 1nfrared spectrum of the gas
at 654, 746.8, and 1027 8 cm -1 cannot be_a551gned'to combln-:
ation or overtone transitions and they must bevtentatively.ﬁy,

attrlbuted to 1mpur1t1es. The-weaker bands left unassigned

-1

above 1100 cm could all arise. from hot, overtone, or com-

bination tran51t10ns. . The only‘one whose spec1f1c-a551gn-‘
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ment_is cleagﬂfrom this data is at 2125 cm-l, which is
assigned to %v 10" ‘ - : ‘ /

The assxgnment oftﬁualnfrared spectrum of cis- C2D2H25

(Table 13) is also alded by con51der1ng the band shapes pre-
dicted for v1brat10na1 modes of the two symmetry classes,‘N

and A", Figure 22 shows the relationship between_the
! P v .

Cartesian axes, as defined in Figure 21, and the principal

Awespof inertia of c1s C2D2HZS It can be seen that both

- z- and y-Cartesian axes lie in the ac plane of the molecule.'

The eight A' modes of cis- CZDZHZS cause dipole moment changes

“Ygy, in this plane and,vthus, lead togAC hybrla bands (104, 105)

“Vfﬁﬁ%he seven A" modes of cis- C2D2HZS cause dlpole moment

- changes along the b-axis of 1nert1a and give rise to B-type.

/?minfrared absorption bands. It 1s found, by substltutlng

// the values of the rotational constants of cis-C, S (Table

2 2 2
4) 1nto equatlons 1l and 2 of Section 3.4, that X = l 491 and
Y =-0. 143, which 1nd1cates that thlS molecule closely approx-h
imates the rotors numbered 16 and 25 in reference 105. The A-

”_and C—-tyne(bands caléuiated for these rotorsrboth have !

distinct‘P, Q_anc R branches, and therefore an AC hybrid -
-band also has-PQR structure.~ Aa B—type band- on the other
hand is predlcted to have PR structure.Thus, theseven
bands whlch clearly have PQR structures, at 3052 o, 2272 4

- J332.6 971.9. 756.8, 654.7, and 614 8 cn 1 can confldently.
be a551gned to A‘ modes, and the two bands which clearly

have PR structures, at‘1310.0 and 921.3 cm } can confldently

e}



" - ;. | 136.

A-

FIGURE 22, Pro;ectlon of cis- CZDZHZS on the zX (1)

vand zy (Ll) Carte51an planes,'show1ng the relatlon—

ship. between the Carte51an axes and the a-, b~ and -

c—'prlnclpal axes of 1nert1a

fr=va
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be assigned to A" modes. The absorption c¢lose to 1075 cm !

may{be.due‘to the'superposition_bf absorptions by the

eigbth A' mode and a third A" mode, but, at this stage these

-

| g&hes cannot be confidently essigned;
;/b | The vibrations must be numbered in thevorder.ef de—b
; creesing frequency within eacb symmetry‘class. Fof the A’
ZA{Vibrations'thisiis trivial since ohlyione”vibration is not
Eassiéned and tﬁetwone.undoubtedly‘is the A! C—C.str§§ching 1
mode, Vs i h‘should’abserb somewhere between tbe A?
frequencies 971.9 and 1332.6 cm-l. In addltlon, thewbands
at 3052.0, 2272.4, 1332.6 and 614.8 cm - can be assigned
to the A;'C—H.stretchlng v1brat10n{ the A' C-D sq;etching
vibration, The‘A; HCD defofmation{ ana the A' C-S stretching |
v1bratlon, respectlvely. The other A' mOdes must be C&H
or CCD déformatlons. The A" C—H and C-D stretchlng modes,.'.‘b
69 and le' mast absorb above 2000 cm -1 and are'probably
k'acc1denta11y degeneragg w1th the A' modes at 3052.0 and
2272 4 cm 1, respectively. The A" mode at 1310 cm } is
undoubtedly the HCD deformatlon v v

Il 12
. s : oo
about 1075 cn 1. 36‘921.3-cm -1 is probably due to v

is probably_at

13°
. 2 N . . - . . L ]
vl4_andbv15.are not pbserved, but Vig 1S probably the A

C-S‘stretchihgvmode and'is,‘most'likelygﬂnearly coincident

with the A' C-S stfetching mode'at 614.8 cm 1. Thus, v, to

12

v must be descrlbed as CCH or- CCD bends.

rqv

14 ‘
Flgure 23 sbows %he relatlonshlp between the Cart-

esian axes, as deflned in Flgure 21, and the pr1nc1pa1 axes

of 1ne:t1a of transeczquzs._ It is’ seen that the x- and y-’

>

N
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- . t
- .

"~

(i)

B (ii

>,  FIGURE 23. Progectlon of trans- C st on the zx (i)

PR
and yx (ii) Carte51an planes, show1ng the relatlon—

Shlp between the Carte51an axes and the a— b- and

c=- pr1nc1pal axes of 1nert1a.g;

o
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Gartesian.axes both lie in the bc plane of the molecule
and the elght A vibrations glve rlse to A—type bands and o %}
:the seven B vibrations glve rise to BC hybrld bands (104
105). The values of the rotatlonal constants of trans-

CZDZHZS substituted into equatlons 1 and 2 of Sectlon‘3.4

| yield X = l 479 and Y =-0.139, which 1nd1cates that thrsw,‘

molecule closely approx1mates ‘the rotors numbered 16 an‘,f
.25 of reference 105. Both A-type and BC hybrid bands {o
_ these rotors are predlcted to have PQR structures, sgLno
;dlstlnctlon between modes of A and B symmetry can be made
‘on the ba51s of band shape alone. o ' \”

Several frequenc1es:u1the spectrum of tgans Czbzﬂzs‘
(Table 14) can be a551gned in v1ew of the ass1gnments |
‘presented 1n Tables 11 12 and 13. The bands at 1113.4 and
617 5 cm -1 most - probably arlse from the A C-C stretchlng

‘mode (v ) and the A C-S stretchlng mode (v ), respectlvely, '
| and are ass1gned as such in Table 14 The bands at 3051.0

and 3044.2 cm -1 obv1ously arlse from C-H strechlng modes:

rﬁ”‘and those at 2272 2 and 2262 6 cm -1 from C-D stretchlng

\_

modes, although it rsrmn:known whether the A or B modes have “l
the higher frequencles. Also, the two HCD\deformatlons are |
'expected to absorb close in frequency to the very weak
features observed at 1315 2 and 1293 1 Cm 1.

“The a551gnment of the frequencxes of the gaseous mole-

_ cules whlch have been made in thlS sectlon were used as data

for the calculatlons whlch are descrlbed in the next two

-~
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_sections. These calculatlons allowed further a551gnments

to be made, as dlscussed later.

,4;5. Computer Programs‘and the G and F Matrices

The. normal coordlnate analy51s was carrled out w1th
the aid of the programs VSEC and FPERT (138) which were
wrltten by Schachtschnelder._ These programs use the “
wellfdocumented GF matrlx method (100) to calculate theh
v1brat10na1 frequenc1es1 Vs and the'elements; ik’ of
the elgenvectors. The normal coordlnatesJ Qk’ are re-

lated to the n 1nternal coordinates, Ii,-by n‘expres—

ons.of the type'
i ) ' : '
3N-6

I, = ¥ w0 (1)
‘1. k=1 1k ‘k _ :

where N is the number of atoms in the molecdle, There-
fore the'elenents 1'k with k constant prov1de a des-

th normal v1brat10n. VSEC and FPERT

cription of the k-
.‘calculate the frequenc1es from the G and F matrlces
Asupplled and in addition, FPERT, compares the calculated
_frequenc1es with the observed ones, adjusts the force
v constants to 1mprove the fit, and contlnues untll a

satlsfactory solutlon is reached If the G matrlces

and. observed frequenc1es of two or more 1sotop1c mole—‘
. cules are supplled, the same force f;eld can be refined

o sxmultaneously fit the frequenc1es of all the mole-
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cules. VSEC, which does not refine the force constants,

~ was only used in the latter stages of the- ana1y51s to
calculate the forms of the vibrations in terms of methyl—
enic deformatlons, nags, etc.

_The 9 matrix elements were calculated for each
isotopic modification of ethylene sulphide fron the molec-
ular parameters listed in‘Table 3 and the atomic masses
(101), using the programs CART and éMAT (103); ' The non-

Vzero G matrlx elements for each molecu&e are presented
in Appendlx I, where each element is identified by two
1ntegers, i and j, whlch refer to the 1nterna1 coordln—
ates,'Ii and Ij"respectlvely, as defined in Table 5.
‘Only the elements for Wthh i< J are listed in Appendlx
* I since the G matrices are symmetrlc.

The force constants Whlch are descrlbed 1n thls ~

work are de;aned as/the coefflclents £. J.ln the expres-
v S v _

G- 4

'sion ”f R g
» ‘ ‘ e

¢
X S
n, . ) N
L f.r. i @

ilj=l J -
where V is the potentlai energy of a molecule 1n terms
of the n 1nternal coordlnates under the harmonlc
approx1matlon. The matrlx formed by these coeff1c1ents
v'1s termed the F matrlx.‘ When 1=J the coeff1c1ents, fii'
- are referred to as the d1agona1 force constants, and B

when i#j the coeff;clents,,flj, are referred to as the
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interaction constants.

The potentlal energy, k' of a partlcular v1bra—,

7

tlon w1th normal coordinate: Qk and frequency vk is

given by (100)

Vk = 1/2 lk Qk . . ':,‘ (3)

v‘where»ik = 41]] vkz, and-is also given:by

n

v, = > (PES,... . (4)
T . . k i itk & S
where: : R ‘
(PED) ; 5y N (3)

k
Thus each term (PED)..k with k'constant'describes'the
contribution to the potentlal energy of the ktb vibra—“ ;
tion fromtﬂuaforce constant £. J. The complete set of
' these terms w1th k constant is called the potentlal

x

energy dlstrlbutlon for the k th v1brat10n, agd proyides
aidescrlptlonof the v1brat10n which supplements that
given by the elgenvecto* ',.. ‘J fl:'” : -'ﬁ'

| The general harm0|‘c force ileld for C2H4S orﬂ
_C2 4S contains eight 1ndependent dlagonal force con-
stants and sixty- one 1ndependent 1nteract1on constants,”
and it is assumed that thls force fleld is also valld |
for c1s—-and 55325 C2D2H28 The eight dlagonal force/
constants in the general ‘harmonic force fleld w1ll be ;:

denoted by F(CC), F(CS), F(CH), F(HCH), F(SCH), F(CCH),‘j'

o
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F(CcCs) and F(CSC). The first three force constants'are
due to the forces which oppose the'extension or contrac-
tion of the C-C, C—S.and C;K bonds, respectively, and have
\unlts of mdyne‘/ A Theaiatter five constants have units
'of mdyne—A »and are due to the forces whlch oppose the
Jdlstortlon of the HCH, SCH CCH, CcCS and CSC bond angles,
4 respectlvely... " 9#'

The interaction constants account for the change
»1n stlffness of a bond or bond angle a result of the

pN—

dlstortlon of another bond or bond angle. The inter-

'~yact10n constant between two bond-stretchlng coordlnates,

QlR and RJ (Table 5), 1s denoted by f(R R ) and has
un1ts of mdyne‘/ E The lnteractlon constant between
‘a. bond-stretchlng coordlnate, R ’ and an angle—bendlng

v.cngdlnatej ajk #is denoted by f(R ,a ) and has un;ts
of mdyne, whi e the interaction constant between two
of md hile th , bet

3 . '
angle-bendlng cobrdlnates, aij and”akl}'is‘denoted by

f(a 1) and has unlts of mdyne~h

-4

. Because of symmetry, many of the force constants
deflned 1n equatlon 2 are equlvalent and, for the sake
3'of srmp11c1ty in thls work, a reference to a partlcular

v*force constant 1n an equlvalent set w111 also 1mp11c1tly

-

”"refer to.the othér members of the set. Thus, for:

?’

-~

example,;the d1agona1 constant F(HCH) refers to both

v F(H4qi -) and F(HGC3H7) (Flgure 21), and reference to

]f(a14,a34), whlch descrlbes ‘the 1nteract10n between

1_’
L4
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the C3C2 4 and SICZH4 angle-bendlng coordlnates, also

“\implies reference to f(a15 ).

\

£ ("16"’26) and £(a;,

1@35), 1®o7

4.6 = Development of(the Force Field

Initially onlthhe observed frequencies for
CZHdS (Table ll)'were used in the calculation.‘ The
initial values of the diagonal force constants are Shown.
in column #1 of Table 15, thg walues of F(CC), F(CS),
F(CCH)'and‘F(SCH)‘having been taken from-the force field
‘for CZH4S reported by Freeman and Henshall (133) The
values of F(CH), F(HCH), F(CCS) and F(CSC) are close to
the values of analogous force constants 1n the force
'fleld of methylene cyclopropane reported by Bertle and
Norton (130). The frequenc1es of C2H4S calculated w1th
thls 1n1t1a1 force f1eld are shown in column $#1 of
Table 16 which also contalns the experlmental fre-
quenc1es.’ The dlfferences between the calculated and
,'observed frequenc1es are, on the avér%ge. 84.0 cm: l'or '
~6.99%_, -and were too large to allow FPERT to reflne
this force field. The potentlal energy dlstrlggtlons

3

’ (Sectionv4‘5);%evealed that F(CCS) and F(CSC) did not

_contrlbute srcnlflcantly to any of the ‘riormal modes.

Thus these two dlagonal force constants were constralned
to zero and FPERT did then reflne‘the remalnlng 51x s \
V‘constants. The f1t between the eleven observed fre—

-quenc1es of Czﬂds and the calculated ones d1d not im-
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TABLE 15

“
Pbrce Constants for Et;ylene Sulphide a,b ;
Constant  #1 2 3 #4 _ _Final  Error®
F(CC) 4.5  4.382  4.548  4.650  4.777 _  0.122
F(CS) 2.8 2.937 2.399 . 2.404  2.492 0.107
F(CH) 5.0 5.102 . 5.109 = 5.101 . 5.104 0.012
F(HCH)  0.41  0.391 - 0.467.  0.264  0.772
F(SCH) =~ 0.47 0.583 . 0,544  0.585 0.576
F(CCH) 0.77  0.504  0.599 0.766  .0.344
F(ccs)  0.50 0.0 0.0 0.0 - 0.301
F(cs)’ 070 00 00 00 00 = —
F®R,R)? —  0.014  0.019  0.029 0.019 _ 0.014
N r(ala,a343d-———— -0.182  -0.252  -0.193  -0.348  0.035
'_r(nl,ulé) 10.275  0.256  0.293 " 0.046
. FRja,0)0 — — 0227, 0.243 . 0.3
F(aas,a67)d{ S “oXl6 - o. osg=ni5j _ D
F(a,» ls)d ' \Jf_?EZ; 0. 190 W‘.h\"
F(ag,.a, )d - 0.004
F@ g 16)d —— . -0.045 D008 e 00
F(a 0,00 - = 0.072 -~ 0.008
r(alk,a35)dj - . — - ~-0.180 . 0.083
PR 0,00 | - —— T -0159 . o0

A

|

" P 3:5%
£§3 The units afe mdyneIA for bond-stretching force constagtsmand stretch--

stretch interaction constants, ndyne for bond stretch—angle bend
-interaction constants, and ldyne-A for angle—bending force constants
and angle bend—angle bend interaction constants. )

- b) Force constants which are shoun as zero were constrained to zero dur-
ing the. refinement of that stage.

bc) Statistical error calculated by program (138) fron relationship '

between force constants and frequencies. o ' ‘ o

’ d) A1l force constants uhich-are_eqnivalent to this under sz syumetry'

had the same value.
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TABLE 16 ’ |

Observed Frequencies for_Gasebus‘C2H4S énd those Caléulated with'the 
Force Fields Shown in Table 15%

. oB a1 #2 124__#_4_ Final
v,  3013.5 2985.5  3017.8  3018.8 3019.6 - 3018.5
V, , 1456.8  1684.6  1486.7 - 1452.1 - 1463.9  1466.0
Vi 'i}o9:3 1101.5  1115.1 | 1106.3  1124.3 ©  1107.1
v, 10240 916.1  952.7 979.6 - 999.1 1023.5
v, 627.3 651.5  657.2  640.1  640.8 . 633.3
Ve ~ 3088.8 3107.0° 31079 13103.8 3109.2
v, 1364.3  992.4  °1051.9  1083.4 1160.3
va{. - 765.1  894.5 - 847.2 896.5 ~ 890.2
v s 20753 30085 03011.2 - 3011.2 . 3010.4
viov 11435.9 1616.2  1409.7 1440.2 1432.3 ©1431.9
v); 1050.8 975.0  1052.4  1063.4 1057.6 1060.2
Vg  ;‘653.3 616.1 . 586.8 583.9 645.9
Vi, 3088.0 3075.4  3101.6 31019 A3096.7“ -~ 3100.6
914, 945.2  1143.5  951.3 962.6  950.5 o 947.1 :-Sﬁ
Vis 824.3 - 8016 817.4 -.‘311.14  A '817,9 E "820;5
g::;gsg 40w 181 !l 122l 9.1 em? 5.3 cut
3 .

6.992  1.68% 1.152 0.84% " 0.40%

<
2.

a)'Obserﬁed and calculated frequencies in éﬁ—1 ' 

b) Error in cm - calcula;ed_ffom~[ §:

v (obs)--:V.(calé)
x| K , '

'J/n where n
is' the number of observed fréquéncies; Percent error calculated from -

v, (obg) - v, (calc) ' :
. [.E:, k k. y x 100%]//n.
k .

v

» . . ' A i ) .
o, - e . - . . v@
. Vel . .

 yk(obs):
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At this point inter-

action constants were introduced into the force field and

. .
all constants,

except F(CCS) and F(CSC) which were both

constralned to zero, were reflned after each addltlon.

The flrst 1nteract10n constant which was added to

LAE

the diagonal field was f(R4,R5), whlch takes into’ account

the 1nteract10n between the two C—H stretchlng dlsplace—

ments on carbon atom 2 (Flgure 21)
| symmétry of C2H4S the 1nteractron
equlvalent-to f(R4,R5). Thesewtwo
improved the agreement between the

l,‘ X

"_C-H stretchlng frequen01es, 1,'v§
1nteractlon constant, f(dl4,
to f(als, a35), f(a_s, 6) and f(a

Because of the
constant~‘f(36,R7) is
equivalent constants
observed and'calculated

and \V) ‘. A~second

13

ol

34); whlch is equlvalent

), takes 1nto

17° %27

account the 1nteract10n between the CCH and SCH angle—-

bending coordlnates whrch 1nvolve a common hydrogen atom,

‘and 1mproved the agreement’between

the observed and cal-

a

‘culated methx}enlc_freguencles, vzf:vg;.vlo, Yg?k7vi4

and v . - - i

]_5 : - v Q & ‘ S
;ghe frequenc1es of the ten fundamental V1bﬁ%tlon§»

assrgned for C s (Table 12) were

2 4

) , f" § o
S

gk
then lncluded r? the
\

calculatlon and the force fleld was ref;ned to fit the ”. « -

frequenc1es of both C.

274 2 47

H S and C.D,S.

The force constants s

@ 0

and frequen01es so obtalned are. shown 1n columns headed LJ

#2 in Tables 15, 16 and 17 Table

~

17 also contalns the
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TABLE 17

Observed Frequencies for Gaseous‘Cznas and Those Calculated with the

Force Fields Shown in Table 152

o a2 5. # Final

vll 2212.5 2214.1  2207.9 - 2209.5 2210.5

v, | 1257.3 1151.1 1178.9 1186.8
v, %46 943.6 " 961.5 . 951.0  949.4°
v, T766.5 ! 796.8 . 766.4 - 1783.1 764.3

v, 613.3 547.3° . 593.8 599.9 - 610.1

Ve 2326.1  2327.3 2326.5 2333.4 -

v, - © T3 822 861.0  922.0"\\
R  ‘. 632.8 - 611.3  635.6 630.3
v 2135.2  2183.8 2184;1 © 2182.9° 2184.8
v, 1064.2 1056.4 1059.5  1076.8  1066.6

v, 830.7  865.6 849:b | 818.3 827;9‘

v, - 546.3. 546.2  549.3 607.0

V., 12331.3 2312.7 © 2312.3 2309.1 . - 2312.1 '
vy, 710.8  709.0 . 698.4 .  706.8 + 7075

Vo 578.1 s83.4 594.8  584.5 sg4.3

Average 16.9 cn ! 11.6 ol 10.2 cal 4.9 cm )
Error® 2,192 1.37% . 1.08% | 0.46%
. h A . o . _ 4 : ) N ),‘,

a)’ Obsérved and calculated f;equenciés in ch.l .

b) Defined in Table 16.
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experlmental frequenc1es for CZD4S ‘The frequenc1es of

2 4S were reproduced with an average error of 18 1 cm -1

.or 1. 68% and those of C2D4S w1th an average error of 16 9

.cm or 2.19%. The,largest percent error occurred for

5 2 4S, which
-1

was calculated at 547.3 cm—l'but a531gned at 613.3 cm .

the A, C-S stretchithg vibration, v_, ‘in C
Attempts were made to - 1mprove thls fit by allow1hg F(CCS)
and F(CSC) to be reflned but these attempts led to an
unstable solution, no doubt due to the redundan01es in<
volved. Thus, these two force'constants_were'reconstrained

»4' .
\\

' No improvement. 1n the overall fit'was obtained by -

to zero.

1ntroduc1ng any of the follow1ng interaction constants,

,;

one:equlvalent set at a tlme:“f(Ri,R ) == f(R .R );:

f(Rz,R3); f(Rz,a = f(R f(R3,a ) = f(R3,a

2'%7) = 34

26)

5).-’
=‘f(R2,u '

,f(Rz.Gls)

f(Rl.a14) = f(Rl,als) = f(Rl'alG) = f(Rl,ul7). gpowever,

when f(Rl'al4) and f(Rz,a 6) and thelr equlvalents were
"added to the force fleld together, a solutlon was found

whlch reproduced the observed frequenc1es of C2H4S and

CZQ@S with an average error of 1.30% in each case. How-
' ever. the B1 CH2 deformatlon,v 10. was calculated at

a hlgher frequency than the Al CH2 deformation, v,, in

2

,C284S Thus the constant f(a45,u67) was added to the
force fleld and all force constants except F(CCS) and

F(CSC) were reflned to the values shown in column #3

o'
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of Table 15. The frequencies which were calculated for

e :

C2H4S and CzD4S wlth thlS force fleld are shown - in the’
columns headed #3 in'Tables 16 and- 17, respectlvely, and

-». the average dlfference between these frequenc1es and the

| expe‘£Mental ones is 12. 2 cm -1 (1\15%) for C2H4S and

?Cm (l 37%) for CZD4S

( f At thlS p01nt, the frequenc1es of the normal modes
.

of c1s-CZDZHZS and trans 02 2H25'were calculated tising
force fleld #3 and are shown in the columns headed 3
“in Tables 18 and 19, respectlvely. The frequencies of
.the n1ne fundamentals of. c1s432D25 S(v 2% v3,v 50 Ver
’v7, vgr 11, 13) and the two* fundamentals/éf trans-
C2 2528 (v{ and Vg ) whlch were a351gned w1th confldence
in Sectlon 4 - 4 are also shown 1n these tables: and the

s

é@uencxesand those
-1

A average dlfference between these

calculated wlth force fleld 3

"1 2.5

is 17 lem & (1. 57%) for .

N cis- CZDZH and 22.6 cm

- However, ‘*ﬁsfforce field

) for trans CZDZHZS

uld not be further refined

to a stable sobutlon ?hen these nlne observed frequenc1es
' A

-for cis- Czbzﬂzs and two observed frequenc1es for trans- §)f'
‘C2 ZHZS were 1ncluded in the reflnement process. Sinoe

the largest errors: 'een the observed and calcuIated
. 9

frequenCiesﬁpccurrt r the methylenlc modes, the inter-
actlon constants whlch 1nvolve the c8H and SCH angle—

: bendlng coordlnates, f(u f(a f(a

14°%s) = 16'“17)' 34°%35) =
_rf(azs,a27) and‘f(ul4,a16) = f(als,ai7), were;added to the
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~ TABLE 18
Observed Frequencies for Gageous cis- CZDZHZS and Those Calculated'
‘ vith the Force Fields Shoun\ﬂn Table 15

v 3052.0 © 3063.0 3060.6" 3062.2
vér”_ 2272.4  2251.5 '2257:0 2259.1

v 133206 1303.3 . 1320.4 ©1329.2

Y (1083.7) 1078.3 1090.9 - 1080.0

vy . eng 969.4 969.1 . 967.5

v 756.8 7410 753.2 7602

v, ", 654.5 1 - 659.4  660.1 - 657.6 ~
vg 614'8, 610.8  609.4 © 608.2 f
vy R  3063.3  3061.0 'f N ;063.7,//‘
vig . 2253.4 " 2252.8 A 2257.4

v, o 1310.0 12923 1305.7 | 1302.7

Vi (1068.5) - 1028.5 1001.8 . 1068.1

Vi, 921.3 867.5  920.3 1 917.8

V14 . 698.1  712.1  719.2

Vs | 556.7 560.5 615.8
Average . 7 _ _ ' - _— f BRI P
— | 171 el eS5cl 5.4 cm 1

1572 0.537 - .. 0.45%
-1

a) Observed and:calculeted'frequencies in cm ,
b) The frequencies in brackets could not be confidentlygassigqu from :

the experimental data and were only includéh in the later stages :
" of the refinement. e '

c) Defined in Iable l6. Frequencies in brackets were included in
" error calculations wite final,force,field only.
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TABLE 19

Observed Frequencies for Gaseous trans- CZDZHZS and Those Calcurﬂted

with the Force Fields Shown in Table 15

5y _
_oBs . B # . Fina
v; [3051.0] - . 3066.5 3064.5 3067,
v, [2272.2] g 2265.2 2266.2 w  2270.2
vy [315.210 .Y 13061 L 13%0.2  1338.3
!va“vnl113.4 ) - " 1083.4 N ’i104.1 lr;;l ‘l118;§’? .
st B | | 995.4 ©  984.8 1026.1
- Vg i[867.7] = 842 f7i'874.7 . §}é.5 -
v, . [704.51 . e95.5 ;"711;1N,J  698.7
Vg 617.5 o 602.3 6082 6167
(Y [3044.2] S 50§9f9 '_ -3°5;¢°:j '-_*3958,8 S
vy [2262.6]1 2455 22635 2245.9
vy, [1293.1] 1287.2 '”1gs9ﬁz* 1887
v127(1002;8) i 1023.8  1012.6 - _;;1001.9 |
vy U738 gesi2 L sele 188 o
Vig [668.2] - | 673.1> »?ﬁ;ixisésga'v_ o 659:1:--7
.>v15‘ (618) R 560.0 = | ' 563.;-"4_’_d 6;8{2';
Averagg ' e 22.g.cn.l ;:,'5.3‘cn%i ";:i2;1:cnfi | .
Eror™ 2.587 fi.izzr'\‘ oaxr .
: e) Observed and calgulated frequencies in‘cm 1

b) The frequencies in brackets could not be confidently ass1gned from

~ the experimental data. Those in _round brackets were included in the
late stages of the refinenent. and those in square. brackets were not
included in—the refinement. ‘ o

c) Defined in Table 16. Frequencies in round brackets were included in
error calculation with final force field only. ’ h
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- force field, one equivalept set at a‘time,'and all 1. rce

constants“except F(cCs) and f(CSC);were refined after
each addition.- The force field and the.calculated fr-
quenc1es so obtained are presented 1n ‘the’ columns headed
#4 in Tables 15, 16, 17 18 and 19 At this p01nt 1n
the calculatlon the average error between the observed

~

and calculated frequencles of all four Eﬁotoplc molecules

‘ was, 8.7 cm -1 or 0. 85%.

-

The calculatlons wlth force field #4 predlcted
that cis- c DZHQS should have an A' mode (v ) at 1090 9
cm -1 and an L mode (vy5) at 1001.8 cm 1., When the infra-

red. spectrum of cis- CzDzﬂzs which was recorded by Othen

(Table 13) was examlned in greater detail, it was found
that the broad compllcated absorptlon close to 1075 cm -1 :

could be reproduced by super1mpos1ng a band w1th/§bs
h
structure at 1083.7 cmll_and a band w1th PR structure at

1068.5 cm 1. In view of the band shapes (Sectlon 4. 4)

and the predlcted frequenc1es, 1083 7 cm lpwas a581gnedv

o

0 . T
The shape of the absorption At 1002.8 cxn-l in the

‘tofy4_and 1068.5 cm -l was as51gned§fo v12°

b

1nfrared spectrum of trans C2D2HZS whlch was’ recorded by
Othen (Table 14) was also examlned in greater detall at ‘
thls p01nt “In Sectlon 4. 4 1t was shown that modes of

A symmetry in trans CzDzﬂzs should give rlse to A—type

o 1nfrared absorptlon bands and modes of B symmetry should

ot

glve rise to BC hybrld bands, and that the shapes of these
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'bands can be predictedvby considering the shapes of the
.A—,fB- and C-type bands.for rotors numbered 16 or 25 of
_ reference 105. It is found that a pure A-type band has
PQR structure with the Q branch belng more intense than

~either the P or R branches. ‘A BC hybrrd band also has

" . PQR structure but whether or not the Q branch is more in-

Ly L

_dtense than the P and R braxches depends upon the amount
- of C-type character (105)._ Slnce the Q branch of the band
at 1002.8 cm -1 in the 1nfrared spectrum of trans- CZDZHZS
1s less 1ntense than the P and R branches, this band
'VCannot arise from a mode of A symmetry and therefore it
was assigned to a B mode.' The calculatlons u51ng force-
“fleld #4 predict that the B mode v12 should absorb at
l012.6 cm_l'and ‘thus v12 was a551gned at 1002. 8'cm—l.

The 1nclu51on of the two extra frequenc1es of
! c1s C2 ZHZS and the extra one of’ trans C2 ZHZS in the
| calculatlons worsened ‘the overall fit between the observed
frequenc1es and those calculated with force fleld #4 and,
‘even after several reflnements of this force field, the
average error was greater than 1.0%. Slnce force fleld-#4_

'contalned the interaction constants, f( = f(a

®14'%6) 15°
17), whlch take 1nto account the 1nteract10n between CCH‘

angle-bendlng coordlnates whlch are ‘cis' to each other,
1t seemed logical to add the 'trans 1nteractlon constants,

f(a 4'“17) ; f(als.dls). However,,when these force con-

stants weré added to the force field, an oscxllatory :

. S
C » &

b
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e

solution was obtained.‘ Slnce f(a45,a67) oscillated about

poant were the symmetrlc C—S stretchlng frequenc1es, v

J"

'('/a

modlflcatlons was at 578 1 cm

I .
.

foe

jy-hentered close to 618 cm
od

T uida
Sad

"
o
o

.1‘

zero, thls constant was constralned to zero and the sub—
« O
sequent reflnement of the” remalnlng foﬁce constants gave

7ff a great 1mprovement in the overall f t of the observed

&

0.

s

“The frequenc1es whlch were most in error at thlS

.u‘.'>gu
o

5
: 1n Czﬁzs and CZD4S “and V8 ln cis and trans- CZDZHZS.'AIS?;
all of the asymmetrlc C—SJstretchlng frequenc1es,“ lzfin
S and C2D4S ‘and Vlﬁmin cis- and trans C2D2H28 were’

calculated below 600 cmdl; However, the only bandVObserved';

below 600 cm 1 in the spectra of the various isotopic U

-1 in the specérum of C2 4S,‘_

aﬁd thlS band was clearly due to a B2 mode (Table 12). A‘?-

closer rnspectlon of the band at 617.5 .cm -1 1n the spectrum

of trans C2D2HZS revealed a shoulder at about 610 cm 1, ~

wh;ch can be a551gned to the P branch of a weak band

Thus the B C—S\stretchlng
mode was assigned. at 618 .cm ; in trans CZDZH S and thls
-

frequency was 1ncluded in the refinement. ' A stable solu-

‘tlon was obtained ‘only after the dlagonal force constant'

_F(CCS) was ‘again 1ncluded'in the refinement. Then all

asymmetrlc C-S stretchlng modes were calculated to absorb

w1th1n,6_cm'1 of the~symmetrlc C-S. stretching mode in the

_same’molecule. This suggests that these modes are’ nearly

L4

.+ . degenerate in all four 1sotop1c modlflcatlons.

L
s
e

g 117,_'"4f1:;,,
PRivS NG
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The“constrainﬁ on F(CSC) was then released but, a

‘wildly oscillating solution was -obtained so this‘constant

was reconstrained to zero. The introduction of two

additional sets of 1nteract10n constants, f(al4,a35)

f‘“15’°‘34) % f (a 16’ 27) = f(al:_7,a26) and f (R
f(R

1'%34)
,s F(Rl,aze) = f(Rl,a27), 1mproved the overall

Y

1°%35)

fit of the frequencies to an average error of about 0.41%.

¥
The 1nteract10n constant, f(a 4,a35) f(a 6'“ 7), wasé

constralned to zero because the calculated uncertaanty

' 1n thls constant was larger than 1ts value, but thlS v.h"'

caused no 51gn1flcant change in the fit of the observed
frequenc1es.» At this point no further 1mprovement in thegV
f1t of the calculated frequenc1es to observed frequenc1es o

was considered ‘Justified 51nce errors of 1% can ea51ly

' arise from anharmOnicity in the observed frequenc1es (139)

K}

Thehfinal fOrce'field is shown in Table 15 -and the fre-

quenc1es calculated with this force field are showﬁ%ﬁﬁ .
: RRTY R %{ .

Tables 16—19. | '_ . A

Pl

4.7 Discussion
e er

The comparison of the'observed frequencies~(Tables

11-14) wlth those calculated w1th the final force field
(Tables 16—19) allows many of the remalnlng actlve funda-
mentals to be- ‘recognized 1p the spectra and a551gned

~. ~;l

as’ 1s summarlzed 1n Tables 20 to 23. 1In particular, the

bands at 3051 0, 2272. 2 1315 2, 867.7 and 704 s el in .



The Assignment of the Fundamental Frequencies of C

TABLE 20

21,

157.

&

. - F'“req’uencies/cm—1
‘Mode Observed Calculated
v 3013.5 13018.5
AV, 1456.8 - 1466.0
v, 1109.9 1107.1
v, 1024.0 1023.5
v 627.3 1633:3
A2.v6 ‘ff*—_‘ 3109.2
.‘42‘v7, _ 1160f2
A, Vg —_— . 890.2
B, Vg 3013 3010..4
By Vi,  1435.9 1431.9
B, Vi 1050.8 - 1060.2
B1 YIZI _— 645.2
B, v,  3088.0 23100{6
B, v, 945.2 “947,14:
By Vg 82473:, 820.5 |

Description®

Symmetrié CH2 stretch

90% CH

2
102 c-C

902 C-C
102 c-s

deformation +

stretch

stretch +

stretch

CH, wag

2

90% C-S
107 c-C

Asymmetric CH

75% CH

2

stretch +

stretch

2
rock + 25%

Stretch

CH cuisc”

2
75% CH

2

Symmetric CH2 stretch_]f

2

twist + 25%

©. CH rock

CH deformation

2 N

CH2 wag.

BSZ'CfS'stretch +

" 45% CH

2

. 15% CCS bend

' Asymmet%ic CH2 stretch.

twist + 4SZﬂ-

2 rock +

twist

a) Determined_frOm the potential energy distribdtiqn in Appendix III. .

-

N

R
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TABLE 21
l G "
Thé Assigmment of the Fundamental Frequencies of CZDAS
' T ‘
"'\.l"requencies/cm_1 ,
» Mode . : Observed : Calculated ’ Descriptiona
ALYy 2212.5 . . | 2210.5% © Symmetric CD, stretch
A, v — : .1186.8 - 60% C-C stretch +
1 72 ’ PV . , . . :
IR ' ‘ 40Z CD,, deformation
A vy 9%6.4 - 949.4 45% C-C stretch + <
' ’ ' - a4SZ_CD2 deformation +
102 CD2 wag
A v, ©766.5 ~ 764.3 ~ 80Z CD, wag +
’ . 20%Z C-S stretch
A v '613.3  610.1 - 90Z C-S stretch + '
' o ‘ ' ' 10% ¢-C stfetéh‘q
B Az v6 —_— . 233£%4 ﬁf,i : }Astmetric:CDz stretch :
Ay vy 922.0 80% CD,, rock + N
' - .+  20Z CD, twist
-Az Vg —_— ~630.3 o " §OZ cp, t‘wi,stb+v
' ‘ 20% CD2 rock -
B1 Vg 2185.2 2184.8 - v Symﬁetric CD_2 stretéh
By Vio 1064.2 R ~ 1066.6 _ gOZ:CDé deformation + "'S\
10Z CDZ wag +
102 C-S stretch
B, v, 80.7 . - 827.9 - 902 D, wag + -
‘ ' N S, 102 CD, deformation
:Bl_vlz - - R 607.0 -851 C:S_stretch.+
- e L .7 . 15% cCS bend
' B2 v 2331.3 o 2312:i7" vASymmetric CD., stretch

13 2
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TABLE 21 (continued)

710.8 ‘ 707.5 . 50 CD., twist +

By Vi, 2
4 50% Cp, rock
..B2 vls, 578-1 585.3 - 50Z CD2 rock +2

'soz,cn2 twist

a) Determined from,the po;ential energy distribution in
Appendix ITI. = _ o '



TABLE 22

222

The Assigneyn; of the Fundamental Frequenciés of cis-C_D _H_S

= g Ffeduenciés/cﬁ—l
_ R - :
Mode . Observed Calculated
A' Vit 3052.0 3062.2
Ay, 2272.4 2259.1
A' v, 1332.6 1329.2
A' 94  1083.7 1080.1
AT v 971.9 967.5
A’ v 756.8 . 760.2
ATV esh7 657.7
f'Ar §§ ‘Q‘w36l4;8‘7" 608.2
2UATN 3052, T 3063.7
X :: alivw L B : .2'25‘7.‘4 b
e "' P . LT
4 'e.vylrﬁ_r 13¥0J 1302,7
-
'@i
¥

. a
Description

65%
15%
10%

- 10%Z

802

15%

5%
40%
40%

20%

857

- 15%

50%

352
- 15% CCH bend

75%

25%

- 652
25%
102

stretch

 stretch

HED bend +
SCH bend +
CCH bend +

C~C stretch

C-C stretch ¥
SCH bend +

C-S stretch

- A

CCH bend +
SEH bend +
uén bend
SCD bend +
SCH bend

C-S stretch +
CCD bend +

leo0.

C—S stretcﬁ +

CCD bend
stretch

stretch

HCD bend +

SCH bend +
CCH bend



A" \)

14

1068.5

921.3

TABLE 22 (continued)

1068.1

917.8

719.2

1 615.8

607
20%
10%
10%

40%

352

252
60%
15%
15%
10%

702

15%
15%

CCH
SCD
SCH
ccp
ccp
HCD
SCH
SCD
SCH
c-s
CCD
c-S
ccs
sCD

~a) Determined from the po;ential energy‘distripptions

vectors in Appendices II and III.

bend
bend
bend
bend

bend

bend

bend

bend

bend +.
stretch +

bend

stretch +
bend +

bend

and eigen-

+

" 161.



'.IABLE 23

l62.

'The'Assignment of the Fundamental Frequencies of

 Mode

S
Frequencies/cm ~ *

Observed
A vl '305}.0
U a
Av, 2272.2
2
A v3 1315.2
13
A va 1113.4
¢
A VS
A \’6 867.7»
Y
A v7 704.5
A vs‘ - 617.5
Bv

3044.2

Calculated

3067.0
'2270.2
1338.4

K3

1118.8

. 876.5

v N

. a
Description

C-H

c-D

652
15Z
102
10Z

702
20%
102

- 80%
102
102

- C-H

stretch
stretch

HCD bend +
SCH bend +
CCH bend +

C-C stretch

c-C stretchk+'
CCH bend +
CCD bend +

—

C-S stretch

C-C stretch +

CCH bend +

bend +

bend —

bend +
bend +

SCh-bend +
C—S'scretcﬁ +

'SCH bend

. .
C-S stretch +

c-C stretch +

SCH bend

stretch



TABLE 2- ’continued) .

/

B v 12262.2 2245.9

10
3 v, 1293.1 1288.7
B, 106_.7 - 1000.9
o .
e r
BV, 73.4 - 784.8
@
BV, 668.2 -~ 659.1
BV, 618 618.2

- a) Determined from the potential energy distributions and eigen—

vectors in Appendices II and III

75%
25%
402
30%
30%

702
202

10X

65Z
25Z

102

70Z
15
15Z

_stretch

HCD bend +

SCH bend

CCH bend +
HaD bend +
SCH bend
SCD bend + .7
SCH bend +
C-S stretch
VCED bend +
CCH bend +
HED bend

C-S stretch +

CCS bend +

cCD,SCD bends

163.
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the 1nfraned spectrum of trans CZDZHZS can be assmgned to

'modes of A symmetry and those at 3044.2, 2262 2 1293 1,
773.4 and 668.2 cm 'cax be assigned to modes of B sym-

/

metry. In addition, Viy of C2D4S is calculated to absorb

at 1186.8 cm 1, whlgﬁpconflrms 1ts a551gnment in this re-
' '

gion in the Rama%ispectrum of the lquld The calculatlons
also revealed seVeral near—degenerac1es whlch undoubtedly
account for the fallure to observe certain fundamentals

in the spectra. Flrst for cis- C2D2H28 the A' and A“

C-H stretchlng modes are calculated at 3062.2 and 3063 7

cm 1, respectlvely, and the A' and A" C—D stretching modes
A

are calculated at 2259, l and 2257 4 cm l, respectlvely.

Second the frequenc1es caiculated for the symmetrlc and

asymmetrlc Cfs stretchlng modes dlffer by only l.5-cm'1‘

| for EgasggpzDZHZS 3.1 cm_l for C, D48, 7.6 cm_l’forlgié_

1C D, H,S %ind 12.6 em ! for C2H4S - B

| The forms of.the’normal v1brations in terms of the

internal coordlnates listed in Table 5 are glven by the

j potentlal energy dlstrlbutlons and the elgenvectors

'(Secthm 4.5) which are presented in Appendlx IT for each

1sotop1c molecule. In thlS Appendix, the elements of

the potentlal energy dlstrlbutlons are llsted under each

frequency, in the order of the 31xteen non-zero force

constants in the ’flnal' column of Table 15. The elements
: !

of the elgenvectors are\llsted under each frequency,_ln

the order”of the internal coordlnates in Table 5. From
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Appendlx II it is not easy %H ife wh;ch of the v1brat10ns

of C H4S and C2D4S correspond to methylenlc wags, deform—

4
ations, rocks and twlsts. In order to describe the v1b—

P

‘ ratlons 1n terms of these motlons, the calculatlons were'

in Table 6 were used except for 84, S

repeated w1th the flnal force fleld for C2H4S and C2D4

wrh

u51ng VSEC (138). ThlS program gives the potentlal lg 2

energy distributions’ among the: dlagonal elements of- ‘the
symmetrlzed force constant matrlx,_gs, whlch lsrdefLHEd,:‘ﬁfy
(138) as: ) S

. rgmurdt W

where the Elements of the U'matrix, Uij' relate the qym—*

@metry coordlnates, S . to the 1nternal coordlnates, Ij'

)

through the matrlx equatlon

s=vI 2
For the calculatlon by VSEC, the symmetry coordlnates shown
‘S

5 6"'10' ll' 14'

‘ 15, 516’ 819 and 820' whlch ‘were rewrltten as the llnear

comblnatlons shown in Appendlx III to describe the methyl-

- enic deformatlons, wags,'rocks and tWIStS.‘ Appendlx III

also.shows the potentlal energy dlstrlbutlon among the
dlagonal elements of the F matrix which results from thls

calculatlon for C234S and C2D4S.

The calculated a531gnments of the normal modes of~

C2 4S and C2D4S as determlned from Appendlx IIX are summar-

“1zed in Tables 20 and 21, respectlvely,'along wlth the

o
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observed and calculated freguencies. Most of the vibra-
tlons of CZH4S can be reasonably well described by a

: single type of dlsplacement, e g. methflenlc wag; C-

| retch, etc. However, a s1gn1f1cant amount of m1x1ng

\a

occurs between the methylenlc twlstlng and rocklng vibra-
tifns. For C204S all of.the v1bratlons below 2000 cm’ -1
involve several types of dlsplacements, so the ‘descrip-
'g‘tlons of the v1bratlons as- tw1sts, rocks, deformatlons or

wags are less meanlngful than for C The calculations'

2 4
also show that for both C,.H,S and C.D S the A mode w1th

274 274 2

the greater methylenrc tw1st1ng character is- to 1ow fre-
.,quency of the Az mode with the greaterlnethylenlcrocklng
character, whic? 1s the reverse of the order accepted for
_ other molecules (Sectlon 4.3). This may‘lndlcate that the
relatlve order of these modes depends upon the substltuent
in the ring, or’ mlght reflect a def1c1ency in the final.-
force fleld although the frequenc1es calculated for the AZ
modes of C2H4S w;;h thls force fleld agree well with those
reported by LeBrumant (Table. 9). It 1s not surprlslng that

" these two modes mix since they have the same symmetry.

'The Al methylenlc wag of C2 4S is calculated at lower fre—

- quency than the C—C stretch .which suggests that the re-

verse order proposed by Aleksanyan and Kuz yants (Tables

9 and 10) 1s wrong. -

<

272 2 272
not be convenlently descrlbed in the. sameqway as. those of

: The V1brat10ns of c1s C D HZS and -trans-C H.S can-

C2H4S and CzD4S SO the potentlal energy dlstr:
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|
|

” ‘4.
'J\,-

' elgenvectors shown rn Appendlx II were used to 1nd1cate

AR PUCE

in Tables 22 - and 23 for c1s C.D.H

the form of these vibrations. It is more-apparent whlch

vlbratlons are SCH, CCH bends and whlch are SCD CcCD

-bends from the potentlal -enerqgy distribution among the -

- dlagonal.elements of the F matrix symmetrized psing'the

symmetry coordinates in-Tables 7 and 8. Accordlngly,
these dlstrlbutlons are 1ncluded in Appendlx III. The
1nformatlon glven in Appendlces II and Iz is summarlzed
S and trans C_D_H.S,

27272 T2°272
respectlvely, ‘by 1nd1cat1ng the percentage contrlbutlon

"Tto the potentlal energy from the dlagonal force constants

,’for each equivalent set df 1nterna1 coordlnates.\Except

for the C—D\and C-H stretchlng modes, most of the vibra-

Yo

tlons ‘involve more than one type of dlsplacement Tables

© 22! and 23, also include the observed and calculated fre-

e

quenc1es and ‘along with Tables 20 and 21, summarlze the

a551gnment of the fundamental frequen01es in the spectraf

.of the foyr molecules 1n the gas phase. N .

| ‘
" No. further reflnement of. the force fleld shown in

the 'flnal' column of Table 15 was attempted u51ng all
of the a551gned frequenc1es in Tables QO 23. The 51xteen "

force constants ;n thls force fleld reproduced the thlrty—

six frequenc1es which were 1ncluded in the flnal reflne—-

>

5;ment w1th an average error of 0.41% an@ thus, the force

(.

fleld appears to ‘be: qulte rellable. The uncertalnty in

each force constant is calculated by FPERT from the relatlon—‘
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ship‘between the freguencies and the force constants (l§8);A,
‘and is given,in‘Table 15. It can be seen that most of

the force constants are well determlnéd It should be borne
in mind, however, that magy force constants i the general /
valence force- fleld were not. con51dered at all in- thls'
work.n-Further, those forge.constants»that were‘tried and
rejected hecause they didinot improye the fit may well‘
have had an lnfluence if they had been trled at a dlfferent
. stage of the calculatlon. 'Therefore 1t 1s probable'that

the phys1cal 51gn1f1cance of the force constants obtained

is not great and further, that they should only be com—
pared with those obtalned for other molecules 1f the

force ﬁlelds for the other molecules contain similar 1nter—
«actlon constants to those used in thlS work.

Ihe most 51gn1f1Cant results obtained lQthls study
are belleved to be 1) that the potentlal energy distri-
1-but10n and the elgenvectors y1elded descrlptlons of the -
- various normal vibrations whlch were not greatly dependent ;
on: the force fleld, and 2) that the calculatlons 1nd1cate
”that the fundamental frequenc1es selected for the four

1sotop1c modlflcatlons of ethylene sulphlde are mutually

con51stent It is belleved therefore, that the fundamental'

o frequenc1es llsted in Tables 20 - 23 and the descrlptlons

"‘of the v1bratlons in terms of’ the 1ntramolecular dlsplace—
: v _ :
ments are rellable.

AN a
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APPENDIX I

.

e

coordlnates 1h Table 5.

179

G MATRIX ELEMENTS FOR C“H S, C2 4S,;c_is—CZDZHZS and
< - 4
trans C2D2H2$
(1) C2H4S
o
1 1 0.166667 .1 2 0.033774 1 3  0.033774 1 4 -0.038911 -
1 S -0.038911 1 ¢ —0.038910 1 7 -0.038910 1 =& 0.115402
1. 9, 0.115402 1 10 -0.002836 1 11 .-0.,002830 1 12 -0.002831
1 13° -0.002831 1 14 -C.068417 115 . -0.068417 1 16 ° ~0.068417
117  -0.068417 1 18 -0.041962 1 19 ' ~0.041962 1 20 0. 683925
2 2 0.114611 2 .3 0.021002 2 6 -0.034979 2 7 ~0.034979
2 9 0.103741 210 -0.004567 2 11 -0.00a567 2 12 -0.070223
2 13 -0.070223 2 14" ~0.014761 2 1S5S -0.014751 2 16 -0,003551
2 17 -0.003551 2 18 0.064535 2 19 -0.0517€9. 2 20 -0.012766
3. 3 0.114611 3 & :-0.034979 13 s -0.034979 3 g C.1037a1
310 -0.070223 3 11 -0.070223 3 12 -0.004567 3 13 ~0.204567
3. 14 -0.003550 3 15  -0.003S50 3 16 -0.014761 3 17 ~0.014761
3 18 -0.0S51769 3 19 ' 0.06a535 3 20 -0.0127¢6 & a 1.07%5427
4 S -0.036401 a g8 g, 069597 a 10 ~0.0<1662 a-11 0.082409
4 14 -0.050076 4 15 0.100630 a 16 02050076 & 17 -0.,041933
4 18 0.029181 4 19 -0.014278 a 20 -q,o:.oos ‘s s 1.075427
S 8 -0.069597 s 10 0.082409 S 11. -0.0416€2 S 1a 0. 100630
515  -0.050076 S 16 -0.041933 s 17 0,050076 S 18 ° 0.029181
S 19 -0.014278, S 20 -0.014903 & - 6. 1.075427 6 7 -0. 336401
.6 9 =0.069597 6 12 -0.041662 6 13 0.082409 € 14 0.050076
6 15 <0.041933 .6 16 ~0.050076 6 17’ 0.100620 € 18 -0.014278
6 19 . 0.029181 & 20 -0.014903 - 7 7 1.075427 7 9 -0.069597
"7 12 0.082409 7 13 -0.041662 7 1a -0.041933 7 5. 0.05C076
7 16  0.100630 7 17 —0.CS0076 718 -0,014278 7 19 0.02918)
7 20 -0.014903 8 g 1.916708 & 10 -0.692087 8 11 - ~0.692087 |
8.14 -0.,796177 .8 1S —0.796177 8 16 -0.012075 e 17 -o0. 0120751
8 18 -0.086546 8 19 0.042347 8 20 0.042199 9 g 1.916713
Y912  -0.692089 9 13 T =0.692089 9 1a. =0;012075 915 . ,-0.012075
9 16 -0.796181 9 17 -0.796181 9 18 0042347 9 19 -0.0865a5
S .20 0.044199 10 10 0.997526 10 11 ~0.002737.10 12 "0.007460
10 13 -0.009091 10 14 * 0.279417 10 1S -0.099738 10 16 -C,033031
10 17 0.062311 10 18 0.032508 10 19 -0.0490%6 10 20 0.016558
11 11 0.997526 ‘11 12 - -0.009091 11 13 C.0074€0 11 14 -0.099738
1 1s 0.279417 11 16 0.,062311 11 17 -0.633031 11 is 0.032508
11 19 -0.049066 11 20 0.016558 12 12 0.997528 12 13 -C.002736
12-14 ., -0.033030 12 15 0.062311 12 16 0.279422 12 17 -0,099738
12 18  ~0,049066 12 19 . 0.032508 12 20 C.016557 13 13 0.997S28
13 14 0.062311 13 1S  -0.033030 13 16 ~0.099738 13 17 - 0,279422
.13 18  ~0.049066 13 19 0.032508 13 20 ' 0,016557 14 34 T 1,053038
14 1S -0.062504 1a 16 -0.126058 14 17 0.105560 14 18 0.011411
14 19 0.025339 14 20 -0.036751 15 1S5 .1.053038 15 16  0.105560
1517 -0.126058 15 18 0.011411 15 39 0.025339 1S5 20  -0.036751
16 16 1.053039 16 17 -0.062504 16 18 0.025339 16 19 0.011411
16 20 -0.036750 17 17 1.053039 17 18 0.025339 17 19 0.9%114a1)
17 20 .-0.036750 18 18., 0.086450 18 19°  -0.058050 18 20 -0, 0268400
19 19 "0.086450 19 20 —0.028400 20 20 0.056801 -1 -
.\J;_L .
(a) The 1ntegers before each entry refer to the 1nterna1
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0.166667
-0.038911
. 0115402
-0.,002831
-0.068417

0.114611

0.10374)
-0.070223

' =0.003%51

0.114611
-0.070223
=0.003550
~0.051769
-0,036401
-0.050076
- 0.029181
~0.069597
~0.05007¢
-0,014278
—0.069597
-0.C41933

0.029181

0.082409

0.100630
-0.014903
~0.435901
-0.086546
~0.376545
~0,435904

0.044199
~0.009091

0.062311

0.570343

0.168023

=0,049066

. -0.033030
~0.049066
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-0.049066
-0.062504a

. 0.025339
—0.1260S8

0.625854

'~0.036750

~0.036750
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APPENDIX I'(coﬁtinued)

1T 2
T 6 -0.038910
1 10 -0.002830
1 14 -0.068417
1 18 -0.041962
2 3 0,021002
210 -0.0038567
2 14 -0.014761
2 18 0.064535,
3 a =0.,034979
3 1 S070223
3 15 _/<0.003550
3 9/ 0.064535
.. -0, 069597
a 12 0.100630
A 19 -0.01a278
S 10 0.0£2409
5 16 ~0.041933°
S'20 -0,014903
6 12  -0.081662
6 16 ~0.050076
6:20 =0.014903
713 -0.081662°
7 17 ~0.050076
8 8  1.0623a43
8 15 ~-0.435901
8 19 0.042347
9 13 . -0.376545
9 17 -0.435904,
10 10 0.570343
10 14 0.168023
10 18 ~0.032508
11. 12°  -0.c0909]
11 16 0.062311
11 20 0.016558 -
12 15 '0.062311
12 19 0.032508
13 15 -0.033030
13 19 " 0,032508
14 1¢ -0.126058
14 20 -0,.036751
15 18 0.011411
16 17 " ~0.062504
17 17 0.625854
18 18 0.086450
~0.c28400

19 20

0,033774

 0.033774

<0.038910
-0.002830
-0.068417

~€.041962.

-0,034979
~0.0045¢67
-0.01476)
~0.051769

.=~0.,034979

-0.004567
-0.0147¢€}
-0.012766
-0.081662

0.050076
-0.014903

-0.0481662 -

- 0.050076

0.5798133

0.082409
0. 10P6320
0.579833
-0.041933

-0.014278
~0.376544 -

-0.012075
0.044159
-0.012075

0.0423a7

~0.002737

-0.099738
-0.049066
0.007+60
~0.033031
0.570344
0.168026
0.016557
~0.099738
0.016557
0.1055€0
0.625854
0.025339

0.025339 -

0.025339

" ~0.058050

0.056801
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12

16
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14
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13
17

13
17
14

18.

16
20

19

19

20 .

180.

~0.038911
0.115402
-0.002831
-0.068417
0.083925
~0.034979
-0.070223
~-0.003551
-0.012766

0.103741

. -0.004567"

~0.014761)
0.579833
0.082409
~0.041933
0.579833
0.100630
_ '0.029181
"-0,036401

0.0S0076 -

-0.P14278

-0.069597.

C.050076

. 0.029181
¥ 20.376504
~0.012075

1,0623a5

-0.012075

\=0,086545
0.007460
-0.03303)
0.016558
-0.099738
0.032508
-0.002736
'-0.099738
0.5703a4
0.168026
0.62584%%
0.011411
0.105560

. <0.036751

0.011411
0.011411
~0. 028400,
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18
12
16"
20
13
17
1
15
19
14
18
14-
18
15

;
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19

.-

17
16
.20

20
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0.166667

.~ Y 0.033774

-0.038910
-0.002830
~-0,068417
~0.041962

0,021002"

Q—o 004567

=0,01476;
{p,oeqs
1 =0.0349798

=0.070223.

. =0.003s50
7, 04064538

"-0.014278"

k

%0.069597
"0.1006630.

0.082409:
~0.041933
-04014903

s bO «041662

.0416&a
-0.050076"
" 1.,489525
-0.435901 .

 270.042347

Iz

ho.zvssdd“

-04435904 -
0.997524
0.279217"
0.022508

~0.009091

0.062311 -.1°1

0.016558

0.0623) 1y,

0.032508

. -0.033030

1 2
©=0.038911 ‘1 6
Q.115402 ) 10
-0.002831 114
~0. ooect7 *r 18
0 1xoonx 2 3
- O 3 210
»-o*QJozza 2 14
-0.,008551 2,18
:0.114611 2.3 &
Jb 070223 3 11t
-o 003550 3 1S
<0.051769 3 19
-0.036401 4 8
~0.050076 ‘& 1%
0.029181 a 19
~0.069597 5 10
-0, osoo7o s 16
-0.014278." 5 20
< =0.069597 6 12
-0.,041933 6 16
0.029181+, 6, 20
0.082409 7. 3.3
.0.100630 7 17
-0.014903 8 &8
=0.79%177 8 15
~0.086546 8 19
~0.692089 9°13
~0.796181 "9 17
' 0.044199 10 10
T =0.009091710 14
06231% ‘10 18
0.570343 11 12 -
0.168023 11 16
-0.049066 11 20
~0.033030 12 15
-0.049066 12 19
. 0.,062311 13 315
~0.049066 13 19
-0.062504 14 1¢
0.025339 14 30
"-0.126058 15 18
1.053039 16 17
“0.036750 17 17
~0.036750 18 18
0.086450 19 20

19 .

s AT

0.032508
0.126058
+036751
«011411
«062504
0.625854
0.086450

~0,028400 -

5 B

- 0,033774 "

<

-0.038911
0.115402
—-0.002831
—0.068417
0.083925

»,

+0.034979

-0.070223+
50.0035851
~0.0127€¢
0.103741
- 0. 004567
~0.014761
075427 .
0.082409
-0.041933
0.579833
0.100630
' 0.029181
—~0.036401
0.0%0076
-0.01a278
~0.069597
0.050076
. 0.029181
-0J/378544

-=0.01207S

4 1.489529
-0.012075
;0.086945
0.007460
-0.03303)
0.01655¢
-0, 099738
0.032508

“-0.002736
~-0.099738

0.570348,
- 05168026
1.953038
0.011411
0105560
-0, 036751

0.011431 %

0.01141}

"~ ~0:028400

i - 1 &
1 " ~0.038910 1 8
1 ~0.002830 1412
L1k . £fo.o068417 1. 16
Yo -o.0a1962 1 20
276 ~0,034979 2 7
2 11 ~0,004567. 2 12
2 15" -0.0147€1 2 16
2749 1 =0.051769 2 20
3-8 <0,034979 3 g
312 -0,004567 "3 13
“3 16.  -0.0147€1 3 17
3 20 -b,0127¢6 a4 o
4:10 " ~0.0416€2:. 4 11
216 . 0,0500785 4 17
4,200 -0.014%03 5 5
S 11 -0.041662 s 14
s 17 “0,050076 5 18-
6 6 “V1,075427 & 7
6 13 . 0.082409 ¢ ¥
6 17 ' 0.100630 .6 18
B A 4 0.579833 7 o
714 o, 041933 . 7 15
7 18 £0.014278 -7 19
/810 - -0.692087 8 11
&~g5 =0.01207?5 8 17
8.20 0.044199 ¢ b
9.14  -0.012075 9 15
‘918 _ 0.042347 -9 194
10 11 '5;o.oog737»1o 12
10 15 "-0.099738 1016
10.19  -0,049066 16 20
10.007460 11 14
11217 . <0,033031 11 18
12 12 0.997528 12 13
1216 0.279422 12 17
12 20 0.0165%7 .13 13
13 16 -0.099738 13 17
13 20, 0.016557 14 14
14 .17 0.1055€0 14 18
15 15 C.625854 15 16 .
15 19 . ., .02=339 15520
16 18" 0,025339 '
17 18 0.02%339
18 19 -0.0580%0 18220
20 20 0.056801' -1

L X



(iv) ., trans-C

G

A

18

PUWWUWUNRNNN S W~ -
-t
W

4 14
4 18
5 8

S 1S

S 19
-6 9
-6 15

6 19

7 12
716

7,20
8 14

8 18

-9 12
9 16,

9 20

1013
10 17
11141
15

11 19
12 ra
12 18
13 14

13 18

14 15
14 19

15 17°

16 16
16 20

T 20
9 19

T

0.166667
-0.038911
0.115402
~0.002831
~0,068417
0.114611

0,103741

-0,070223
-0,0035S1
0.114611

~0.070223 "

—0.,0035S0
-0.051769
-0.,036401
-0,050076

0.029181

. -0,069597

-0.050076
-0.014278
-0,069597
-0.041933

0.029181
0.082409
0.100630

~0% 014503

~0.435901

-0.0856546.

-0.692089

-0.796181 .

0.044199

-0.009091 "

0.062311
10.997526
0.279417
-0.049066
-0.033030
,-0.049066
odb623i1

" ~0.,049066
- =0.062504

0.025339
~-0,126058

14053039
-0.036750°
'=0,036750

0.086450

4
L 4
‘APPENDIX I (continued)
2Pt :
p .
1 "2 - 0.833774 1 3 0.033774 1 &
1 6 -0,038910 1., 7 -0.038910 1 '8
1 10 -0.002830 1 11 - ~0,002830 1 12
1 14 ' -0,068417 1 1S <-0.068417 1 16
1 18  -0.04aT962 1 19 . -0,041962 ‘1 20
2 3 0.,021002 - 2 6 -0.034979 2 7,
2.10 -0,004567 2 11 -0.008567 2 12
2 14 -0.018761 Z1s -b.o1ar61 2 16
‘218 0.064535 2 19  -0.051769 2 20°
3 4 -0.034979:3 S -0,034979 3 8
3 11 -0,070223 3 12 -0.004%€7 3 13
3 15 ~ -0.003550 3 16 -0,014761 2 17
3 19 0.064535 3 20 -0.01276¢ & 4
4 B -0.069597 & 10 . -0.041662 4 11
4 15 0.100630 4 16 0.050076 4 17
4 19 -0.014278 4 20 - 014903 S5 S
5 10 0.082409 S 11 afe62 5 14
S 16 -0.,041933 'S 17 v.0S0076 5 18
5 20 7 -0,014903 6 6 1.075427 6 7
6 12 -0,041662 643 0.082409 6,14
‘6 16 . -~0.,050076 617 0.100630 6 18,
6 20 -0.014903 7 7, - 0.579833 7 9
7713 -0.041662 7 1{ . -0.041933 7 1s
7 17 ~0.050076 7T 18. -0.014278 7 19
8 8 1,489525 6°10° ~0,376544 8 11
8 15 ' —0.796177 B8 16 . ~0.,012075 8 17
8 19 0.042347 8 20 0.044199° ¢ g .
9 13 -0.376545 9 14 -0,01207S ahis
9. 17  ~0.435904 ., 9 18 0.042347 9 19
10 10 0.570343 1011 - =0,002737 10 .12
10 14 0.158023 10 15 -0,099728 10 16
10 18 0.032508 1019 -0.049066 10 20
11 12, -0,€09091 11 13 0.007¢60 11 14 .
11 16 0.062311 11 17 '=0.033031°11 18
11 20 - 0.016558 12 12 0.997%28 12 13
12 1S 0062311 12 16 0.279422 12 17
12 19 0.032508 12 20 0.016%587 1313
13:15  -0.033030 13 16 ~0,099738 13 17
13 19 b.032508 13 20 0.0165%7 14 14
14 1€ -0.126058 14 17 0.1055¢0 14 {8
14 20 -0,036751 15 1S 1.053038 :1S 16
15 18 0.011411 15 19 . 0,025339 1S 20
16 17  -0.062504 16 18° 0.025329 16 19.
17 17 0.625854 17 18 0.025339 17 19
18 18 0,086450 18 19 -0.0580%0 18 20
‘19 20 . =0,028400 20 20 0.056801 -1
s . \
Ly

P

182.

"

-0.038911
0.115402

-0,002831 °

-0.0684817

0.083925
~0,034979
-0.070223

=0,003551
T =0,012766

0.103741
-0,004567
-0.014761

0.579833

0.082409

-0.041933

1.075427
0.100630
0.029181
-0.036401
0.050076

-0.014278

-0.069597
0.050076
0.029181

-0.652087

=-0.012075

1.489529
-0.012075
-0.086545

0.007460
-0.033031

0.016558

-0.099738
0.032508

-0.002736 -

-0.099738,

0.570344
0.168026
,.0.625854

0.011411,

0.105560

. =0.,036751

0.011411
0.011411
-0, 028400



-  APPENDIX II

" '

POTENTIAL ENERGY DISTRIBUTIONSa AND EIGENVECTORSb FOR
. C2 4S5+ C2 4 ’ ciséczDZHZS and traes-c

(4) '.CZH4S K Potential‘ Energy Distribution® -

i -

P

-~ . - . . N
R . ) . )
FREQUENCY =3018,% CN-1 . :
. 0.0073 0,0015° 0,9868 0.0024 0.0003 0.000A 0.,0000 00,0038 -0.0006
©~<0,0015 -0,0006 -0,0003 -C,0000 0,0001 -0,0003 ’0.0006
FREQUENCY-S1466.,0 CM-1 o . _ s, Q v
0.0828 . 0.,0111 0.0032 11,1071 0Q.2686 0,1377 0,0005 0,0000 - - 3095,
-0.,0976 -0,.,04%94 -0,0946 -0.0033 0,.0290 -~0.1604 0.0590 -
FREQUENCY. =1107,.1 CM-1 . - :
0.8562 0,0%08  0,0060 0.0178 0,0487 0.6002 0.0058 b.0000 0.0049
-C.0120 . 0,0584 -0.0001 ~0,0000 0,0000 O 025 -0.0785
FREQUENCY =1023.6 CM-1 8 . .
0.0€59 0,0TS0 0.0000 0,0877 0.2%90 ©.2551 0,0003 <0000 0.4019
-0.0356 -0.0549 -0,1752 -0.0062 0.0587 0.2083 -0,0151 ~
FREQUENCY = eq?.a cM-1 . -
0.1296 1,023 0.0001. 0,0363 0.0658 0,0006 0,015S
0.0079 -0.2284 -0.0004 -0.0000 0.0001 -0,0050 -0.,b3s5
.+ FREQUENCY =3109.2 CM-1 :

0.0000 -0,.0096

. 0.0 “ 0.0 0.9958 0.0 0.0019 0.,0043 0.0 -0.0038 ~0.0044
0,3 . 0.0 . 0.,0030 0.0001 0.0009 0.,0023 0.0
FREQUENCY =1160,2 CM-1 - : o : .
0.0 " 0.0 ° - 0.0080 0,0 0.16839 0,5485 0,0 ~0,0000 -0.4688
0.0 . 0.0 - 0.3768 0,0133 00,1154 00,2430 0.0 T 3
FREQUENCY = 890,2 CM-1 “ . . '
0.0 0.0 0,0000 0.0 0.9140 0.,00%1, 0.0 ~0,0000 0.1423
0.0 0.0 © 0,0062 0.0002 0.00197-0.0737 0,0
FREQUENCY =3010.4 CM-1. o~ : . ‘ '
0.9 0.0013 0,9933 0.0022. 0 0003 0.,0002 0.0002 0,0038 -0.0004
0.t -0.0006 -0.0001 0,0000 -0,0000 -0.0002 0,0
FREOUENCY =1431,9 CM-1 S
0.0" 0.0149. 0.001% 1.1196 0,3€98 <0997 0.0028 0,0000 -0,.3003
0.0 ~ -0.0653 -0.0685 0.C024. -0.0210 -~B.1856 0.0 : \
FREQUENCY =1060.,2 CM-1 S . ‘
o,c ” 0.0041 10,0002 ©C.1907 0.1906  0.33C8 0.0008 0,0000. 0.3927
0.0 | ~0.0246 -0.2273 0,0080 -0.0696 0.2035 . .0,0 :
FREQUENCY = €45,9 CM-1| N ’ ’ ' R
0.0 - 0,8382 0,0012 '0.0001 0.0000 0.0308 0.1555 0.0000 =-0.0001
~ 2.0 0.0003 -0.0212 0.09007 ~0.006% ~0,0001 0,0 :
'FREQUENCY =3100.,6.CM-1 ’ - : . o o
0.9 0,0 1.0023 0,0 . 0,0017. 0.0002 0,0 -0,0038 -0.0010
0.0 0.0 . ‘o. 0002 -0.0000 -0.0000 0,0005 0.0 v : v v
FREQUENCY = 947,1 CM-1 ‘ e o
0.0 0.0 0. oont‘-o;o < | 1.0447 :0.0087 Q.0 -0.0000 -0.1098
. 0.0 0.0 , 0.0032 -0.0001 -0.0010  0.0569 -0.0 ‘ -
FREQUENCY = §20.5 CM-Y e . .
0.0 0.0 * 0.0002. 0.0 040619 0.7581 0.0 ~0.0000 “-0,3387 *
0.0 - 0.0 . 0.%208 +0.0184 -0.1595 0.1755 0.0

a) Entries under each frequency are listeg in -the order of the sixteen
non-zero’ force constants in the ‘final' column of Table 15.

o L

) Entries. under each frequency are listed in the order of the in-
ternal coordinates in Table 5. ‘

. . . ~

T T -



i

7

‘(i)_.LHCéH4S :_Eigénvectorsb

v

-<

T

;
FPEQUENCY =3018.8 Cu~1

0.0906  0.£398 o, C39x
~0.0281 -2.028t -0, 0281

' FPEQUENCY x146€.0 CM-1

O.14%1 .0,0%30 b.053C

| =C.2953 -0,Y$5T -0.3953
+ -FREQUENCY =1107,1 Cw-i

0.3597 O.1144 (,.1144

7041234 0,323a4 0.123a

FREQUENCY =1023.5 Cm-1

'0.0277 ~0.0432 -0.0a32
0.2632 0.2632° 0,.2532
EQUENCY = 6323.3 CM-1

-0.082%0 0,2202 0. 2202,

-0,08R1 -0.0821 ~0,0821
FRZGUENCY, 23109.2 CM-1 .
0.0 - 0.0 - c.0
'0.0677 0.0617 -0.0677
FESEQUENCY 21160.2 CK-1
‘0.0 0.0 0.0
-0.2374 ~0.2374 0.23%a
FREQUENCY = £90,2 Cm-1
0.0 0,0 . ©.0
~0,4301 -0.4301 0.a301
FHREpUENCY =3010.4 Cw-1

0.0 - 0.0268 -0.0368

0.0270 . ~3,0270 ~-0.0270
FREQUENCY =1431_,9 CM-1
5.0 -0.0600 .7 0.0600

—0.4401 0,.4401 0,4401

FREQUENCY =1060.2 Cu-1
‘0.0 0.0233 ~0.0233
10,2339 ~0,2339 ~0.2339

" FREQUENCY = €A4S5.9 Cw-)

c.0 0.2032 .-0.2032
~0.0001 0.0001 0.0001

© FREQUENCY =3100.6 CH-1

0.0 0.b 0.0 :
0.0648 -0.0648 0.0648
FREQUENCY = 947.1 Ch-1
0.0 . 0.0 Q.
~0.4893 0.4893 -0.4803
FREQUENCY = 820.5 Ciu-1
0.0 - . 0.0 0.0
0.1032 -0.1032 0.1032

-0.%5093
-0.0383

0.0142
-0.3557

0.0148
-0.0103
=0.0011
-0.3381

0.0008
~0.0099

0.5269
-C.l339p

00177
0.5620

‘0.0Q11
~0.0%54

0.5096
6.0276

00,0095
~0.2957

0.0024
~0.3988

-0.0038
=0.0742

o.S272
-0.0301

0.0060

0.042%
~0.0020
-0.4672

~0.3093
-0.0383

0.9142
-0,3557

0.Cl4e
~c.cio3

-C.NC11
=-0,22a1

o.00c¢s .

~-0.00%9

~0.%269
0.1339

-0.0177

-0.5620

=-0.0011
0.0554

0.5096
0.0276

0.0098
-0.2957

0.002a

'—o.;oga

-0.0028
~0.0742

-0.%=272
0.0301

~0.0060

-0.0425

0.,002¢
O, 46V2

3
-0.%5093
-c.038>

o
0.0142
=-0.,3557

C.0146
-0.0103

~0.c011
-0.23a1.

0.00ce
~2.0099

~0.5269
0.1339

-0.0177
-0,%5620

-0.0011 .
0.05%a

-0.5096
=-0.027¢

-0.000%

0.2957

-0.0024
0.3988

0.0038
0, 0742

0.521?1

*0.0{’1

0.0060
0.042s

-0.0020
=0.4672

'Agﬁﬁgﬁlx I _(éonffnued)

TR

~0.5093
-0.0383

0.0142
~0.3557

0.0146
-0.0103

-J.0011
-0,21381

J.0C08
=-0.0099

0.5269
~0.1339

0.0177 .
9.%620:

0.001L
-0.05%4
b

-0.5096
~0.0276

-0.009s
0,2957

=-0.002s
0.3988

0.0038
0.0742
~0.5272
0.0301

-0.0060
-0.042%

Q.0020"
0.4672

\

.0.0919
=-0,0177

0.9494
-0.,0317

-0.,0910
-0.0804

0.1886
-0.0189

0.0742

0.0779

', 0.0458

0.932%
-0.0746

0.28%50
0.0290

0.00%2"
0.252%

0. 0919
-0.,0177"

0.94%4
-0.0317

-0.0910
~0.,0804

0.1866
-0.0189
0,0742
0,0779

u

-0.,0281
00,0253

. /
=0.39583

0.0633"

0.1234
0.1608

0.2632
0.0378

~0.0821
“0.188T7 [

00,0869
-~0,0458

-0.9328

0.0746

=0.2650
=-0.0290

-0.0032
-0,232%

-0.4401
0.0 I

0.2339
. 0.0

~0.0001 )
0.0 Kl

~0.0648
0.0

0.4893
. 040

-0.1032
0.0
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(ii) \C,D,4S : Potential Energy Distribution®

K

FREQUENCY =2210.%5 CM-1
0.0355 0.0C67 0.9517
-0,0073 -0,0027 -0.0012
FREQUENCY c£1186.8 CM-1
[0.5834 0,0648 0.0397

~0.2141 -0.0661 ~0.0646

FREQUENCY = 949.,4 CM-1
0.3423 0,0203 0.0042
- 0.0879 00,0681 -0.0186
FREQUENCY = .764.3 CM—-1
0.0166 0.1951 0,000S
-0,0577 -0.2011 =0.1645
FREQUENCY = 61.0,1 CM-)
0.1039 0.8543 0,.0001
0.0524 ~0.,0733 -0,0217
FREQUENCY =2333.4 CM-1}

0.0 0.0 =~ 0.,9768.
0.0 . 0.0 - 0.0100
FREQUENCY = $22,0 CM-1
0.0 . 0.0 " 0.0270
0.0 0.0 0.3662
FREQUENCY = 630.3 CM-1
0.0 0.0 0.0001
0.0 © 0.0 0. 0099
FREQUENCY =2184.8 CM-1
0.0 0.0052" . 0.98a7
0.0 ~0,0023 -0.,0005
FREQUENCY =1066.6 CM-1.
0.0 00,0662 0.0073

0.0 - . -0.1401 ~0.0464

" FREQUENCY = 827.9 CM-1

0.0 .. 0.0190 0.0006

0.0 -0.0485 -0.2517
FREQUENCY = 607.0 CM-1

0.0 0.7680 0,0036&
0.0 - 0,1008 ~0.018%
FREQUENCY £2312,1 CM~1
" 0.0 0.0 0.9987
0.0 6.0 0.0005
FREQUENCY = 707,84 CM-1
0.0 o050 0.00a7T "
0.0 . 0.0 0.0126
FREQUENCY = 5843 Cm-1
0.0 < 0e0 0.0004
0.0 0.0 0.5111

«

0.0112

~0,0000

0.5827
-0,0023

0.5006

-0.0007

‘0.0818
-0.005%58

- 0.07S0

-0.0008

0.0
0.0004

0.0
~0,0129

0.0
0.0003

0.0085
0.0000
1.04as5
0.0016

0.2449
0.0089

i
0.0146
0.,0007

0.0
~0.0000

0.0
-0.00Ca

/0.0
-0.,0181

0.0014 0.0018
0.0004 -0.0013
0.0871 0.0941
10,0198 -0.0724
0.2943 0.0270.
0.0057 -0.0723
0.2675 0.239a
0.0503 0.2051
0.0081 0.0316
0.0067 -0.0130
0.0062 0.0145
0.0030 0,0077
0.1861° 0.S320
0.1121 0.25
. 0.8873
0.0030 -0.0915
0.0013 0.0007
-0.,0002 -0,0008
0.2826. . 0,067S
-0.0142 -0.1302
C.15S7 0.3664
~-0,077)  0.1960
N
0.0171 . 0.0269
-0.0057 -0.017a
0.0056 ©0.0007
~0.0002  0.0016
1.0744 '0.0183
-0.0039  0,1138
0.0283 0.7440 -
-0.1565 0,1175

0.0002
0.0027

0.0036
0.0867

0. 0C25
-0.1220
0.0026
-0.0256

0.0128
-0.0112

0.0010C"

0.0

0.0124"
‘0.0

0,003s
0.0

O.143a
0.0

0.0
0.0

“0.0036 ;?.oozsl
9.0062 -0.1416°
O.SOOPYQO.IBQS
0.0000 - 0.3957
c;oooo -0.0250
40.003;'—0.61~e
~0.0001 -0.4926 .-
~0.0000 0.1765
—o.ooxsj.

=]

“0s.0000 ~0.2513

'0,0000 0.3782
€.0000:-0.0336

N

-0.0038 -0.0031 °

-0.0000 -0.2195

<0.0000 .-0.2268
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‘APPENDIX.II (continued) | B

(i1)© C,D48 = Eigenvectors®" = .

FREQUENCY =2210,% Ch-t ] . L
0.,1462 00,0620 0,0620 -0.3662 -0.3€62 ~0,3662 ~0.3662 0.14837 0.1437 -0.0s}s
=0,0415.-0.0415 -0.0415 -0.0616 ~0.0616 ~0.061¢ -0.0616 -0.0289 -0.0289 0.0%78
FREQUENCY =1186,8 Ch-1
. 0.3183 0,1038 0.1038 0.0802 0.0402 0.0402 0.0402. C.5576 0.5576 -0.1770
~0.1770 -0,1770 ~0.1770 ~0.2380 -0.2360 -0.2380 ~0.2380.-0.070% ~0.07C5 0.141}
FREGUENCY = 949,84 CM-1 : . . e ‘ :
- 041930 . 0.0465 0,0465 -0.0104 0,0104 0.0104 0.0104 ~0.4134 -0.4124 - 0.2603
0.2603 10,2603 0.2603 0.1021 0.1021 0,1021 0.1021 -0,0474 -0.0474 . 0.0948
FREQUENCY = 784,3 CM-} . . P ) . o
0.0346 ~0.1160 -0.1160 -0,0029 -0.0029 -6.3339 =0.0029 C€.1346 0.1346 - 0.1998
0.1998 0,1698 0.1998 -0.24a4% 7042445 -0.2445 -0.2445 -0.0388 ~0.0388 " 0,0775
‘FREQUENCY = 610.1 CM=1 ; : : S .. - T
-0.0691 0,1638 0.1938 0,0011 0.0011, 0.0011. 0,0011 0.1029 0.1029 =0.0278 ... ..
~0.,0278 -0,0278 ~QuQ278 -0,0709 ~0.0709 -0.07¢9 ~0.0709 0.0681 0.0€81 -0.1363 .
FREQUENCY =2373,4 Cl-) ‘ ,

A

0.0 0.0 0.0 0.3917 ~0,3917 -0.3917 0.3917 0.0 0.0 -0.0930 .

0.0930 - 0,0930.-0,0930 -0,1837 0.1837 0©.1837 -0.1837 0.0 0.0 0.0 :
FREQUENCY = $22.0 CM=1- - : . Co-

0.0 - 0.0 0.0 ' 0,0257 -0.02%7 -0,0257 0.02%7 - 0.0 0.0 0.2011 -,
=0,2011 -0.,2011 0,2011 0.4402 -0.4402 -0,4402 0.4402 0.0 0.0 0.0
FREQUENCY. =x_€30,3 CM~3 ' RN S e e T S

0.0 0.0 * '0.0 0.,0008 ~0,0008 -0.0008 0.0008 0.0 0.0 -  0.3001
~0.3001 =-0.3001 ,0.3001 -0.0494  0.0494 0,04%4 ~0.049¢ 0.0 .° 0.0 " 0.0 :

FREQUENCY =2184.8 CH-1 . : L
.0.0 0.0542 -0,0542 0,3682 0.3€62 -0,3682 -0.3682 ~0.1242 0.1242 .0.0395, ;-
0.0395 -0.0395 -0,0395 0.0383 0,0883 -0,0383 ~0,0383. 0.06F3 -0.0673 o.gasﬁﬂgr
FREQUENCY . %1066.6 ChM~-1 . : - #

0.0 ~0.0943 0.0943  0.0155 0.0155 <0.0155 ~0.015% €.6709 -0.6700 ~0.
~043335° 0.3335 0.3335 —0,1812 =0.1812 0.,1812 0.1812 ~0.1172. 0.1172 . O,
" FREQUENCY = £27.9 CM-1 o N )

0.0, 0.0392 ~0,0392 |0.0033 0,0033 -0.0032 ~0.0033 0.2%22 ~0.2522  0.1672 .

041672 ~0,1672 ~0.1672 “0.3277 -0.3277 - 0.3277 0.3277 0.0487 -0.0487 0.0
FREQUENCY = 607.0 CM-1 : o . T

©.0 . 0,1828 ~0,1828 -0.0062 ~0.0062 - 0.0062 0.0062 0.04S2 ~0.0452 ~0.0401
-0.0401 0.,0401 0.0401 -0,Q652 ~0J0652 0,06%2 0.0652 0.2272 -0.2272 - 0,0 .
FREQUENCY =2312,1 Ch=1 Y 8 ek :

0.9 0.0 0.0 DeIV24--0,3924 0.3924 ~0,3924

v

-0,0871

0.0 0.0

%.0871 <0.0871 00871 50,0404 0.0404 ~-0.0a0a 0.0 0.0 0.0
FREQUENCY = 707,4 CM-1 [ . ) . L ’ :

0.0 0.0 . 0.0 E‘og&oez -0.0082 0,0082 0.0 0.0 0.3706 "
=0,3706 0,3706 =0.3706 - 0.0627 ~0.0627 0.0627 0.0 0.0 0.0
FREQUENCY = S84,3 CM-1} ] : : 7 B .

0,0 ,0.0 . 0.0 =0.0020  0.0020 -0,0020 .Q.0Q20° 0,0 - 0.0 ~0.,0497 | &

0.0497 ~0,0497_ 0.0497 -0.3296 0,3296 r0.3296 '0.3296° 0.0 0.0 0.0 N

\ . . «

)
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(iidi) ’cisrC2D2H25\: Potential Energy Qistfibﬁtidha

~

. o h . o S s

1y v

FREQUENCY =3062. 17 em=1 L : : o i N
0.0030° 00,0006 0.9958 0.0009 10,0010 0,0003 0,0000 ~0.000S -4.0007
-0.0006 =-0.0002 =0.0000 ~0.0000 ©0.0000 0.0002. 0.0002-  .» B
FREQUENCY =2259.1' CM-1 : g e : S I
0.0179 '.0.0034_ 0.9730 0.0072 0.0044 0,0015 0,0001 0.0004 -0,0036 .
<0,0040 ~0,00171-0.0004 -0,0000 0.0001 0.0001 " 0.0C17 S

FREQUENCY =1329,1 CM-1 . ) R R
0.1704 0,0214  0.0162 0.9741 '0.2776 . 0.1385 0.0C0 0.0000 ~0.3056

-0.1332 -0.0623 -0,0761 ~0.0034 0,0233 —-0.1188 0.0768 - 4 R
FREQUENCY =1080.0 CM-1 : - Lo

.

; 0.7449 0,0697 0.0108 0.,0448 10.1603:%.0, 0118 0.0049 0.0060' ~0.0357" .
-0,0126 0.,0712 0.0077 ~0.0003 -0.0024" 0, 0264 -0.1016 .
FREQUENCY = 967.5 CM-] ~ o . C
10,0004 00,0233 0.0009 “0.1046 0.2455 0.2695 0.0001 0.0000 0.3965
0,0084 -0,0%03 -0,085P -~0,0065 0.0263 . 0.0643 - 0,0030 -

FREQUENCY = 760.2 CMr . © . o . o
;040325 0,02977 0.0026 0,0252 “0.9901 0.0°11 ¥.0012 -0.0000" -0.2574"
; .7 =0,0178 -0,0566 0,0259 ~-0,0015 -0,0079 0,189 -0,0259 :

"', FREQUENCY = 657.6 CM-1 - Lo . o
0.0317 ‘o 4135° 0.0006 oio:ol, 0.0768 00,4527 0,0054 ~0.0000 -0.,1478

-0,0262 ~0.1146 0.2755 -0,0110 -0.0643 0.1294 =0,0139 o

FREQUENCY = 608,2 CM-1 ' ST : SR

+ 0.0809 0,5797 10,0000 0.0845 0,0088 0.2215 0.0090 0.0000 -0.0080
0.0472 -0,0604" 0.1070 ~0,0054 =0.0328: ~0,0224 -0.0099:

FREQUENCY £3063,7 CM=-1 EERE ' o N X o
0.0 0D00S  0.9950° 0.0006 o.ooxx;»o.oozs 70,0001 -0.0006 -0,0026
0.0 - =-0,0002 0.0017 0,0001 O, ooosifo.oo:s 0.0

FREQUENCY =2257.4 CM-} T ' . .
0.0 10,0026 0,9756 0.0068€ o. OOAQ’ 0, ooqc, 0. ooos; 040006 -0.,0104

P

0.0 ° ©0,0614 0.0055. 0.,0002 o. 0017‘“o'oo¢o, 0.0 .

"FREQUENCY =1302,7. CM-1 o At Ny ' .
0.0 - 0.0176: 0,01 0.9695 -0, saqo’rn 1437, ‘Q. 0033f 0.0000 ~0.3620
0.0 -040646 ~0.0¥33 0.0035 -0, q&ﬁ u£07§7ﬂ 0. ob- :

FREQUENCY n:oee.x CM-1Y . e AR L

0.,0.  .0,0 38 0.0894 .
0,0 - -0.0422 0,1%33
FREQUENCY = 617.,8 CM-1t

0.0 - 0,0034 0.0047  0.3280.°052906  0L3919. 0. oooe ~0.0000 -0.2276
\\\\\\\$\\ggo, 10,0077 -0, 0314 *0:0D06%0, 0096 O : 0 , S
.. FREQUENCY = T719.2 CM-1 '"”éaa Jadkige S
8

»0.0C00 0.1358

© 0e0 ‘0.1347 0,0003 0.0000 0.2529
0.0 = =0.0729 -0,025%5" -
FREQUENCY = ‘8¥5.8 CM~1
0.0 0.68%9  0,0027 0.0000 ~0.0251
o.&\\ . 0.0836 -o.oxxa;
oy ¥ ops e ¥

.
o Jb sl 3y
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APPENDIX II (continued). - -
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4
. (dii) Cj’s-_CZDZHZS : Eigenvebtorsb

FREQUENCY =3062.1 CM~1 . ‘ L s :

~0.0590 ~0.0258 -0,02%8 0.7325 ~0,0457° 0.7325 -0.04%7 -0, 353, ~0.05%3 -0,0312
0.0631 -0.0312 0.0631 ©,0018 0.0455 0,0018 0,045% 0. _0.0115 ~0.0230
FPEQUENCY =2259.1 CM-1

.. 0.1060 0.0450 0.0450 -0.0271 -0.5345 -0,0271 -0.5345 o0, o 1181 -0.1037
0,0286 -0.1037 0,0286 ~0.0797 ~0.0176 —0,0797 -0.0176 -0, -o. 6209 0.0419
FREQUENCY =1329,.1 CM-1 ’ S -

- : 0.1926 0.0668 Q.0668 0.0132 0.0385 0.0132.0.0%35 e 8074 o.ao14.~o.-647
2 ~0.1860 ~0.4647 -0,1860 ~-0,4093 -0.204% -0,40S3 =0,2045 -P,uALI7 -0.0A17 0,0838 -
: i - FREQUENCY =1080.0 CM=1 ° ° ‘ _ 3 : ,
0.3273 0.0980 - 0.0980 0.0148 0.0225 o0.0148 §.0%a5 —#,14Ce fo.nnoa_ 0.2080
. _0.0263 0.3080 0,0263 0.0645 -0.0870 0.0645 -0, qpvo-boiovtv -0.0747 0Q.1493
"+ . FREQUENCY = Q67,5 CM-1 : ‘
; + 040070 -0.0%07 =0.0507 -0,0003 ~0.0072 -0.0002 -0,0072 0.1926 0.1926 0.3417
: 0.0248 0.3417  0.0248 -0.4511 -0.1110 -0.4511 =0.1110 -0.0103 -0.0103 0.020%
.FREQUENCY = 760.2 CM-1 o, v
<0,0481 0.0451 0.0451 0.0043 ~C.0082 b.0043 —0.0082 0.0743 0.0743 10,2110
Tk T ~0,4978 . 0.2110 -0.4978 01643 ~0.0567 0.1643 =0,0%67 0.02%% ©0.0255 -0,0510
T, EREQUENCY = 657,.6 CM-) ’ c .
| "<0.0411 . 0.14S3° 0,74%3 -0.0003 £.0039 -0.0003 0.0039 ~0.0407 -0.0407 .~0.1320
-o.qozv T0.1320 -0.0027 -0.2118 u.3502 ~0.2118 0.3302 0,0879 .0.0479 —0.09%8
| FREQUENCY. = 608,2 CM-1 : . :

. -d.oooa 0.1591 0.15S1  0.0006 0004 0.0006 0.0C04 0.1088 0.1088 ~0.0357
;+=0s0197 =0.0357 -0.0197. 0.1006 ~0.2449 0.1006 ~0.2449° 0.0572 0.0572 -0.1143

. FREOUE_NCY =3063,7 CM-1: P ° . . : : .
#7040 ) =0.023% 0,023% -0.7320 0.0%542 0.7320 -0.0542 0.0473 -0.0473 0.03%a

‘~0406S0 ~0.0354 ° 0,0650 0.C859 ~0.1133 -0.0859 0.113% =0.0292 0.0292° . 0.0
Fneouancv =2257 .4 CHM-) : ' : : o .
_ 2l 0007 10,0397 -0.0397 0.04C8 ‘G.%340 -0.0408 —-0.5340 ~0.1148 0,1148 C.1g70
! -0.0385. <0.1070 0.0346 0.1770 ~0.C983 ~0.1770 ' 0.0983 0.0493 -0. 0493 "0.0
'rnepqsncx =1302.7 CM-1 , ' .
vl ‘0,0 . 0,0%594 -0,0594 =0,0013 -0,0346 o 0012 < 0,0346.-0.7895 0.7895 0.5515
AT 0.1771° -0.5%1S ~0.1771 0.4535 0,0543 -c 4535 -0.0543 06,0738 -0.0738 0,0 ‘
Fnsquencv ®1068,1 Cm-1 i : ) )
040" '~Q.0431 0.0431. 0.0109 -0,0223 ~0.01¢9 0.0223 ~0.008S o.ooos-—o.uozz
([ ~0.2490 041922 o0, 2490 “0.3827 -0.,1669 -0.5827 0.1869 -0.053% 0.0%35 0.0
- = Fneéuencv = 917.8 CH-1 o :
ST 0 < ©=0e 0164 7040184 .0,0112 -0,0101°~0.0112 -0.0101 0.3240 -0.3240  0,3096
L —o 1709° -0.3096; 70,1709 =0.C311 -C.5305 .0,031)° 0.5305 -0,0229 0.0229 0,0
FREDQ ENCY ﬁx719.z CM-y : - ) )
> 0.0 '=0,0967 0.0907". 0. 00\4 0.0029 -0.0014 ~-0,0029 -0,0198 0.0198 0,29011
- -0.3652 -o.zoyg 042252 o.oas~ 041770 -0.0464 -=0.1770 -0.1127 0.)127 0.0+
FREQUENCY =\ 6158 . . . .
c 0.0, \J@hITSS 0‘11;3 ‘O 0026 0.0073 -0.0026 -0,0073 -6.0251 5 -0.07
V . o.xc:r' o.ovoa -o. (7%.°0.0%02 0.0534 ~0.0502 -0.0534 -0,2178 o 1 Q§h5

3

v
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:. Potent .al Energy Distribution?

FREQUENCY =3067,.2 CM=1

0.0029 0,008 >,9923 .gcov
=0.000%8 -0,0002 C.0016 L0001
"FREQUENCY ©2270,2 CW-1
0.0178 0.0033 0,9601 0,0083
<0.004% -0,0017 0,0048 0.0002
FREQUENCY »1338,3 CM-1

0,1389 0,0170 0,0213 0,95%521
~0,121%5 =0,0537 =0,0619 =0,0022"
FREQUENCY =1118,8 CM=1 _;

0.5313 0,0668 0.,007% 0,004S

.. 0,0321 0,0078 0.1346 0,0048

FREQUENCY =1G26,1 CM=-1

C.2369 0.0041 0,01013 0.0097
-C.1001 0.0286 0,0730('0.0026
FREQUENCY = 876.5 CM-]

0.0196 0,037!  0,0086 0,2311

0.0529 ~0,0247 -0.0206 =-0,0007
FREQUENCY = €98,7 CM=-1

0.0391 0,1€22 10,0001 0,0046
~0.0302 =0,1447 =0,0099 -0.0004"
FREQUENCY = €16,7 M=t .

0.09S4 0.8301 00,0001 0,0408

0.0329 -0/0864 -0,0062 -0,0002
FREQUENCY #3058,8 CM-1 :

0.0 0.000% 0.9986 0,0007

0.0 -0,0002 0,0000 -=0,0000
FREQUENCY =224%,9 CM-1 o~ s

0.0 0,0026 0.,989%5 0,00%8

0,0 -0.,0014 -0,0000 0,0000
FREQUENCY .21288,7 CM~-1

$L0 . 0.,0218 0.0063 1,01%a
0.0  -0.0774 -0,0441 0.0016
FREQUENCY ®1000,9 CM=1 :

0.0 0,002¢6 0,00C3 ,0,2048

0.0 ~0.01%58 =0,1581 0.60%6
FREQUENCY = 784.8 CW-=1 :
‘0.0 0,0878 ©0.0019 0,0099

0.0 -0,0664 00,0148 -0,000%
FREQUENCY = 6%59,1 CM=1

c.0 00,0233 0,0003 0.,0614

0.9 0.012% 0,3914 -0,0138

FREQUENCY = 618,2' CM=1 -
0.0 0.7196 0.0031.i%0.0146
0.0

3

MY

0,0%8S 0,0032 -0.0001

Je
1, 0003

0,00%0
0,007 "

0.2735
0.0348

0.0886 -

0.,0422

0,2702
0.0437

0.1244

0,068S.

07168
0.0087

0.0884

0.0038

00,0010

-L,0000

0,0043
-0.0002

0,4232

-0,0207

0.197S
-0.0711

0,9440
~0.0133

0.01%4
-0,.13%9

0.0838
-0.01683

0.:026 0,0000 -0.000%5 ~0.0026
0012  0,0002 . ‘ :
0.0097 ~ 0,0001 0,000% -0,0108
0.0026 0.0017 : :
.5_\ * ’ .
0.1644 0,0008 0.,0000 -0.3314
-0.0990 0,0671 o
0.,2006 0,0031 10,0000 -0,1697
10,0852 ~0,0096 : Co

0.2075 - 0,0022 -0.0006 0.2530
0.0532 -0,0946

0.31916  0.0000 -0,0000 -0,2288
0.2163 " 0.0079, '

0.04F3 0,0033 0.0000 0.2371
-~0,0186 -0.0293 '
0.0181 0,0122 0,0000 6,0095
~0.0253 ~0.0128"
A . )
0.0002 00,0001 -0.000% ~0,0006
0.0002 0,0 : o .
0.0010. 0.0Q05 0,0005 ~0.0031
0.000%5 0.0 . :
0.0683" 0.0041 0.0000 -0.3189
-0.1096 0.0 a
L ' "_
0.3380 0.0005 0.0000 0.3929
0.1629 0.0 ,
0.0633 0.0164 ~0.0000 -0.2437
0.1861 0.0 - c
0.6463 0.0044 . 0.000C -0.0726
0.0670 0.0
0.0776 0.1343 0.0000 -0.1116
0.033%, . :

0,0
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APPENDIX II (continued)

N ' . . - 'b A
(iv) :trans-czDZHZS <« Elgenvectors R
- ’
-
-~ \ -
FREQUENCY =3067.0 Cw-) . . . ) ’
~0.0533 -0.0255 -0.0255 -0.0502 0.7321 o0.7321 ~0.0502 -0.0513 ~0.0%13
,=0.0342 -0.0342 0,0653  C.120% =0.C782 -0.0782 0.1205 0.0113 0.0113
FREQUENCY =2270,2 CM-1 .
© 041059 0.0449 0,0449 -0.5332 ~0.034Y.~0.0341 ~Q.S332 0.1273 0.1273
~0.1094 -0,1094 0,0329 0.0812 -0.1906 -0.1906 0.0812 -0,0209 -0.,0209
FREQUENCY =]238.3 Cw-1 o . '
0.17S1 0.0599 0.0599 0.0462 0.0084 0.0084 0.0462 o.eoi&. 0.8037
=0.4742 -0.4742 ~0.1592 -0.1435 -0.4810 -0.4810 ~0.1435 ~p,0381 -0,038}
FREQUENCY =1118.8 Cw-] . - : :
0.2863  0.0994 0.0994 " 0052 0.,0227 0.0227 0.0052 ~0.0462 -0,0462°
0.1551. "0,1551 -0.11862 ~0.2905 .0.3611 0.3611 =0.2905 -0.0620 -0,0620
FREQUENCY =1026.1 CM-} ) ) :
~0.1753 -0.0227 -0.0227 -0.0247 0.0017- 0.0017 -0.0247) 0.0621 0.0621
~0.3250 -0.3250 -0.1992 -C.1148 0.4168 0.4168 -0.1148 0.0473 0.0a73
FREQUENCY = 876.5 CM-1 ' ' S
0.0831 0.0%80 0.0580. 0.0189 -0.0047 -0.0047 0,0189 -0,2%9 ~0,2593.
~0.3085 -0.3085 0.1793 0.4519 0©.0218 0.0218 0.4519 030012 0.0012
FREQUENCY = €98.7 Cn-1 o ) )
~0.0485 0.1025 0.1025 0.0010 0.0008 ©0.0088 ©0.,0010  0.0291 ‘0.029i
0.1302 0,1302 -0.7"23 0.1292  0.023a 040234 0.1292 0.03%6 - Q.0398
FREQUENCY = €16.7 Cwm-j ’ : v T .
0.0689 -0.1931 ~0.1931°-0,0007 ~0.0008 ~0.0008 -0,0007 ~-0.0763, 20,0763
0.1199° 0.1199 -0.0528 ©0.0742 06,0199 0.0199 C.0742 -0,0673 -0.0673
FREQUENCY =3058.8 Cn-1 ' ‘ .
0.0' ~0.C238 - 0.0238 0.0497 -0.7324 0,7324 -0.0497 .040%12 -0.0512
0.0324 -0.0324 0.062¢ —0.03¥7 . 0.00%4 -0.00%a 0.0377 ~0.0296 0.0296
FREQUENCY =2245,9 Ch~) : . . O
0.0 +=0.0397 0.0397 -0,53%55.,~0.0337 0.0337 0.5355 0,10%53 ~0,1053
=0.1011 0.1011 -0.0301 -0.0007 -0.06%4 0.065a 0.0007 -0,04%3 0.0493
FREQUENCY =1288,7 Ch-1 o VR - . o
0.0 ~0.06%4 0.0654 0.0228 0.0060 -0.08360 ~0.0238 0.7992. -0.7992
~0.5SS87 0.5587 0.2165 -0.1301 -0.3%03 0.3503 0.1301 -0,.0813 0.08)3
FREQUENCY =1000.9 CHu-1 - ‘ ) : L o
0.0 0.0174 -0.0174 0.0020 0.0038 -0.0038 ~9.0020 0.278e -0.2788
0.3148 -0.3148 -0.0441 ~0.1968 ~0.5009 0.5009 0.1968 0.0216 -0.0216
FREQUENCY = 784.8 CM-} . ' .
6.0 ©0.0799 -0.0799 0.0055 -0.0061 ¢.0061 ~0.00%5 -o.otf?\lo.oaeo
~ =0+2710 0.2710 -0.4729 0,0311 -0.1799 0.1799 =0.0311 00,0993 40,0993
FREQUENCY = €59,1 CM-] . i
0.0 0.0347 -0.0347 -0.0013 -0.0024 0.,0024 0.0013 ~0.10¢% 0.,100%
~0.0585 0.0585 O0.0033 0.420a —0.2518 0.2518 -0.4204 0.0431 -0.043)
FREQUENCY = 618.2 Cu-1 . : . -
0.0 0.1803 -0.1803 -0.0080 -0, 0021 0,0021 0.0080 0.0459 -0.0459
. 00624 -0,0624 0.1114 -0.13592 0.0047 -0,0087 0.1392 0,2240 -0.2240 °
@ ’ y

190.

0.0653
-0.0227

0.0329
0.0419

=0.1592

0,0762

-0.1162
0.1240.

-0.1992
«0.0946

0.1793 ..
-0.0024

~C,a023
-0.0793

-0.0%528 -
0.13a6

~0.0628
0.0

0.0301
0.0

~0.2165
0.0

0,044}
0.0

0.4729
0.0

-0.0033

0.0

~0.1114
0.0

¥
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POTENTIAL. ENERGY DISTRIBUTIONS FOR CpH,S., C,D,S, cis-
. CpP,H,S AND trans-C.D_H,S AMONG THE DIAGONAL ELEMENTS

OF THE SYMMETRIZED F .MATRIX

- .
ik . -

274
CZDAS are Iistéd, under each frequéncy, in the order

J-

!

of the symmetry, coordinates listed in Table 6 with the
, excebtiOn thathgrtain symméyry,coordinates, Si; were

' re—deffhed to yie1d the Symﬁetry cOoﬁdinates,fSi?, as

. shown below. ™\ O
L 1 P ’
~ S, = =5 "+3_+ 8 -(redundant)
4 e 4. \°5 6 X &

' 3

.I * , \ 1 , . \Q , : —" ) .
¢ . 1 = b - - A s .
R S‘5 = {284 S5 SG} xgnz deformqtlén)

* i ' = = )} - . ‘ . : C
& %67 4 { S5 Ss}")' (CH, wag)
e . T l C . . - . ) . " )
. [ = = . , ) o
. S1o \b'{.sld'+'sl%\} (cH, fock)
. " : . ' Sy
-3 - l B . & & . . )
Si; = 5 {310 S,ll} * (CH, twist)
Si4 , v%¢{2514 + slS;+ SIG}(redPndént)

- _1 _s L  deformation)
T Sis = - {2514’. SlSv Sls}(CH2>defo' at;on) ‘
ST W' P . : \ M. ’

516 'vﬁ{ S15 31'6}, - (GHywag)
81q.F =J S,q *+ S_ L ~ (CH., rock .
Py \/2_{ 19+ go} o (TR ol
1. . - . ° L] . >
S = = { S.. - S } (CH, twist)
20 BEV R et 20 2 FWist
‘, : .
oy o 191 | ’v'. ' B ».\4 :.

T@hé entries in the followiné tables for C.H S and'
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Appendix;III-(continued) 

L

The entrles 1n th@ tables for c1s C

’Tables 7 anq/g:\;;;;ectlvely.

. . .
< M (l) \ 2&48‘ : R
£ {
FREDUENCY =3018.5 Cu—q e
i 0.001% . 0.9906 - 0.0000
p 0.0° 0.0 © 0.0
o FREQMENCY =1466,0Q’ Ch- ;
Y 0.0111 0.0032 0.0097
0.0 0.0 0.0. 0.0
FREQUENCY 21107.1 CM=1
0.862 0.090a o0.0061  o.o0d®2
T 040 0.0 0.0 0.0
. 7f + FREGUENCY™=1023,5 Cu-1 -
.- 0.0059 0,0150 0.0000 . 0.0063.
o 10,0 A 0.0 0.0
FREOUENCY » 633.3 CM-1
0.1296 1,023t 0.0001 o.ooouq
. ., 0,0 0.0- 0.0 0.0
FREQUENCY =3109.2 CM=1 ’
0.0 0.0 0.0 0.0
- 0.0012_ 0.0 0.0 0.0
: FREQUEKCY =1160.2 CM-1
0.0 0.0 0.0 0."
)} 0.2091 0.0 0.0 0.0
e FREQUENCY = 090.2 CM-1 .
, C ., . 0.0 - 040 %, 0.0 0.
) 0.79a8 0.0 0.0 0.0
. FREQUENCY =3010.4 CM-1
0.0 0.0 © 0.0 . 0.0
f”—\: 0.0 ', 0,0013 0.99° C.0001
‘ pﬂeoue\rdcv £1431,9 CH-1 !
. L7 0.0 0.0 0.0 0.0
" 0.0 0.0149 0.001%, 0,0090
v+ FREQUENCY =1060.2 CM-1 -
0.0 0.0 0.0 0.0 .
0.0 0.0041 0,0002 ¢€,0061
FREQUENCY = €A5,9 CM-IN )
0.0 0.0 0.0 0.0
0,0 0.8382 0,0012 " 0.,0058
. FREQUENCY =3100.6 CM-1’ e
0 C . 060
0.0
0.0
6.0
. 0.0 0.0 . 0.0 0.0
0,0 0.0 0.0 0,0

¢

e

B

—

0.001%
0.0

0.00C0

0.9
- 1

0.7112 , 0.0022

0.0

o.c1s0
0.0

00345
0.0

D.0304 .

oo [-X-2
D) o ¢
on ..00

0.
0.

(- -]

2.0
0.0010

0.0
0. 5438

0.0

0.0447
Q.

1:0583

0.0

0. 039t

q0 (] &

0.0
0.0

0.

.0
0.0289

0.0
1.0147

0.0.
n.037a

0.00d0

00,0005
0.0

0.00%54
0.0

0.0co>
0.0

0.0155
0.0

o.0
0.0

0.0
0.1565

0.0

B

0.0 -
0.990.
< t’-?
»o..,oo 1a
0.0
0.0002

2 2H2
trans- C2D2 2s are llSted, under each requency, 1n

. the érder of’ thé%;ymmetry coordlnaé s llsted 1n'

0.0

00,0012

0.0
0.39¢6

0.0
0.8078

1

' 0.0064.
" 0.0

S and

4v

C.0.

3.0
- 0.0 N

™

Q.7272
0.0

g

‘0.2718

0.0

0.0
0.0

0.0
0.0

0.0

0.5333

0.0

0.4730
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. - APPENDIX III (continued) .. o
; . ’ - ! §
. , v 4
ii J C D S H - 4 ) '
(ii) . D, . o ,
B e N N \
] ,./ i : o ? ' g
P . . ' . . [ 4
e v ) x, : K o ’ 7
FREQUENCY =2210,5 CM-1 : ) Yoo " S )
0.0385 0,0067 : 0.9553 .0.0002 0.0066 _0.00C3 '0.0002 0.0, 0.0 0.0
0.0 4.0 0.0 0.0 0.0 ‘0.0, 0.0 0.0 0.0 * 020
FREQUENCY =1186.8 CM-1 S i s e . -2
‘0.5834. 0,0648 0.0399  ©0.0076 0.3ISS1 _0.3081 0.0036 0.0 0.0 o. .
0.0 . 0,0 0.0 0.0 0.0 “ 0.0 0.0° 0.0 Q.0 0.
FREOUENCY = 949.4 CM-1 _ Coen o " 9 :
0.3423 0.02p3 0.0042 0.C015 0.3530 0.0851 .0.0025 0.0 0.0 0.0
.0 0.0 . 0.0 0.4 olo ; _0.0.- 0.0 . 0.0, . 0.0 0,0 %
FREQUENCY = 764,3 CM—] § , ’ v " Pl e L .
0.0166 . 0.1951 0.0005 .CO73 0.0291 - 1.0363 O0.0ue¢6 0.0 0,0 * 0.0
0,0 0.0 . 0.0 0.0 6.0 .. 0.0 0.0 0.0. . ‘0.0 0.9
FREQUENCY, = 610,1 CH-1 Y : -~
0.1039 0.8543 0.0001 0.,0000 '0.0577 '0.0158 _0.0128 0,0 0.0: 0.0 !
o.0 %50 - 0.0 Fo e 020 230 0.0 0.0 0.0 . 0.0
FREQUENCY =2333,4 CM-} : ) ! & z. .
0.0 o;o%- 0.0. T'o.+ 2 *® 0.0 g 0.0 0.0 0.9731 0.0216
0,0040 0.0 0.0 0.0 0.0°,  .0J0.° 0.0 . 0.0 0.0 " 0.0
 FREQUENCY. = 922,0 CM-1 . ° R .*§ . R PR
0.0. 0.0 . "0.0 v.0 0.0 - 0.0 % 0.0 0.0 0.02€9 -0,7412"' °
0.1798 0.0 0.0 0.0 0.0 0.6 ¥ 0.0 0.0 ' . 0.0° 0,0
o FREQUENCY = 630.3 GM-1 - ; ~ : ) -
© 0.0 0.0 - 0.0 ¢+ < 0,0 o.¢ 0.0’ 0.0 0,0 -'' 0.0001 o0.2a2a
0.8213 0,0 0.0 0.0 T 0.0 0.0 0,0 0.0 0.0, . 0.0
FREQUENCY =2184,8 CM-1 - . . 7
0.0 L0400, .0, 0.0 aL,0 0.0 0.0 Q.0 0.0 ., 0.0
0.0 0.0052 .0.9885 0.0002 0.00¢1 050000 0,0010 §.6 0.0 0.0
¥ FREQUENCY =1066.6 Cw-1 : B A : ;-
0.0 © 0.0 . 0.0 0.0 .0 o0.0- 0.0 0.9 .. 6.0 . 0,0
0.0 0,0662. 0.0073 0.0102. 0.5860 0,0580 0.0124 0.0 c.o 0.0
PREQUENCY = £27.9 CM-) ) . ' ’ ) ' X
0.0 0.0 .0 0.0 * 0.0 9.0 0.0 0.0 0.0 0.0
10,0, 0.0190 0.0006 ©0,0058 0.1179 1.0181  0.0035 0,0- 0.0 ., 0.0
FREQUENCY = 607.0 CM=1 - : C - . ’ .
0.0 0.0 ° - 0,0 ‘0.b 0.0  0.b 0.0" 0.0 0.0 0.0
0.0 0.7680 . 0,0037 0.0046. 0.029i - 0.0049 *0.12434 0,0 . 0.0 0.0
FREQUENCY =2312,1 CM-1 T : : ¥
0.0 - 0.0y 0.0 | ‘0.0 0.0.  , 0,0 0.0 0.0 ° 0.0 o.c
0.0 ‘0,0 0,0 . 0.0 0.0 0.0 0.0 0.9949 . 0.0038 0,0010
FREQUENCY = 707.4 Cu=-1 : - .
‘0.0 0.0 0.0 o:L' -* 0.0 0.0 . 0.0 0.0 0.0 0.0
0.0 ' 0,0 0.0 ' 0.0 -6i0 0.0 0.0’ 0.0047 0.4718. C.eS5a3;
FREQUENCY = $84.3 CM-1 - 3 o . o ?//iﬁﬁx\3¢‘
0,0 0.0 © 0.0 0.0 , 0.0 0.6 0.0 °  -o.o0 - ) oo
0.0 . 0.0 0.0 - 0.0 0.0 « 0.0 0.0 s ) -

, 0 _ . 0.0, 004 70,5300 o.Ss03
< B . . . Je T F



cis-C:

H

s

D_H J
"2°2.°2 ,
Lo ’ ! i
v . ). . N . )
ST ) Sli e - .
- FREQUENCY ‘=¥062.1 Cu-1 S L
0. ooso 0.0006 0.9920 0,0039. 0.0009  ©0.000Z’
‘0.0 '~o. 0.0 . o;o 0.0 i0.0
FRE ENCY 2259, 1 =1, Lo T
0.0179 0,0038 . 0,0025 O. 9705 '0.0072  0.0041
0.0 . 0.0 0.0 ' . 0.0 0.0 0.0"
_FREQUENCY =1329,.1 .CM-1~ o o
" 04,1704 0.0214 - 0,0017 p:oxAs 0.97481 0.2393.
0.0 .- 0.0 5. 0.0 .. 0.0 0,0 .00
‘. FREnuEncv ©1080.0 CM-1 Sl o
07449 0.0697 00032~ 0.0075 - 0,0448 "0,1592
0307 . 0407 7. 040 . -0, .0 KR LN 0.0
;rneousncv = 967.6. CHN=1 Lo :
~.0.,0004 0. 0233 04 6000° o.ooco -o.:oce 0.2442
"0,0. 7 0.0 . 040 0.0 . 7 0.0 0.0
FREQUENCY = 760.2 CM-1 . T :
i 0e 0225 o. 0297 o.ooos‘.o 0020° 0.02%2 vo.xsoe"
S0.0.. % “0.0! 0.0 olo . 0.0 0.0
FREQUENCY =, €57, Eremw-1’’ : \\\
00317 0, a13s o, oooo :,dooe 0.0101 o.0788
0.0 040 040 0 0.0 o, 0 . 0.0
FREQUENCY- x 608.2 CM-1
0.0809 0. ST$7 0.00800 0.0000 _ O. oa;; 0.0067
0.0 0.0 0.0 © 040 5, a0 0.0
FREQUENCY =3063,7 CM-1
0.0 0.0 .. ©.0 0.0 0.0 0.0
0.0 0.0005 ©0,.9896 . 0.0054 0,0006 00,0003
FREQUENCY =2257.4 CM-1 '
0.0 0.0 0.0 0.0 0.0 0.0 4
0.0 0.,0026 0.,0057 €.9700. 0.0068 (1YY
FREQUENCY =1302,7 CM-1 o .
. 0.0 L 0.0 0.0’ 0.0 0.0 0.0
0.0 $;2 0.0176 0.0000 00,0122 0,.$695 0.3508
FREQUENCY =1068,1 Cm-1 o
- 0.0 / 0.0 "0.0 o.0 S 0,0 - 0.0
. 0.0 + 0.0138. 0,.0018 0.,0076 0,0002 0.0634 ;
FREQUENCY = 917.8 CM-1 .
0.0 0.0 0.0 ° - 0.0 0.0 . 0.0
7 040 0.0034 0.0026 0.0021 -0.3250 0,2227
.. FREQUENCY = .719.2 CM-1 . .
" 0.0 0.0 . 0.0 0.0 0.0 0.0
. 0.0 0.1347 .0.0001 0,0003 0,0020 0.153
. FREQUENCY x 615.8 Cm-1’ ’
0.0 0.0 . 0.0 0,0 0.0 0.0
0.0 0,68%59 0,0003 0.0024 0.0045 0,02S5S

v

''6.0008 .:
© 0.0

0.0003
0.0.

0.0000
. 0.0

0.0014 -
.040°

.-

0.0383
0.0

0.0012

0.0013"

o;b.'

0.0393
0.0

‘0.00C0

0.0

‘0,0021

0.0

0.0
0.0009

0.0

00,0005

0.0
0.0362

0.0
0.1064

0.,067T9

. 0.0

0.5048

0.0
0.1038

0.1082

0.0
D.0NA81
0.

0 Q

< 0.0533
‘0.0

Q.l1184a

- 0.0
0.0312
0.0 .
0.0
0.0009

9.0
0.0074

0.0 .
0.1451
0.3

0.0 -
0.001a4
. 0.0

0.0050

0.0
0.0?80

L
0.007a:
0.0

o‘2i79'

0.0003

0.0001

" 0a@

00,0270

'0.0000

- 8.0

0.,0001
0.0

0,0010

N ST

0.0150

0.0

0,006
0.0

0.323a
0.0

0.18%0
0.0

0.0

0.0016

0.0
0.0023

0.0
0.0021
0.0
0.0367
0.0
Q.4000

0.0
00,0723

0.0090

00,0049
0.0

0.Cco01
0,0 .

10,0012
0.C

0.0054
0.0

0.0090
2.0

0.0
0.0001‘
o.0
0.000S5

0.0 °
0.C033

0.0
o.ooae/
I/
0.0 ~
0.0006

0.0

0.0251

J
0.0
0.1280

/

-



APPENDIX III (continued)

" (iv) trans-C.D_H.S
At S 2
A &
Y
/- (6 T
FRAEQUENCY. =3867.0 CH-1
[l 06,0029 0.0006. 0.0047  0.9877
P 040 0e0 0.0 * 0.0
.. PREQUENCY =2270.2 CM-1 .
0.0176 0.0033 0.9562 ' 0.0039
040 0.0 "0.0. 0.0
. "FREQUENCY =1338.3 CM-1
. 0.1389 0.0170 15,0206 0,0007
0.0 ' 0.0 .0 0.9,
FREQUENCY ®111. .. _u-} .
0.5313 0,068:5 C.0008 0,0071
0.0 0.0 3.0 0.0
FREQUENCY =1026.1 CM-1} .
' 0.2369 0.0041 0,0101 0.0000
0.0 - 0.0 0.0 0.0
_FREQUENCY = §76.%5 CM=1
0.0196, - 0.0371. '0,0081 0.000S
: 0.0 - 040 0.0 - 0.0
Wwweﬁ ¥ = €98.7 CM-T¥ a
L. . XY040391400.1822 0.0000 0,0000
.00 0.0 0.0 0.0
FREQUENCY = €16.7 Cu-1} Y
0.0954 0,8301 0,000¢ 0.0040
0.0 0.0 . 0.0 0. -
FREQUENCY =3058.8 Cw~1}
& 0,0 0.0 0.0 0.0 -
R A 0.0005 0.0046. 0,9940
FREQUENCY =2245.9 CM-1 ‘
0.0 0.0 . 0.0, 0.0
0.0 . 0.0026 ‘ 0,9856 . 0,0039
{FREQUENCY =1288.7 CM-1 P
" 0.0 0.0 0.0 0.0
0.0 0.0218 0.0059 €.0004
FREQUENCY =1000.9 CM-1) o
0.0 0.0 0.0 .. 0.0
‘ 0.0 0.0026  0,0001 0.0002
. FREQUENCY = 784.8 CM-1 EEI
: 0.0 9.0 ~ 0,0 ‘0.0
. 0.0 . 0.,0878 0.0006 0.0011
- FREQUENCY = 659,] CM-1
0.0 0.0 0.0 0.0 . .
- 0.0 0.0235 0.0001 0.0002
FREQUENCY = 618.2 CM-1 -
6.0 -~ 0.0 0.0 0,0
0.0 0.7196 . 0.0029 0.0002
B %

0.0007
0.0

0.0083
0.0

0.93521
0.0

0.0048
0.0

0.0097
c.0

0.2311

0.0

0.0046
/0.0
0.0404
0.0

0.0
©.0007

0.0
0.00%58

0.0
1.0134

0.0

0.2048

7

c.o
0.0099

0.0

0.0614

0.0
0.01406

o
’

0.0009 0,0002
0.0 0.0
0,0004 0.00aS
0.0 0.0
0.027T7 0.2458
0.0 - 0.0
0.0211 . 0,037¢
0.0 0.0
0.0738 ' 0.1964
0.0 . 0.0

i

0.0819 0.2a25
0.0 0.0

/7‘_ -
o.648%, 0,0680
0.0 0.0
'0.0143 0.0740
0.0 0.0
0.0 - 0.0
70,0008 0.0002
0.0 0.0
0.0004 0,.0040
d.o 0.0
0.0553, 0.3679
0.0 . 0.0
'0,0038 0.1936
0.0 . 0.0
0.7106 §.233a
< &

0.0 , 0.0
0,0000 0.0154.
. .
0.0 0.0
00,0635 0.0199

. 195,

0.0022 .0.0009 0.0000
0.0 ~ 0.0 0.0
0.0018 0©.0100-. 0.0001
0.0 0.0 0.0
0.0163 {1827 o0.v008. n: 3
0.0 0,0 0.0~ - :
i -t

0.0954 0,147
0.0 0.0
0.0177 o0l233s
0.0 ”0a

~.
10,3762 10,0009  @.0g40
0.0 o r\\\jior’, <
0.048%" 0.0016 0.0033
0.0 0.0 . 0.0
0.0205 0.,0015. 0.0122 .,
0.0 0.0 0.0
0.0 0.0 0.0
0.0001 0.0000 6.000Fr
0.0 0.6 0.0
0.0000  0,0008 0.6005

, -
0.0" 0.0 c.c
0.C094 0.0682 0.,0041

A ! 3
0.0 0.0 0.0 .
0.0257 0.2312  0.0005
v

0.0 0.0. o.c
0.0014 . 0.0485 ©.0164
0.0 0.0 0.0

0.3758 o.xs:;qgi.OOAA“

0,0 10,0
0.0612 ..0,000%
P €

N

0.C
0.1343

.



P o FLNDIX IV

| | | : =
INFRARED SPECTK/ "~ CASEOUS C.D,S, cis-C,D,H.S AND trans-

274 2°2°2
o NN R o v
. : CZDZHZS
: Preparatlon and Handllng of Samples \_b

The deuterated forms of ethylene sulphldg were
supplled by Dr. O. P. Strausz of thlS department The
C2 4S was prepared by the reactlon of the carbqnate
ester of 1 l 2,2~ ethylene d4 glycol (prepared by the

1 method of W. H. Carothers and F. J. Van Natta, J.
Amer. Chem. Soc - 52 (3l4 (1930)) w1th pota331um thlo- ; f;
' :

cyanate (s. Seaﬁles and E. F. Lutz, J. Amer. Chem. Soc. \

80, 3168 (19§8))._iThe product was purified by gas- ((‘\Jk
llquld chromatography u51ng a 10 ft long 20%: trl—‘

~—

cresyl phgsphate column at 46°C,'w1th a hellum flow
rate of 60 cc/mln. Mass spectroscopy of the product'
“indicated‘that it -ontained 9% or less of C2D3HS

The c1s— and Erang l 2- dldeuterloethylene sul-

e qx?hldes were prepared by the photolytlc reactlonri;j
| c1s— or trans l 2~ dldeuterloethylene with carbony
s lphlde in the presence of carbon dlox;de. Lrhe re-

actlon is, w1th care, stereo-spec1f1c (A Jackson and

Y

0 P Strausz, to. be published) but varylng amounts

~
Hof the c1s—1somer ex1sted as 1mpur1t1es in the trans—

1somer, and vice versa. Except for trace?oof water

" and carbon d10x1de in soma—aamples, no othbr 1mpur1t1es'

¢

196 .
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Appendix IV (iontinued)

\ R
were de}ected.v Y o
'The infrared spectra were recorded by D. A Othen

y

of this laboratory on a Begkman IR-12 spectrophotometer, L

l. The - ga\\s

were contalned in a 9.5 cm. long. Pyrex mlcrocell ‘which

'operated at, a resolutlon of.- about 1 cm

Awwas fitted w1th cesium 1od1de w1ndows and a standardv

taper, greaseless Teflon stop—cock The pressure of

&
gas w1th1n ‘the cell was not known accurately but was

be probably between 10 and 60 Torr in all cases._“

-2
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Appendix IV (continued)

Log_,o Io/1

1 1 1_ I
1240 © 1100 . 1050 - : 950 ..
1 T T I ¥ - T

Infrared Spectrum of ga |OuUs C2D4S at +25°> The curvesl

labelled AC show the spect um of one sampleé those label-
.led B show the spectrum fa. second sample. The fre—

o

quency scale is the same for all spectra below 2000 cm -1

“ . .
> . ' /\
< - . . Z .
~ . R
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o8 o ' L 4
ost |- | -
" .- . (VN '? *
L 1 1 ‘. : » 1 1 1 1 1 1 ! hd
3080 _ 3ooo 2300 2260 1340 - 1300
. v/icm ‘ ) »
B Infraré’g\spectrum of gaseous cis- CzDzﬂzs at +25°C. Aall
curves show ‘?;he spectrufn of a 51ngle sample. The features -
& ~T
labelled T arlse from trans- C2D2H28 whlch was present as
an impurity. L } B g}/
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Appendix IV (continued)

Logyy lo/1

2 L 1 2 l__JJ_LH B S

1 1
3060 3020 2280 . 2240 - J320_ 1300
R R v/cn1 - *~, ' ‘

I

'Infrared spectrum of gaseoug EEEEE C2 ZHZS at +25°C. /The'
bottom curVes 1n the upper three boxes show the spectrum-
of one sample and the other curves show the spectr}m of

ua'second sample‘ The fedtures labelled‘c.erlse frpm S&E‘_

C,D,H,S which was present as an impurity.



