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TLe 1T glectron rehybridizetion sccomprnying deformstion of ea sromatis
gubstituent cut of the plune of the rinz has been invokel ia the past to
erxylein differences betwaen the effective { dipoles of benzene es deduced
fron intensity studies of in-plene end cut-of-rlane vibrations, As such
rehybridization is likely to mcke a considerable contribution to intere
moleculrr forces botwesn sromatic eystems en stienpt has been made to
verify ths rehydridigation theory., The macnitude of the rehybridization
woment should be independent of tre subntitusnte on the aromatic ring,

An enalycis of the vepour phaeo tand intensities of hexafluorobenzene
heg estatlished that the difference between the effectivs CP dipoles as
deduced from the in-plane and out-ofezlane vibrstions 4s 0,3 D, in the
sen3e compatidle with the flucring atos beinz 2t the nezative end of tho
dipocles This rehydridisation moment of 0.3 Ds 13 equal to that deduced
for beazengs Rafinecnent of the analysis ia &chieved bty the determinstion
of Coriolis couplinz coafficients and sbrolute intensities from dand ehape
csleulstions, A computer rrogorenm hss been written for this purpose.

The intensities of £ll i{nfrared ective fundemantal bsnds of
kexsfluorcbenzene beve been messured in solution in esrdon disulphide,
cyclohexsne and tenzenes The Intensity changes are satisfeotorily
ccrreleted on the bugls of dlelectrie theories except foxr the Azu
fundamentel of hexefluorcbenzene in benzene,

" Denzene interaots with many wesk electron scceptors to form weakly

bound comrlexess The weuk corplexes formed between benzene end hexafluoroe

benzene erd tenzens &nd boron tritromide have been investigated,

R.H.C
LIZRARY



A high pressure systes hes been developed to study the pressure end
temperature dependence of the infrared sbsorption intencities of the
fundanentsl vitrationa of Ytenzene.
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Cenaral Intmrdustion

Vibraticnal btand intencitiea are intimately related to the movement
of electronic charge which cccura durinz tie associated vibraticnzl
qusntur tranzitionz. Consequently, 4n prisciple, the intergretatiocn of
infraxed atzorption intencities cen provide information concerned with
the chrrge dictritution in molecules and on the redistribution of charge
wiiich occurs during mclecular deformaticnse Frozresa in this line of
reazecrch hes been somewhat restricted ty the need for more excct
experizental intensity data end slao by the fact that the interpratation
of the data in terms of bond electrical properties hes proved to be a
curplex end vexingz problem,

In the doutle-heoruwonic bond-moment sprroximation the stsolute
intensity of a vitrationsl funlanentzl is directly proporticnal to the
sjucre of tne grulient of the Jijpole vestor witu respeect (o tha assoclated
norzal cacrdinate.i%ﬁ;, aud sevarel spprcaches have been mede to relate
toia quantity to btond electrical properties. Tne varlous interpretations
have tecn based largely on the coazepts of individusl tond moments and
tond dipole derivatives. It Lss been generslly concluded that in the
cimple boni cioment hypothesls the deduced bond perarsters ere not generally
trznzfersbls bstween molecules end rerely even transferable from one
vibraticnel cpecies to anotiier in the saie Loleculse The elexenlary
treataent bkaz been supplemenied dn recent yesrs by the inclucsion of
edditicnal (crocs) terwms into the theory., livwever, such a schene is
tedious end incressea the nuuzbor of bond parametera by a fzctor of three.
levertlieless, Cverdlov hag applied the secondeorder bond-uoment hypothesis

to a veriety of molecules smid the deduced bond ypsrumeters are generally



transferables An eppreciation of the results necessitates careful
ecsegement of the reletive importance cf the additional terms, Indeed
Cribov has eriticized the Sverdlov theory on the grounds that quite often
the additional parameters carmot be determined even for the einmplest
eyster thereby reducing the value of the theory without sdding anything
to sn understunding of the dynzrmics of the problem.

Thysical chemists prefer to treat the properties of molecules as tlhe
sum of a set of bond properties &nd the inherent sesumptions of the sixzple
tond-mowcnt hypotheeis produce the derired sirplifications In epite of
the shortcordngs of the hypothesie, & careful enslyels of many of the
inconsistencies in the deduced tond perszmeters has rrovided a grest deal
of information concerning molecular structure. Huny of the 'epparent!
diecrepencies in the deduced Lornd perameters ¢an te readily unlerstood =
&t leaset qualitatively -« to be a coneequence of hybridizstion changes
wkich accompuny bond length end tond en:le deformations. In principle,
the variationa in tond dipoles eand bond dipole gradients for perticular
tonds in & series of related wolecules may be of even greater intercst &s
they xay indicate the magnitude of the eleotron displacement,

If the relybridizstion phenonmena 18 reslly eignificent then 1t is
exrected to manifest itself in certain modea of eny 1T electron system.
Furthermore, since rehybridization chsnges ere deteruined almost
exclusively by tie engle between the bond linking the substituent etom
to the atom involved in the 1T eystem and the plene of the molecule, &
similar magnitude of the effect is anticipated for the same deformation

in a series of relsted molecules.



The first section of this thesis is concerned with the vibrationsl
intensities of hexafluorobenzene in the vapour phose.s The data are
interpreted on the beeis of the simple bond-moment hypothesis and
criticzlly compared with reported data for related molecules. Curport
for the concept of a rehybridization moment associated with certain rmodes
is obtained from the etudy,

It is possidle thaﬁ the concert may eleo be responsidle for many of
the glaring discrepuncies that exist between condensed ard solution phase
infrsred intensities and the values that con be predicted from vapour
phaoe data using eimple dielectric theories. Absolute infrared
intensities offer many advanta;es for the study of environmental effects,
specific interactions, weak complexes ard intermoleculer intersctions.
The rehybridization phenomena may be importent in such studies.

The later chapters of this theels ere concerned with the soclution
rhase infrared intensities of hexafluorobenzene and intensity data on the
complexes formed between hexafluorobenzens end benzene and between benzene

&end boron tribromide.
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2bhanlute Infrored Intencitica « General Theory

A complete understandingz of the &absolute intensities of infrared
ebsorption bands requires a close look at the mechanism by which
electromagnetic rediation interscts with matter, There is a finite
probebility that a molecule will exchrsnge enerzy with e rediating fleld
and undergo & transcition between en initisl &nd a final quantum state.
This process gives rice to a spectral line of finite width end intensity
et 8 particular frequency,) , glven by the Bohr freguency rule

s F' - E"

v n|.n" -—-.—ro. 1'1

n"nt =Y

where E refers to the energiles of the n" and n' quantum gtates and h is
Flenck's constant. If E"<E' radiation is sboorbed ty the molecule
glving rise to an absorption spectrum and if E"S>E' radiation is emitted
ty the molecule givinz rise to an emiesion spectrum.

The intensity of the resultingz epectral line ia determined by the
probalility of the transition which gives rise to the line. It can be
ghown that the probadility of a randomly oriented molecule being promoted

from a state n"™ to & state n' is

%r_r?- {n"/u/nD> 2'(evn".n') 1.2

vhere {n"/u/n'> 18 the quantum mechenicsl motrix element of the dipole
moment of the molecule with respest to the wave functions of the
resvective etates end (Qvn".n') is the radistion density for the
rarticuler frequency of trencition. The probability of induced emission
is glven by the same expression with the primes reversed and thus the net

ebrorption probebility is given by:



.g.hr.r} (o flnt> 2@y )T = B L3

where ns represents the nunter of molecules per unit volume in each stzte.
Fach such transition reducea the energy of the field by an amount
h)h, nt 8° that the net loss of energy for a differentisl element of
1

atsorbinz materisl of lenzth 41 and of unit orossesectional erea will be

" 2 .
«-dl = vnn.nl EB_E. <n /P/n'> .(Q)'n”.n,)(l‘in - Hl;) al 1.4

The radiation flux intensity is rclated to the redietion density by
I = cQ 1.5

vhere ¢ is the velocity of lighte Cubstitution for Q followed by

intezration yields,

2
103 13 = Ve o B;jcl-@”/p/n') o (% - 1) 1,6

At equilibrium, the Boltzmann exyression represents the relative
populations of the states n" end n'

B! «Xe - (2 - 1::")/kT 1.7

Lence N} = N = pN ETE"/kT - e'E'/kT
~i4/kT
P
i

- -

1.8

where N is Avsgudra's number end p &s the molar concentrztions Substite
ution is 1.6 £rd subsejuent rearrangement gives

(V) w log Io = V £rx n"/u/nt >?
T n"ynt 50 % 1,9

The left hand slde of 1.9 defines an experimentzlly observable quantity,

the ebsorption coefficient, X (V), of the spectral line.



It is well known both from experiment and theory1 that en sbsorption

line has a finite width so thut it is rore realistic to write
f o ()4 = ¥ 0 EP (ofufar D
Zhe
line

Ttis defines the total integrated line absorption coefficient,

An infrared absorption bznd is assigned to transitions between two
vidrational rtates end a fundamental band corresponds to a eingle
vibrationerl tronsition from the ctate ¥V = O to the state V= I. Tue to
sccompenying rotaticonal transitions a fundamental infrared adsorption
bznd hag runy rotational components and the totzl integrated intensity is
obtained by surring the rotationzl fine structure over the whole band.2

Ly en (105, 10dvm £28 Cofu/1)?
b

7l ihe
EAND

1.11

The factor is usually cloze to unity =nd is therefore

omitteds The frequency is slichtly differont for each rotational

component g0 that it is more correct to writez
2
[Con = 1 [ 108, 1 a(2059) = £ (ofu/s
. 1 2 L e {ole/ry 1.12

BAKD
Tids defines the intesrated intensity of a vibrationsl funi~ncntal.

Equation 1.12 1s exact for a sinzle transition between the ground
vibrationel level V =« O sud an upper vibrationsl level V= I, However,
ruch & trancition can seldom be studied in practice, for most epectral
bends coneist of a main band with a nutber of overlapping Lot bendas The

-increased abrorption due to the Lot bunds is exzctly compensated by the
incrense in induced emiscion zud the experimentsl intensity is determined

bty integruting over e fundamental znd oll the =ssocisted hot bands.3'4



The swmation can be cerried cut exactly to yleld

f - %"% <O/p/1>2 1.12a

which 13 the same ez l.l12.

CBZ.

when the vibration §s degenerate the expresaion applies to each of
the cormponents of the depenerccy so thet it is necessary to introduce a

de;eneracy factor, g, into the expression,

- 8!1"" 0/1% 1 2 . 1015
F _ﬁ(o/ﬂ/>

In this derlvation rotationel quantization hag so fir been neglected.
It can be shown that an exact surmation over thae essuciated rutationai
coiponents in the casze of eymmetrio top molecules reguires a correction
factor which is equivalent to rultiplying the right hand side by the
i‘ac:t:or‘j

«13o/kT
1 ¢ 2% 1 +2 l.14
v. 1 _‘e-hVo/kT

wiere 3 is tae rotational congtaat, I = ard 13 is t'.e momsnt of

_h_
8mwcly
inertia rerpendicular to the symretry exis. Feglect of rotationsl
qusntization introduces sn error ¢f less than a faw pexrcent.

4t this point 4t is convenient to develop the quantum mechanicsl
matrix elerent of the dipcle moiment in terms ¢f quuntities which can be
related to bond properties.

<olp/1> = ch’ B ar 1,15

where u'o' is the complex corjucste of the complets wave function for the
ground state, p is the electric momént ¢f{ the system.U&is the wave

function for the state V= I snd 47 18 the volume element of configuration

spnce, The electrioc noment cf a molecule is a vector quantity having



components py, My end p, which can be expressed
Py -% eixi, py - % é.iYi and B, - e.izi 1,16

where e, is the chorge on the i-th particle end X T Y #nd Z, ere the

i i
spece=-fixed cartesisn goordinates of the i-th perticle, the sum being
over &1l psrticlese In general, the electrie roment ¢an be expanded &s
a power geries in the coordinates of the atomse A Teylor series expansion
in terms of normal coordinates 415 most convenient
T 0 + mZ6 _ﬁ_ Q ¢+ hi;;he:eg;ger . 1.17
Cimilar expressiona describe py end Hye The term pz is the x component
of the permancnt electric moment of the rolecule,dp, is the dipole
3%
moment derivative with respect to the normal goordinate Qk gnd the
sunmation is over the 38-6 normel coordinates used to descridbe the motion
of a system of N particless If "higher order terms” ere neglected &nd
if tre vibrationsl wave function.qu is the product of hsrmonie oscillator
functions tien we write 516
/‘-V:'“xq}v"dTV ® p::fw :' andTv + Z bpx “Pv'Qk(Vv"dr
k=13 Q

1.18
The first term on the right hend eide vaniches unless v" = v' bdecsuse of
orthogonality of the functlons ) end therefore the permanent electrlc
rmoment p® hasg no influence on the intensity of vibrstional transitions.

The integrsl in the recond term can be expressed as productetype wave

functions

/\;j :' Qk‘.p',,d'f" Of,}}v? (QQ) vav’l(Q') dQ'/olc-o:[ovooco 1.19



end arein because of orthozonality of the functions L the integral will

vanigh unless v, = v:. etc. with the excertion of vé &nd v;. If the

inte ral ] Y ;;‘ (Qk) Q ‘Vv; (Qk) 43, s to differ from zero then it must

be true that vi = v + 1 or v; - vé = 1. The conclusion 48 recched that

only linear terms in the electric moment expension influence the intensity
of vibration:l transitions end that the only vibrationzl trensitions which
cen occur with emiseion or sbzorption of radiation ere those in which only

one quantun nmumuber chenges and that ty one unit only.

Yith these eelection rules we con write

<o /1) = Bpx fq)o Q Yyay . 1.20

The integrsl involving the harmonic oscillztor wave functiona is expressed

in ex:licit form by %

/‘Po' G Wiy -(#1;;) 1.21

hence (O/prl >2 ( 3__;_1)2 1.22
Brrw 9

vhere ¥, i3 the harmonic frequency of the i-th mode. Substitution for
<O/p/1> in 1.15 yields the relationship

- !"TT" 1.2
f "cvi Xy¥92 (5‘-) ’

between the integrated intencity of a fundswental infrared ebsorption
band &nd the derilvative of the molecular dipole moment with respect to a
normal coordinate. For molecules of high eymmetry, &ll except one of
the corponents of the dipole derivative will vanish for vibrations of a
poxrticular eymmctry clags provided that the axes are chosen to coincide

with the symretry sxeg, i.e. the change in dipole roment will bs oriented



along a fixed direction in the molecule fer &ll vibrations of that
syinaetry classe
At this point 1t is convenient to diecusz the most commonly wused
intencity unitses It followe imrediately from 1.12 that the units of
are (concentration x length)'l and Crawford? has suizested that the rost
«1 2

appropriate units ere therefore mol., cm e Vibrational intensities are

often expressed in terms of a quantity, A

A - ._L 1339 I_?_ dv 1.24
rl i

which has the units of frequency x (concentration x length)-l. The
units of frequency most commonly used in the infrered region sre cm.l.
411 expressions derived eo far have expreszed freguency in units of cycles/
gece It is convenient to uze the cm'?' frequency unit end from the
definitiona of [and A 1t follows that they ere relsted by the epproxirate
expresaion

TO 2 1.25

vhere )7,, is the frequency of the band orizin in cm'l. Re-writing 1.23

with the frequency in om units we obtsin
2
[ I, 2 (B-E-) 1.26
XyY9Z

305y 0%
hence 2
- v} 7 2.4 Z
A Zesmeha(f) -

Vlienever the intensity is expressed in terms of A, the absorption
fregquency 99 i1g assumed to be conatant over the whole band and equal to

the harwmonie frequency )-)i 80 that mony authors use the siuplified expression



2

A= 1 flog Toda¥ = Bz 5 ('QE__) 1.28
rl 1 3¢ x,y,2\ 04

The units of A are therefore mol'lcm. ¥hiffen hzs expreessed sbsolute
intongities in units of mol lcm sen. -1 which 1s equivelent to expressing

2
en A vzlue as Friz Z a;v o For consistency we will quote
6 XYz |09

intensities in terms of mol".lcm?seo'l.

In the double harmonic oscillztor epproximsticn the sqjuare of the
dipole mozent derivative with respect to the normal coordinate is directly
proportionel to the integsrsted ebsorption intensity, Yormel coordinates

and internsl symmetry coordinates ere relsted by linear transformatiors

% = Z&‘ (L-)kk' "kt 1.29
or 5, = 2 Lo

k! k

of the tyte

where L, are tie elenents of the [ matrix obtained by colution of the
secular equation, so that it 1s convenient to express dipole moment
derivatives with respect to internal symmetry coordinatess From 1,29
it followas that

By = Ou «9F% = P - 1,30
GRS o (R

and v = > ow L, . 1n
?Hk & a‘k'

The calculation of sny particuler 2 requires the knowledge cof &ll
55

Bg values for the particulsr symmetry species,

oy

The question of the sign of the square root of the intunsity



introdaces a serious uncertainty into the interpretaticn of the dipcle
monent derivative in terms of bond properties. In gener=l, if there
sre n fundamentsl vidbrationa in a particular symmetry class then there
will te 2" aifferent si;m combinastions lecding to 2" aietinot eolutions
for the tond perasmeterss A cheice is made between the vsluez on the
bzels of lack of credulity of the authors to certain of the derived
credientss  Where isotopic data is eveilable the principal msthod of
elirin:tirz certain sizn combinations is the fzilure of the du to transfer.
Cceaslonally the choacn set can be confirmed ty vibraticn-r::ition intere
ection studies.6

If the molecule has a high degree of symmetry the matrix factorises

into dizsonsl tlocks and s Yenishes unlees S,

kk kk
eame irreducible rerresentation. Furthar, since rormsl coordinntez and

¢ 2nd Q belonz to the

m=trix vectors ere calculsted from the vibretionsl secular equation,

relletle values of Q%. czn te obtalned for molecules which hsve teen the
K

eubject of intensive force constant cslculstions.

It 12 convenient to develop the theory of infrared sbsorption
intensities further and to show how they can be interpreted in terms of
quantities which are relsted to bond parameters.

In order to reduce dipole moment derivatives to quantities which are
characteristic of individual bonds it is necessery to introduce a et of
assunptions that will allow molecular properties to be represented by the
sum of a set of bond properties. The assumptions of euch a hypothesis

aret

1) the stretching of a bond by dv produces a dipole moment change



directed along the bond of (g_g_) ar;
*
11) the deformation of a bond throuzh sn anzle 46 produces a dipole
monent cliangze perpendiculer to ths bond and in the plzre of movenent of
ou . 4o
0B
114) a chanze in one bond does not result in changes in gnother Lord,
except when thig is geometrically necessary.

With these assumptions, the totsl mom=nt resulting from en arbitrery
distortion is the veotor sum of the moments produced by each individual
bond. The great velue of such a hypothesis, the independent bond moment
hypothesis, lies in the fzct that data on many moleculea is reduced to a
coumon basis, There huve been sevaral eriticzl reviews of the acvilid
end a large nunber of bond moments and effective chargzes have been
tabulated.7'8 The general conclusion is that, slthough there ia a certain
amount of consistency between velues for similar rolecules, eome glaring
6lacrepancies exist end 1t seems that in the double hsrmonic-bond moment
sprroximation, the deduced bond moments are not transferslle between
moleculea and rarely even transferstle from one vidbrational class to
another of the ssme molecule., (ualitatively wany of thie inconzistencies
may be reconciled by allowing for the presence of longopair electrons, for
hybrldication changes which esccompany bond lenzth end bond engle
deformations snd for the effects of the higher terrs in the dipole moment
expanaion. All of these fzmotors together with related phenomena hsve
been critically reviewed by Coulson.’

A clear example of how an sppsrent inconsistency can be understood,

at least quslitatively, is in the cease of benzene. Deformation of a CH



bond in a éirection perpendicular to the rlsne of the ring can be
expected to result in conelderatle delocalization of electronic cherge
ebout the C nucleuse The rehybdridization will result in an incresse of
8 charzcter in the py orbital, A similar effect is not possitle for CH
deforrstion in the plane of the ring since the perpendiculer p, orbitals
cennot Ve irvolvedes The net effect is to mnke the CH dipole more

positive in the out-of-plene (Yg:) motion. Speddirg and Whiffent®

heve
deduced values for the dipole gradients essocisted with the two cotions
from infrared dntensity ctudies using an L matrix from the ¥hiffen force

11,12 TrLey show that the dirole grrdient for oute-cf=

fisld of berzcne.
plaone notion 18 greater then that for the in-plane ty an emcunt C.3D.
This i8 in sccord with expectation provided that the X atom 4s at the
roritive end of the CH 2dipole as reems probuble from the svellstle
evidence,

In the thecry of Cverdlov15 which extends the sirple tond woment
hypothecie to try and exrlein veorietions in tre effective bond dipoles
end bond dipole gredients it is essumed that the bend dipole vector
derarts from tre tond direction as & result of the povement of atoms not
sesocieted with thet perticular bonds This necessitetes the introduction
of derivetives of the dipocle perpendicular to the tond with respect to
each type of btond distortion. ThLe scheme 1s telious and increzres the
nucber cf paresreters by a fector of threee Applicestion of the Sverdlov
theory to benzene hrs been clsimed by Kovner end Snegirev.14 They reject
88 phyricslly reaningless the epperent inconsistency in the dirole

grediients for the two typea of votion &nd ty introducing second corder

2 .
dipole derivatives cuch os o ¢ into the theory they obtain an
ERESTY



unequivocal valuecf C.(5D for the CU dipole produced by both wotions.
This vealue agrees well with the walue for the cute-of-plaue rotion us
deduced by Spedding and Khiffenlo (28 indecd 1t vust since mno new

parameters are introduced into O ) and slso with the value derived
98
A2w

for ethylene ty Sverdlov.15 Thus, 1t appears that tie epparent
inconsistency in the value of the Ci dipole for in-plene motion can te
reconciled on the basis of two different theories.

It is the suthor's belief that the rehybridization phenomenon &nd
the ssgociated vidbroric effects are of significance and that they are
probably more physically mesningful than the second order &ipole
derivatives, [Furthertwore, it 18 susgested that they mey be responsitle
for many of the diecrepancies which exlst between ebsolute intensity data
for condensed snd solution phoses and the velues predicted from wapour
phasce values using simple dielectric theories. Infrared intensities cen
offer eeverzl advantazes over other spectroscopic technuiques which are
used to study environmentel effects, specific interactiona and 'weak
cozplexes's The concept of a rehybridization moment mey &lso be
siynificent in tie interpretation of many of the intensity chenses which
are associzted withIT~TTdonor-acceptor interactions.

The work described in this thesis was underteken with the primary
eim of Justifying the existence of a rehybridization woment and to ettach
sone physical meaning to its potential importance. The phenomenon only
involves the electron cloud sssociated with the carbon nuclei so that it
is anticipated that the rehybridization moment should be insensitive to

the substituent on the aromatic ring. For vapour phase intensity studies



in the infrured a volatile ccompound of lhigh cymetry is esseatisle Apart
from benzcne itself, hezafluorobenzene is the only volatile eromuatic of
Déh gyanetry and its remarkable similerity to benzene uwakes it a natural
cholce for this project, The absolute intensities of hexafluorobenzene
have boen experizentally deteruined and interpreted in e similsr menner

to that used by Cpedling ond Wiiffen for benzene.lo The data for both
rolecales hove been criticully exardned with particular enphesis on the
ciolce ¢f the signs of the dipole gradients and the relizbility of ke

existing force {ields.
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Tha Forne Fields of Penvena gnd Hevaflnorahenvena

The work described in taie thesis is essentielly concerned with the
absolute intensities of the fundemental vibrations of benzene end
Lexaflucrotenzenas It 48 well eprrecicted thst the Interprstation of
the etsolute intcnsities of infrared stsorption bands in terams of bend
propertiies requires & detailed knowledge of the mode of vibration. The
exact form of the norucl coordinate essoclated with each vibraticnal
frequency cen only be determiaed from force congtant calculatiuns, since
a knowledze of the normal coordinate implies a detailed knowledge of the
force flelld, end therefore a cloce exarination of the availadle force
fielis is important,

The syunsetry of the molacules, benzene end hexafluorobenzena, is that
of the point group DGh which conzists of the following symuetry eperaticns,

E,206,203,02.3C£.335.1.285.236,0£,30&.34;.
Teble 2.1 containg the character tsble for the group Déh end the analysia
of the various coordinate rerresentationa 4dnto tha irreducible represent=
ations. The representation is identical with that of a set of 33
cartesien displecenent coordinates &nd when the contributions of the
rotational and translational normal ccordinctes are subtracted the
reduced form of the vidratlonsl normal coordinates cen be expressedt

2A18 + Azg + 2328 + Elg + 4325 + Azu + 231u + 232“ + 5E1u + 2E2u

It 18 convenient to conuider the in-plane and out-cfeplane modes

senarately. The normsl modes of species 2Alg * Azg + 4E2g + 231“ +

232u + BElu constitute the in-plane modes, while those of species
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2328 + Elg + A2u + 2E2u
ere the cut-of-plinie wodese In-pline and cut-ol-plene wodes are
conveniently distin;uislied bty reference to the cherascter of h which 1s
positive for in-plene modes and negative for cut-ofe-plane,

The selection rulea for funisrentsls ellow the

ZAlg(polarized), Elg end 422g

frequencies t> te Raman activs &nl thsa

Agu(parallol) and }Eﬁu(perpendicular)

frequencies to be infrared active. The remainirg nine frequencies are
forbidden in buth spectra,

Anulyeis of the vlbrational spectrum of benzene hzs been the subject
of come intensive work =nd the complete vibrationel essisnment of all
fundamentels 18 now well eccapted.ll’16’17'18

The vibrationnl epeotrum of hexofluorodbenzene hrs been snalysed by
Delboutllel? rnd aleo by Steele and Whiffen.2® Agreement between the
two enalyses i1s good excert that the sssignments of 1@0 snd y&l are
reversed. In particulsr, Eteecle snd Whiffen essigned the three bends &t
1531, 1C20-1002 and 3i5cu + to the three doubly desenerate r,, fundamentsls
Vygs Y1g 0 Vyg Teepectively end the bind at 215 to the Ay
fundamental »il. Delbouille reversed the aasignzent of the two low
frequency infrared metive fundamentslse Clear-cut evidence in fevour of
the Cteele and Whiffen sgsignment 18 efforded by the infrered bend contour
of the band at 2153m'1. The observed PR seperation is in good azreement
with the geparztion caloulsted for a parsllel band of a symmetric top

wolecule, A similar conclurion was reached by Person et a121. However,



there workers also note thst the band at 5150mf} showed no splitting in
the crystal, while the binds at 1531 =nd 1020-1072 cm‘} both showed tle
characteristic eplitting obsexrved for the Elu fundamentals in benzene.22
Persen et 2l tentatiyely guzzest that the low intenaity of the band at

} is responzitle for the foilure to c¢bserve correlation field

315cm
£plitting dn the crystal epectrun. It 1s concluded thet the asciznuent
ty Ctecle and Whiffen is acceptstle.

Toble 2.2 containa the fundamental frequencies of benzere and
hexafluorcvbenzena essigned to the various symretry specles. The data
for benzere &re baced on the assiznment eof lair end Eornig;23 the finsl
rumerical valuea of the fundamental freguencies &rs tzken from Brodersen
erd Langaeth.24 The data for hexsfluorobenzene ere tased on end are
taken from the sgaigninent of Steele and whiffenfx) Th.e frequency of the
lowest lyingz fundamentai of hexafluorobenzene hss been tentatively

25

re-agsigned by Counsell et 81 “ on the basis of thermodynazic data,



Fundamental Frequencies of céﬂé' 061)6 end CGFG

Sym.Species Freq.lio. c 63624 c 63624 'c 6F620
A 2 1 993 945 559
2 3073 2303 1420
A, 3 1350 1059 651
E, 4 707 599 249
<8 5 930 829 714
6 o6 573 264
E2g 7 2C56 2274 1655
8 1599 1558 1157
9 1178 869 443
Flp 10 €46 660 270
a4, 11 673 496 215
B, 12 1010 970 €40
13 3057 2285 1323
By, 14 1329 1282 1253
15 1146 824 208
Eou 16 %98 %45 125%

17 967 787 595
18 1037 £14 1530

By 19 1482 1333 1020-1002
20 3CE4 2288 315

#* data of Counsell et &l 2

Tehle 2,2
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In gencrsl wa follow the notation, definition of exes and tie

11

eysteus of coordinates sdopted by Wiiffen. Figure 2.1 indicates the

punbering of estowa &nd the orientation of the molecule-fixed axes.

Fige2ele

The force fields of benzene and hexafluorobenzene have teen referred to
in terus of 24 planar internal displacement {valency) coordinates or in
terrs of 20 intermal gymmetry coordinates. Tableg 2,3 and 2.4 indicste
the coordinste systems. They &re sll identical to Whiffen's convention
with the exception of the Elu species where a complication arises due to
a redundancy. The symmetry ccordinates are constructed from complete

sets of equivslent internal coordinates.

PR (c<C) = Alg + Ezg +3, +E,
f‘r(c-n) "13*E2g+81u*“31u--
L (c-c-c) = ) +E, ¢3¢0
L"ﬁ, (8-0-C) = K, +E, + 3B, +E,

The cholce of internal coordinates 4s such that the symmetry coordinstes



Flanar Internal Tisplacement Coordinates in 0616

"Ry 19 the C-C equilibrium diatance.

)
ARi
Ari

RoAey

rohBy

" c.X " "
increase in length of Cy-Cy,) bond.

increace in length of Ci-Xy bond.

increace in angle 01_1-61-01,1

scaled with R,.

increase in angle between CiXy snd the external
bisector of the Ci_y-Cy=Ciy snzle (positive if
X; moves in anti clockwise direction) scaled

- Tsrle 2.3




Tlanar Symmetry Coordlnatea for 0616

(including E;, redundancy)

Synretry Coefficients for i = <] Internal
Species | Coord. 1l 2 3 4 5 6 | factor | Coordinate
hy 5, 1 1 1 1 1 1| b am
s, 1 1 1 1 1 1| b Ax,
bz | 55 T 1 1 1 1 1| &* r A8y
Sa |e2 1 1 -2 1 1 |12% R Ay
% |0 -2 1 o0 -1 1| 2% R Aoy
[ od
“a |=2 1 1 -2 1 1 1272 Ax
[ o4 -
By, % |0 -1 1 o0 -1 1| 2% Ary
Sga |e1l 2 <1 -1 2 -1 |1272 AR,
Sev |-1 o0 1 -1 o -1 ARy
S9a | 0 -2 1 o -1 1| 2 TABy
Sop | 2 -1 -1 2 -1 -1 |12 AR
B 5122 a1 1 -1 1 -1 1| 6% Ry
iu S -k Ar
13 |1 1 -1 1 -1 1] &% 1
B S;4 |1 1 a2 1 a1 1| 6% ARy
2u S 3 T
15 |1 1 -1 1 a1 1|6 AL
-1
Flga | @ 1} 1 0 <1 1|2 r ABy
S8 | 2 1 <1 -2 -1 1 |127F AR
S' -1 AR
15a |«1 0 1 1 0 1| 2 1
] -
E S'b |1 2 1 1 -2 -1 |1272 ARy
208 |«2 <1 1 2 1 -1 |12 1
S2b 0 1 1 0 -1 -1 |2 Ar
[ ] -
S'2a (=2 <1 1 2 1 -1 |12% R by
[}
2 |0 1 1 o0 1 -1 | 27t R, by

Tohle 2.4




Flenar Syuiweiry Coordinates for 06X6

(By,, redundancy removed)

St

“1¢a

4]

19a

2Ca

AR

Ar

Toble 2443




must obey redundancy conditions in Ay, end Fjy (24 internal coordinates
to describe 2i=3 = 21 in-plana displscements). Yor the A1z specles the
redundancy condition is sinply & consequence of the fect that the ring

mist cloce,

6
So, =0 or e .o
i=1
Tue four redundant gyrmmetry coordinates in the Ejy specles are denoted by
From the definitions of S°

g 3'19, 820 and S' end 8'21, it

51 21° 19
follows that the stomic displacements in the two coordinstes ere equal and

orposite eo that we can forrulate & normalized redundancy condition

1 (s'19 + 5'21) « 0

2
The redundant coordinate, Sr' 18 eliminated 1f wve choose tie other
coordinates orthogonal to Sr. with this condition, the G matrix elemants
belonging to §, disappear &nd the orthogonsl transformation eprlied to the
original eet of eymietry coordinates is

S st

s gt
18 19 ) 21
¥18 1 0 0 0
«
19 0 I o a3
©
20 0 0 1 0
5r o N7 o I
or simply
81 i 1 -l 5%
S, S '

Tahle 2.5



The force fields of benzene &nd hexafluorobenzens can be represented
in either internal coordinates or symmetry coordinates, Whiffen}o uced
Latin gymbols for the internal coordinate force constunts and Creek
sycbols to denote symmetry force constantss It is perhaps more
customary to denote symuetry force constants in the general form F}J.

The definition of the internal coordinate force constants iz given in
Table 2.6, &nd in Tatles 2.7 and 2.8 the complete transformations from
internal to symmetry end from symmetry to internal coordinate force

constants are quoted.

Definition of Internal Coordinste Force Constants

ARy Arg Rofeey rolABy
ARy | Dydgedped o Boebohy | doidedy o 3oedpedy
Ari E,eo.em.ep k,ko,km,kp l’lo’lm'lp
RdAp& F,ro.fé.tp n.n.o,nm,np
:BA}Q G’gb’gh'sp

Toble 2,6



Tranaformation from Inteymel Yo Eymmetry Force Congtonte

Al - Fll - D'C'Qd L % d +d
; 1 = Rz - 2n°+2h uhp
?1 «- F, = E+23°+Zan+ep

1 " F” = G2z *ng-egp
> 5 - Feg = F.fo-fm+fp
q)} - ré-r - K‘k .k "'kp
I5 - F68 - 4 -21m+1p

TT’ d F69 - 3 ,::(ono-fnm)

Jl; = Py = E-o e a*p

;3 - F'IB - h-2h +hp

T) - F79 - ’3(-1 +1)

Ay = Fgg = D;d - !

/“3 - reg = 33(-3 "'J

P’ - F99 = G-g -gm‘po

S, = Foy, = r-2r°+2:m-:p

Y, = F1213 - K-&°+2km-kp

N, = P55 = I-20,+2e -0

DNy = By = D-2a420-a

M2 = Tips = B2t

Fz - ?1515 - G-Zgo-ngm-gp

Ly = Fgg = S5mgyt .

My " ::1819 - 2‘2“(3 +2§ 2330/ (g an )
e * fez0 " 3 1 41

A: = Flg19 = %(M -d -dp)*d(F*ff - -t ) 3‘(1 -1)
Eg = P = (3/2)n, h)-2"~(k+k x -k)
Wy = Foop = “’“{%”,

I-ble 2.7



Troneformation from Syrmetry to Internal Force Conct-rta

1
€D )\1+A2+2A3+4A4+4f2-625+4.3 xj

- 3
6d, A I-I\Z-Afz A 4+‘2‘2-323+2. 3 I5

1
sam - A1+A2-A}-2A4-222+525-2.3~13
6 = AI-A2+2A5-4A4-42:2+6§-4.3%:§

62 = J'X1+le+2ﬂ}+2-fk. 63-[‘1¢[;+2['3+2[‘4

Cog = J&-JE-J%+Jk.6goufi—[‘2-[;+[:‘

oy = e T T
éap - %--’EQJB—N&, Sgpnf'l-,["z+2.[g-2 [;

F--2;+22'. fc-“g"z’

ia - :[3

1 : |
€h = ;1+;3+6¢;4-2.3§V2+3.55w3
€, =k 1-2;5 .
€h = ;14;3-&;4&.3%(;)2-3.5“?}

S
630 - 92"'3“}‘ 3’2‘1*‘ 4;"-3

6Jn - -‘121'2. 2}}1 4"2"3
bk
SJP - Pz"j Ps""a P4 TB
> -
k= "‘"2*‘9’3"‘0 - =4y B, = =3 "7

3. 3
6lo = =3ry3i,60 30yt

Tsrle 2,8



Frevious treatments of the force field for the planar vibrations of
benzene have been critically ssseesed by Duinker26 ard by Iuinker znd
H1113.27 The most general hermonic force field {2, of courze, under=
determined by the frequency data evailatble for benzene and its isotopic
sprecies and the number of different sets of force constants which reproduce
the frequency data reflects this fact. FRecently Duinker ond E111327 have
reo~-exarined the protlem 4n the 1isht of sdditional data provided by the
experimentally cbeerved valuea for the Corlolis zeta constanta of the 223
epecies of csné end CGDG deterzdined from electronio spectra.za In the
force constant refinement procedura of (II1) the velues of gome interaction
constants are cliosen on the btesis of the concopt of orbtital-following end
rehybridization of the carbon atomio ortitals. The final set of (IX)
force constants have been fitted to freguency data for 0636’ 0636 and 053555
and egreement between the cslculated end observed Coriclis zeta constants
for the 2?8 species of ceng and 0636 is excellent, The force f{ields of

Vhirfent® end of Scherer™

can be fitied satisfactorily to frequency data.
Dowever, both fields lesd to incorrect calculated values for the Coriolis
zeta congtants for the Ezg gpeciess In the case of the Eln epecles there
ere at present no data availatle on the Coriolis zeta constants for any of
the vibrations of this species. In principle it is possible to determine
zeta constents from the infrared band contours of the unresolved
fundementals and indeed Duinker and ¥illa®! have estimsted a zeta value

of =0,55 from the 1037cu E, fundamental of benzene dye This value is
in poor egreement with the caléulated zeta valuea obtained from the
available force fields &nd on this basis Duinker and E111527 conclude that

*in the Elu specles of benzena the force field is seriously underdetermined



-
Intarnal (Latin) Forra Constants mD/A

0633 & CGD6 cérk
Whiffenlo Scherer29 zu;§§§§27 s;;;%;egEO

5.093 54120 54125 T+405
0.025 0 0 0.087
0.008 0 ¢} =0.,050
=0.C40 0 0 0,032
0.806 0.866 0.881 0.821
C.016 0.002 0.024 C.CT2
0.C13 0.002 =0.C19 «0.,093
«0.C15 =0,003 =0.027 0.003
1.031 0.640 0.563 1,030
06155 0 =0.C50 C.141
=0,180 0.210 0.316 «0,1E0
0 0 o C.708

0 0 (o} 0
o} 0 (¢} 04263
0.049 0.167 0.%36 0.112
-00050 0 0 "00041
0.049 0 0 =0.C33
0 0 =0.,C10 «0.076
0o 0 0 0.344
"0.127 0 00042 ’00127
0] 0 0 0.170
0 0 0 =0,054
5553 6.724 7.C15 5.478
0.633 0.E13 0.531 0.660
00135 -00469 ‘0-551 00071
0.573 0.276 0e531 Ce459

T=ble 2.9




- " -

cynretry (Creelk, Fm) Torce Constonts m/i

. 10| . 29 | Duinker Stecle &
Whiffen Ccherer & 1'3.11327 m“enso
A1 F, 7.620 7.72 7.545 7,450
3 Py 0 0 0 0,833 g
N,y ) I 54120 5.12 5.125 7.512
C, F” 0.€57 0.67 C.863 04720 B
2‘3 Feg 0.846 0.64 0.614 C.889
Wy ra 0 0 =0,010 04420
Xy Feq ~0.180 0.21 0.316 =0.,180
n’} F69 0.217 0 «0,073 0.178
JL3 r,n £.020 5,12 5.125 7.40C z:2g
)3 3 F7s 0 o} 0 0.444
b r79 0 0 (o} 04330
A5 Fea 5330 €.64 74546 5,205
f&i FB9 00000 ‘0.29 ‘00532 -00243
Cs r% 0.647 0.86 0.850 0.847
Z 5 Flo2 ‘0.651 0.64 0.664 C.743
v, r 13 0 0 =0.010 =0.T64 B
Ny F1313 54100 5e12 £e125 74100
N, th 34940 385 44359 3.840
M, ) a5 Ce 300 0e33 0.672 0.235 Boy
. ’1515 C.822 0.87 0,821 0.492
_[“4 Fls1a 0.510 0487 Ce552 0,991
}&4 F&819 00155 .12 00186 001216
T4 Pl 600 0 0 0 0.137 Eq
[\4 P1919 3.670 3'83 3.48} 3.701
)3 4 91920 0 0 0.CC7 0.9984
Iy Fonng 515 5012 5.125 7.509

Tetlae 2-10




by the presently availeble data”,

The interpretation of the ebsolute infrared intencities for the
fundarental asbsorption bands of benzene in terms of tond properties requires
a detailed knowledze cf the Elu gpecies force field so that a reinterpret-
ation of the benzene intensities seems appropriate.

The force field governing dieplacements from the D6h equilibrium
configuraticn of the Lexafluorobenzene molecule hzs been trested bty Cteele
end Hhiffen.Ba In the ebsence of further information from isotopic
erecies, Coriolis geta constants or centrifugal distortion cornstants, a
choice tetwveen slternative golutions to the secular equation was necsaszary.
The finsl sot of force constants were chosen on the bssis that in a single
valency force field treatment 2ll interaction constants ere spproximately
gero. - Where this rroved to be an insufficlent critevion the symmetry
force constants were teken to be erproximately equal to those for benzena,.
Difficultiea encountered with the lerger Elu and EZg gpecien were
alleviated ty resns of en i1terative procedure etexrting with a set of
aprroximate constantss The finsl set of force constanta reproduce the
frequency data egsizned by Steele end Whiffenzo and some of the constants
have besn transferred eatisfactorily to lowver substituted fluorohenzenes.31'32
The interpretation of the ebsolute infrared intensities for the fundemental
vibrations of hexafluorobenzene in terms of bond properties requires a
datailed knowledgze of the Elu species force field, Ve have calculated
zeta constants foxr this species and in the camse of the 315cmf131u band we
have estimated & zeta value from the infrared band contoure The good
azrecment with the ealculated value may indeed be fortuitous. [owever,

4t encourazed us to interpraet the absolute intensities of hexafluorobdenzene



using the Etecle and Whiffen force field.Bo Fortunately we shall
demonstrate that the derived effective bond dipcles are not very eensitivae

to the force field,



CEAPITR TUDTTE

Fyrarimantal Peterrination of Vanour Phase Infrared Intencities

Ixperimental determination of sccurate and reproducible values for
tre ebrolute intensities of infrored abzorption bands bas slwsys proved
on erduous tesk. Wilson and Wella ) hove reviewed ths protlems end
introduced s method of overcoming some of the difficulties aessociated
with sbsolute intensity measurements made on infrared spectrometers of
linited resolving power, Ule major problem erises from the fact that,
for finlte 511t wildths, the beam is not ronochromestic for s particular
frecuency v'. but rather a band of frequencies described by & elit
function g(v,v'). Consequently, the measured intensity of rsdiation
T(V') at the frequency V' differs from the true valus I(V) and is related

to it vy

©0

T(¥?') = /I(v) g (v') av 3.1

o
Further, the epparent (meesured) intesruted intensity B 4s not equal to

the exact thesreticzal quantity A,

True intensity, A e _1_ Zlage Jo ay 32
pl 1
Appacent dntensity, B = _1 loga_'ljgdv’ 3e3
rl T
LATD
oo
E/olo(v)g(v.v')dv)
= L[ log, \—% ) &'
pL ([ 1)gl,yv*)av)
D o 3-4
Vilson end Wells>” ghowed that
Iin B = A
D5

Pl->0



or for logcarithirie intezration

Lin I:xpm-:m - I TilE 3.6

pl->0

The true abeolute intenszity is obteined by extrsrolating the measured
intensity to rero concentration, 1In practice, it is more usual to plot
Brl v pl and A 1a then the glope of the tangent st the origin, lLiguid
and solution phase intenesities are rnormally ottained in tkis mannex,.
Eowever, in the case of vapours the rethiod is not entirely matisfaciory
because one relies Leavily on data taken at low &bsorption.

An extension of the Wilson=wells extrapolstion is usually employed
for accurete vapour phase intensitiea.34 Ixperizental conditions are
chosen g0 that Ig and I are invariant over thLe range in which the elit

function is finites Under these conditions

B el [log Ioay = 4
7l 1 3.7

EATD

end the true integrated intensity is deterudned by direct sucmation.

Abaclute intensity studies &re usually m:=de on spectra recorded on
single beum srectrometers becscuse etmoeplierie tboorption, scittered light
end irrepreducibility cen be readily detecteds Therefore, with adequate
evacuation, filtering and recording, rapid fluctustions in I; can be
virtually eliminatede 1In the czse of I values tie same 4a true. Ilowever,
individual rotational lines, which are resolved cnly for mclecules of
sufficiently emall moment of inertia, give rise to rmspid fluctuations in I
end invalidate the spproximation, Single rotational lines have & finite line
width which increases with prexsxsx.zrﬁ.s5 Bowever, at sufficiently kigh

pressures the fine struoture is completely smeured out to give a emooth



band contours Conceguently, by pressure broadening the sample, either by
uoing sufficiently high pressures of the éamplo itself (self-broadening),
or, by 2ddinz to the sample en infrered tranepsrent end ckemically inert
(foreizn) gas, 4t 18 possidble to maintain I constant over the slit function.
The pressure necescary for complels broadening depenis on the rotational
fine structure, the effectiveness of the broadening gas and on the
performance of the spectrometer, It i1s unually considered eufficient wken
an inorease of total pressure produces & linear Pesr's Law plot.36 Zven
vhen tha in2ividual rotation=l lincs are gufficiontly brozlencd, the smooth
band contour mey still lave such stesp gradients &3 to result in low
measured I valuese This ¢ifficulty 4s particulerly the case with bend
contours having strong &hd sharp Q brenches such ea the outecf-plane, A2u'
deforaxtion modes of benzens and hexafluorocbenzene and care rust be
exercised.

Bonzene and hexafluorcbenzene have four infrared active fundamentals
whiich Lzve been essimmed to three L. modes,vls,vw and vzo and the A,

mode.l/ll. ‘the ebsorption frequencies sre given in tsble 3.1,

Ces 6% 6%
)70 cm'l
Elu xCe0 2283 1531
1436 13321 1020-1002
1038 8BS 1%
by 613 424 215

Toble 3,1



The absolute infrered intensities of benvene hzve been reported
previouelylo end the data has been enalysed using the Whiffen force field

10 In the case of hexafluorobenzene the ebsolute infrared

for benzene,
intensities of only the two kigher frequency fundamentals heve been
reported previously.37 Absolute intencities of the two lower frequency
nodes are reported here and the data for all four modes is anslysed end

critically compered with the reported data for benzene,

Fynerimenta

The sample of hexafluorobenzene used in this vork was kindly given
by Imperial Cfmelting Co. Ltd. Vapour phase chromatography end tle
infrared speotrum showed no trace of other components and the sample was
used without further purification. B, pt. 80.1°C/760mme, me pte 5.5°C.

fpectra of the 315 and .?15(3:1&"'1 infrsred ebsorption bands were recorded
on en evacuated single beam grating spectrometer previously described
elsewhere.sa Linearity of the amplifier snd detector rystems and the
uniformity of 1lluminstion over the slits were verified by showing that
the signal on the recorder wes proportional to the square of the slit
width as required for coupled entrance end exit slits to and from the
monochromator,

For the 315cm'1 bard a €25 lines/in. grating blazed at 25° was used
together with 2 x NaP reststraklen mirrors end for the 215cm™ > band a 312
lines/in. grating blazed at 25° was uszed together with 2 x Nall reststrahlen
xirrors and tlackened polythene filter.

The semple was contained in a stainless steel cell (fiz.3.1) of path
length 11,5lcm. with lmm, thick comvex high density polythene (Rigidex)

windows, Partial pressures of hexafluorobenzene were measured with an
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ethylene glycol (d25 « 1,116 gm cm'j) menometer end psrtial rressures of
broadening gas (02 free Ré) were meagured with a mercury manometer,

The procedure for sampling and recording spectra was as followss

1) the spectrometer was calibrated by recording the water vapour
epectrun from 400 - 150ca™t and comparing with a reference spectrum.39

11) the cell and the epectrometer were evacuated until no trsce of
water vepour remained. At leaet three backgrounds were recorded to check
reproducitility and the absence of leaks,

114) the semple of hexafluorobenzene was de-g2ssed by freezing to
11quid nitrozen temperature, purping on the frozen sample and then allowing
$7 warm to room temperature. This was repeated at least twice.

iv) the ssmple of hexafluorobenzene vapour was introduced into the cell
and 1ts tenperature snd pressure wera noteds Dus to the possibility of
absorption of the gample ty glycol, the pressure was recorded as soon &s
possidble after the tap was closed.

v) spectra of the two bands were recorded over a frequency range

covering Coen™t

either gide of the band centres at a scan speed of about
4cm'1/m1n. |

vi) the broadening gas wes introduced into the cell by quickly opening,
then closinz, the tap and after elloving sufficient time for eguilibration
the spectra were ez=xin recorded. .

vii) the zero transmission reading was checked at resular intervals by
blanking off the bean,
viii) at least two records of each spectra were obtained end the

mechanical slit widths were noted.

A peries of pressures of hexafluorobenzene wag studied with a range



of partial pressures of trosdeninz ges. The partisl pressure of
broadening gas wam limited to 1 2tms There was no evidence for lesks
or for atsorption of the sample by the cell tody or by the polythene
windows.

From the tranvrission ceasurements srectral curves of 1 pL:}
9210 1

egainst ¥ were plotted, Following Crawford.z the curves were re-plotted

on s,y . Io /_ egainst ¥ scale and the integrated srea was obtained by
10 1

counting the squares.

Tre sbeolute intensity is given, assuxing idezl gas behaviour, by

- __ 22100 x 760 x T x 2,303 Io -
f 602252 x 108 xpx2i3x1 ) 80T (2 log; )

BAND
where T is the sbsolute temperature, p is the pressure of the vapour in
maa. of wercury, 1 is the path lenzth of the cell end the intezration is
over the corplete band,
The units of [ erve mol™} cw® 1n, The error introduced by intezrating
the log , Io egainst ¥ curve rather than the more sccurate form is ususlly

I
2 regligible that many suthors quote absolute intenscities in terms of A

values,
A e ) [tz oay L'y 3.8
) o
rl by
FAM

Tro units of A are mol"E

cn.lns  Yhen tha concentrstion is expressed as
& molar quantity the unit "dark"™ 13 often used.

1 dork = 107 mole™ em.ln,
1“&.11340 bag given a cormprehcnzive review of the wmost comronly used

intenzity units,
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Discussion ef Fy, Pond of TFB a4 X150m~t

A partial pressure of 50-C0cm. glycol of hexafluorobenzene cortained

in a 12cm. gus cell was required to glve reasonzile valuss of lcglo Io.
I

Thie band contour and total area were insensitive to pressure broazdening up
to a totzl preegsure of 1 atm. of oxygen-free nitrogen. Under these
conditions it ia reasonable to asesure that Wilson-Wells conditicns sre met.
The weasurenents at low partial pressure of hLexafluorobenzene were of lower
accuracy due to the weskness of absorption but tended to cornfirm the
edequacy of the pressure troadening. It was most convenlent to admit
nitrogen to a totel pressurs of 1 sim. in every case. The spectra for a
series of partial prescures of hexafluorcbenzene were recorded and band
areas wers obtained from re-drewn spectra of log,, lig_ /9 plotted against P
by & counting cf the squeres procedures A graph of total area agalnst
partial pressure of vapour gave & satiefazctory straight line in eccordance
with Peer's laws The final valua for the integrated intensity of tuis
band is the mesn velue obtained from four different paxtial pressures of
vapour and from eight spectral recordings (two for each pressura).

It is instructivg to divide the band envelope into three distinct
sectiona corresponding to the P,Q &nd R-branches erd to determine the
eepsrate aress of each, The experimental Aban:l ghows 8 merked ssymusetry

with «~T7% more intensity in the Rebranch than in the P-branch,
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ypemivortel Date fox jlﬁcm'l Dond of ¥T3

Pertial Pressure Abeolute Intensi
¢f EFB cme glycol x 10<L eme? mol,=~
5546 1.71
62.5 1.35
€3.7 1.37
718.6 1.30
Mean Lbsolute Intensity, [ a 1.33 x 10.21 cm.2 tm]...1

A - fi'c - 1.25 X 10.8 cm.2 mlo-l 5830-1

T-¥le 3,2

P-tranch | ®Q~trsnch R-branch

Frectionsl

Intensity 0.26 .41 Ce33
Frequency -
maXe ‘T) cm."l 32‘0.4 515.0 3\4907

Trhlo X%
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Tiscuscion of As, Band et 2150m’1

A partisl preecuure of 50-80cme glyocl of hexafluorobenzena vepour
53
valuess The band contour shows & regulsr FQR structure characteristic
1

contslned in e 12cue g38 0ell waes reguired to give reascucble 10310 Io

of a parallel type vitration with & I3 separation of 12,0 + lcm. — srd &
very interse Ge=branchs The bznd waz pressure btrosdened with up to 1 etm.

of oxygen-free nitrogzen and the intencity was determined by the Wilson-Wells
nethods The spectra for a ecries of partial pressures of hexzfluorotenzene

wvere recorded end bsnd sareas were obtained from re-drewn spectra of

lc)g10 _I_xp_ S plotted szainst Y by & counting of the squares procedure. &

graph of total srea egainst partisl prescure of vapour showsd 8 slight
curvaturs end therefore we followed exactly the same procedure used by

£pedding and Whiffen;o

for their intensity messurement of the A2u berd of
tenzenes The band area was divided into threse sections corresponding to
the P,Q and Rebranches and 4t waaz found that orly the sres of tho G-section
showed gurvature when plotted against prescures The erca of the Q-section
wag obtained bty extrapolation to zero prescure, This process incresses
the total area Ly sbout 57 It 48 well recognized that bend contours with
very steep gradlents can result in low measured transmisgsion velues. The
Q-tranches sre o nerrow (width at helf height sbout 4.5cme™L) that their
widths are comparable with the effective glit width of the spectrometer.

The experimental band contour shows a marked sasymmeiry with 5%
more intensity in the Rebranch than in the Pebranchs The fraction of
intensity in the Q-branch ig in good agreement with the value ealculsted
using the expressions of Gerhard and Dennison! snd will be discussed
further in Chapter 4 of this thesis.



PrroriTontsl Tatn for 215cm

-1

Frnd of ETB

Psrtial Pressure
of ITB ems glycol

Jo

e

57.6 0.C1562
49.7 0.01255
41.8 C.C1078
29.7 0.C0755
Ca 2,01x 1072 cn.? mo1,™L

A = f\'foc = 1,28 % 1078 ema? mol.=) gec.=t

T-*1s 3.4
P=btranch G=branch Rehranch
actionzl ;
Intensity 0.25 0.43 0.32
Frequercy R
max, T em.'l 206.5 €l2.5 218,5

Table 3.5




CHAPTFR FOTUR

Bond _Fhepe Anelysis

The moments of inertia of benzene end hexafluorobenzene are of such
& magnitude that the fine structure of thelr vibrationalerotational spectra
ie impossible to resolve., Hevertheless, it 18 of great interest end of
considerable value to determine the relationships between the dynamicsal
parameters end the shapes of the envelopes of the unresclved bands.

Benzene &nd hexafluorobenzene are representative oblate symmetric top
molecules and their infrared ective absorption bands can be classified as
the E (perpendicular) vibrations and the s, (parallel) vibration.

Previous treatmenta41'42'45 of the parallel bands of symmetrie top
molecules have employed the rigid-rotor harmonic-oscillator epproximation
in deternining general relationships between band shape parsmeters and
moment of inertia, terperature and transition probsbility. Tha generel
relationslips are usually in good agreement with experimental band
contours,

Perpendiculer bands arising from transitions from a fully symmetric,
non-degenerate ground state, to a doubly degenerste upper vibrational
state have been treated in the sanme approximation.42'44'45 The sindlar
general relationships are usually in poor agreement with experimental band
shapes as & yesult of a first order perturbation due to interaction of
vibration and rotation (Coriolis effect), A recent paper46'47 has
quantitatively dealt with the effect of first order Coriolis coupling on
the infrared band contours of sphericaletop and symmetric-top molecules
end Coriolis coupling constants obtsined from infrared band contours with
this theory have been confirmed in a few cases by high-resolution studie§§’49



The great value of Coriolis coupling constants lies in the fact that they
are hizhly censitive functions of especlally the off-disgonsl force
constants so that they supplement frequency data in determining unique

£0,51
vibrational potential functions.

Integrated absorption coefficients
and bond dipole gredients can also be determined with this theory. ILowever,
to the suthor's knowledge no literature exists on this subject.

The purpose of this chapter is to discuss the method of computing the
infrared band contours for benzene and hexafluorobenzene. Comparison of
computed and experirental band contours should lead to values for the
transition moments, integrated intensities and the dipole gradients
associated with the selected modes,

Symaetric top molecules sre those having two identicel roments of
inertia, the third moment of inertia bteing different but not equal to zero.
If the unique moment of inertis is greater (less) than the other two the
molecule 1s termed an oblate (prolate) symmetric top, Benzene end
hexafluorobenzene are reprecentative oblate symmetrie top wolecules. The

52

convention used for naming the axes is a&s shown,

r

7 2

I

I

For the oblate caset

A

IA-IE< Ic

, (A =~ B>0)

whore A 13 the rotational constunt = seabes  cmot

P4
B8 cIA



Fotntional Uonatantg

Ces CeDe Cc¥e

I, =1, e em | 148.129 179.112 807.187

I, x 1049 296,258 358,224 1614.374
Aw3Bcnt 018296 0.15€275 0.034676
¢ 0.09443 0.0781375 0.017533

19‘73 -] écl




FATALLTY TRAMICTTIONT

To a first epproximztion the eneryy levels of an oblate symmetrie
top molecule in & dezenerate or a non-degcnerate vibrational state are
given by|55'54

TV.I.‘ = G(vl.vz......) + P(v)(J’,K) 4.1

where G(Vv],Vpsecses) 48 the vibrational term value given by a general
expression for the vibretional levels of the molecule snd FCV)(J'K) is
the rotational term value essociated with each vibrational state.
Vi1Vorseces 210 the vibrationel gquantus numbers of the individual
vibrational levels end JyK osre the rotationsl quantum numbers,

Tne rotational term value for en oblste cymmetric top molecule in

a non-degenerate vitrationel etate is given bys53’54

Foyy(ek) = ByT(T + 1) + (Coy- Bcv))z? 4.2

€ince C « B< 0, the lowest energy level in a given J is that for K = J,
The enerzies of the various K levels daecrezses as K 1ncreaséa end esch K
level, except for K = 0, 18 doudly degenerate.

Allowed infrared transitions between two non~degenerate vidrationsal
gtates give rise to parallel-type bzsnds i.e. when the changs in electric
rozent during a transition is parallel to the rotor axis. The symmetric
rotor selection rules for parallel-type bands ere2-* o4

K40 A =0,31 A o0

KeaO Al a 21 X =0
For a particular K level, except for K = 0, AJ can take values of O end
2 1 80 that there are taree sub-bands corresponding to the P,Q and R

branches (there is no Q branch for K = 0) with transition frequencies for



absorption from & lower stzie (V",J") to en upper state (V',J') given
53054

by
J"+1,K <TB
R branchVJ.,x -, 4+ 3(3"41)(I"+2)=3"I"(I"+1)
CUB

-V +2B's (2B'=B")J"+(B'-B")I"°

I",K SUD
Pbranch Vy,  y = V, ¢ BU(I-1)I"-E"(I"41)
cUB »

V= (B3I (B- )"

J",K £UB
Q brench¥y, ., = V. + BJ(3'41)=3"3"(7741)
’ .

The couplete parellel tand is ottrined Ly superposition of a mumder
of suca sub=bunds corresponiing to the various values of X that ere
populsted ot a given temcernture, DIue to differences of the rotationsl
constants in the verious vibtrationsl levele, the origins of the sub=banis
do not ceincide exactly kut vrry eccording to the relstions

v, - v,+[(c--c~> - <B--B~>J S 4ot

°

with the result that the fine structurs lines of the P end R-branches
converge. To & good epproximation B' = B" (= B) so that the expressions
for the transition frequencies reduce to

YR e v s 23(Ima)

vP

-vo - ZEJ% 4.5
Q
V* - ){D
It is convenient to define a quantity41

’B- %-1 4.6



For benzene end hexafluorobenzene (disk-shaped molecules) B= % end

the frequency (cm'.l) veparetion of the P end R brench mexims is given hysu
I

where 895') is & separstion function equrl to 1.5 for diskeshaped molecules.
Substitution in 4.7 glvesAD &3 & function of tempersture

AV = Ls(zss)(rmE
Tuble 4.2 contairs oalculatedAi'lPR values et selected terperciures for
tenzens erd hexafluorotenrene,

PaR Seravntionsg et Tiflererdt Temraraturas

Ai;m (caled,) et
T°K ¢% | el | cex

223,15 | 26,549 | 24.143 | 11.373
200 | 26,632 | 24.213 | 11.4c8
400 | 30.751 | 27.964 | 13.173
€60 | 340301 | 21.265 | 144726

2 nble 4.2

The rigorous formulee for the line intensities hove been derived on
the baels of quantum mechmics.55 For a given transition in sbsorption
the intensity of rotational lines is given bya53

] , -F(J,%)Po/kT
I(32) = CyAp Vg 8x ® 4.9

whera 311 i3 a normulization constant independent of J and K but dependent



on the vibrational transition, sﬁ,K is the etatistical weight fector of
the lower etate, F(J,K) i3 the rotstionsl term value of the lower state
end LJ,K is the line strength for the transition proyorticnal to the sguare
of the transitlon moment snd summed over ell orientations of J, The

BonleLondon forrmlse for the guentities 24

AJ,KgJ.K oxet

/¥ = 3, /%) (2 - & N I4Xe1)(I-Rel)
! J+l

* ’ - +. 32
/] = 3,/k/ (2 85'0)(334i1))
/%) = 3-1,/¢) (2 = SK’O)(J+I(J)§J-K)

in which J and K refer to the lover stcte end where ‘K,O is the Kronecker
dclts (§; o =1 for K = 0 ara Jm =0 for K C). It 43 customary, 1 47
to eplit the narm:lization fector, Ell' into two terms corresponding to the
r end L terms in the paper ¢f G and 341 end to the 7nnd Q terms in the
peper of £ end W4T (2.5.7/0 = rl = ;)  The quantity r is the
reciprocal of the aprroximste (clessiczl) rotaiionzl partiticn function

written in the form
he2? (1= ¢/7)
r = o= (k‘l") e 4.10
end L, which cnn be hown $0 to equal to the sum of the intensities of all

the fine structure lines can be writien as

L = v - £ (1-.'h°5°/kw)1wv<v/p/v'>2

3he 4.11
where N v 48 the frecticn of the molecules in the ground vidrationsl state
and <v/u/¥'> is tha vibrationsl transition moment. The frsction of
the totsl intensity contained in the Q-branch of parallel bands of

A
moleculer with )5<0 has been shown to bo"l



R
- -

4

-8 &)

For diskeghaped molecules 75- =% and the fraction is 0.43.

If only O -> 1 vibretion:l transitions are considered the expression

for L simplifies since

(1 = BT (o /ufet ST w B Cofu/1)?

413
end with this approximation 511 can be writtens
- 2
(222)52
kT/ B

The normalization consteant, 511. is a function of T'5/2 end 18 & constant
for a porticuler molecule at a particular temperature. Table 4.3
contains calculsted Ell values for benzene and hexafluorobenzene at &
geries of temperatures.

Normalization Constant 611 x 1035 at

Cerieas of Termerstires

ToK CGHG °6”6 06F6

298,15 | 27.526 | 20.719 | 2.166
300 27.27T1 | 20.528 | 2,146
40 17.714 | 13.336 | 1.392
5C0 12,675 94542 | 0,998

Toble 4.3



A general computer program hss been developed to ealculate the
=F(J,K)he
quantity ZAJ’ng.x vJ.Ke (3,%) /kT for J*,J" 0—3C0 &nd 4n frequency
intervals of O.Zca™l, The computer program 1s written in CILF3 Autocode
and is presented in Appendix I, Table 4.4 contains a summsry of the
calculations for the Ao, (parsllel) bands of benzene and hexafluorobenzene.

The experimental and corputed tand shapes are shown in fig. 4.1,

Cclg Y, = 673<:m°1

he - -
T°K Z(Agv)J'K‘.F(J'K) /k"r cuZ(ewo) CIIZ(etc')AJO
298,15 0.6055 x 108 16,667 x 1047 | 2,477 x 104
3C0 0.6106 16.€52 2.474
400 0.9403 16,656 24475
500 1,3112 16.619 2.469
¢ (V) x 107
TeK Avmcm.l
P mex, Q mex, R max.
298.15 | 26,8 3.774 262,94 4.188
300 26.8 2795 265,12 4,212
4C0 20,6 5.C78 408.17 5.621
€co X4.4 6.361 570.44 T.C38

Fraction of intensity = x (’\’)Q mﬂgg.d Tyhe
in Q-branch Z(Asv)Jer-& ! /kT

- 0,434
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1

= 496cm
€% Yo
~F(J,K)10/kp - -
T°K ZE(AS’OJ,KQ (3,%)7/ Cllfi(etc.) Cllif(atc.)/&b
298,15 0.5942 x 108 12,311 x 1042 | 2,482 x 104
300 0.5991 12,293 2,479
420 0.5233 12,313 2,482
500 1.2698 12,307 2,481
< (V) x 10°
oK Avmem‘l )
P max, Q maxe R max,
278,15 24.0 3,362 257,66 3,746
200 24.2 3,331 259,60 3,765
400 28,2 4,519 399,98 5,032
500 31.6 5,654 558,99 6.304
Fraction of intensity 0,433
in Q-branch
CF, V = 215cm'1
6 6 o
he - -
ok | Z(kgs) J'KJF(J'K) /T 0, Z(ete.) | T Z(stel)hy
52415 2.4771 x 10° 5.365 x 104 | 2,495 x 10%
%C0 2.4977 54360 20493
4C0 %.8423 5¢341 2484
500 53450 5338 20433
5
mog | Ay__ent XMixio
IR
P mox, Q max, R m=x.
300 11.4 20.264 107649 21.970
4C0 13,2 26,987 - 165343 29.332
500 14.6 33,672 2292.9 26,851
Fraction of intensity 0.471

in Q-branch

Toble 4.4




Comparigon of the computed and experimeontal borddg showa that the
frequency separations of the IT mexima are in quite good agreement eond are
alro in good eqreeizent with the velues colculzted from tre exyrecsions
¢iven bty Gerhard end Dennison.41 The corputed end experimentzl band
ghapes differ for two reacons. Yo account hns been token of 'hot' bands
vhich ere likely to be of importsnce particularly &t low fregquency end also
becauna the exrerimental bonds were pressure broadencd.  'ilot'! bands ere
clearly evident in tre exrerimentsl bend of benzene 66‘ Eoth factors lesd
almoet solely to troadening of the (-branches. Tre intenzities in tre P,
Q ernd R brenches of the experimental and corputed curves have been
geperitely estimateds  Patios of the Gebrunch to the F- end R-bronch
intencities ere in good egreement end slso ezree with those crlcoulated from
the expressions of Gerhard and Dennison.4l

Tre rossibility of estiraiing integratcd sbsorption intenecities from
the corputed bond shares ty compnring the computed sbeorption eoefficient
£t a siven fregueoncy in terms of the éirole momant derivative with respect

to the essoclated normal coorcdinate, Ou 4 with the exrerizental velue has
Y
~1

long been recognized. The everage cbsorption coocfficient within a

frequency intervel Ay and at a particular frequency V is related to the

sun of the intensities due to transitions within thet frequency range by46'47
y+dy
2
Xv) , Z e 415
y-4y Ay
2

where Of(v)J is the line intencity st the frejuency V. Two conditions are
required for satisfnotory usage of expression 4.15, 1) the density of

traneitions within the interval Ay must be sufficiently high for t:e edge



effects erleing from finite band widths to be neglizible erd 1) that
paturation of absorption over s given small frequency interval within the
chosen intervel does not occur, The former condition is certeinly
satisfied for heavy polyatomic molecules and the latier situation does not
srise in infrared spectroscopy.

The ebsorption coefficient at & particuler frequency Y 4s defined
in terms of the intencity of the incident and transmitted team of the same

freguency by

(V) = 1 log Io.
pl e 1 4016

An infrared srectrometer measures &¢{y) values. Edzell and I‘bynihanl’é
have slown that the measured shsorption coefficient will equal the pressure
independent average sbsorption coefficient provided that certsin conditicns
ere fulfilled, namely
o<(y) = x(¥). 4.17

Py comparing the average sbsorption coefficient obtained from the
computed band with the experimental value, &t the saue frequency, we can
estinate & value for the integrated sbsorption intensity. For convenience
we choose to5 compare the ebsorption coefficlents st the frequencies of the
P= &and R-brench maxima. The experimental bend shepes of the A,
vibrations of tenzene and hexafluorobsnzene show & marked sasymaetry with
54 difference in the intensities of the P= and R-branches. To explain
the seymmetry 1t 18 necessary to consider differences between the rotational
constants for the ground and excited statess Gouod agreemsnt between the

experimental and computed band shapes is obtained with B' = B" = 0.0005,
Bi'



The average absorption coefficient &x(») at the frequency of the
P-branch maximum can ba writtenX(V) = .§}.l°<(v)P”"? Cofu/1H2
meEX

Ay
The transition moment ia related to the dipole monment derivative with

4.18

respect to the associated normal coordinate by)

(3.;)2 - _8_1_?_0_ Colu/r H? 4.19

<
Substitution for (o/p/1>2 in equation 4.18 yields

- - . 2
X)) = () p, = CpexOp v 0 (g%) 4,20

c ’ En"vo
Thus, 1£&(V) expt. is detersined from the experimental bend end

N(V)PM. is deterzined from the computed band, then we obtisin a value for

g_g which should Ve in good egreement with the value of it obtained from
Q P

integration of the comrlete experimental bsnde The great advantage of

guch & method for estimating du values lies in the fact that we need rely
<,

only on one experimental value of 1log;g Io end this at a convenient part of
1

the spactral band,
The quantity o¢(V)expt, £or the Az, perallel vibrations of benzene

end hexafluorobenzene is obtained from tha equation

O((\))expt. - 2?4020 m' 22 5*!- 2: 505 logla qu‘ 4021
N P 273 1

vhere N is the Avagadro number, p is the pressure of vepour in mm, Hg, 1

is the path 'length of the cell and 1°3lo Io 48 the sgbsorbance et a
1 .

particular frequency Vo Table 4.5 shows thie values of m(v)expt, at the

frequency of the P= end R-branch mexima for benzene end hexafluorcbenzene, .



¢ (V)expt, Values

Molecule o< (W)p x 206720 (V) x 10~%0
Celgr ¥, = 673ama™ 44420 46,00
CcDgs ¥, = 494ca,™ 16,60 18,80
CFer ¥, = 215cm, "+ 2.3 2,62

'I'z*.ble 40 5

Rearrangement of equation 4.20 leads to an expression for the

calculated value of 9y,

R calcd.
(gpi)‘z - 8w v x(Memt, 4.22
m =
caleg, B €115 catea,

The obaerved and the calculated values of gg ere chown in tabls 4.6.
el

Tue units °f§i}. uxe cm.3/2 sec'.l x 10'10.
Q

Tirole Mament Terivatives

(3) o |(3%) e | (3) cum.
Ccle |+ 1446 + 1.42 + 139
D¢ + 1.09 + 0.92 + 0.93
CFg | 2 0.25 + C.28 + 0.29

Tlee 406



Comparicon of tha obmerved and the calcoulated values for the dipole moment
derivatives of the A2u vibrations of benzene d,, benzené dg end
hexafluorobenzene indicates that absolute infrared intensities can be
satisfactorily estimated using the method we have degoribded.

PIUPIMDICUTAR TRANCITIONG

The rotational term value of sn oblate gymnetric top moleculs in which
a degenerate vibrational state is singly excited is, to a first order of

approximation,53'54

F(v)(J,K) - B(y)J(J#l) + (G(V)-B(\)))Kz + 28(‘9) ;1K

423
whers ;1 is the Coriolis coupling cunsteat for the i-th wibrational mode.

It was estatliched ty Teller56 that the influence of vibration-
rotation coupling (Coriolls interaction) was responsible for epparent
dlascrepancies in the rovidbrational spectra of the dezenerate vibrationel
states of symretric top molecules. The term + 2c(v);ix is included in
the rotationsl term value to account for the Coriclis interaction end is
considsred as & first order perturbation to the rigid-rotor harmonie
oscillator protlem in the case of degsnerste vidbrational states.

The eystem of coordinates used to describe the simultaneous vitration
end rotation of a molecule are the three cartesien coordinstes of ths centre
of mass of the molecule, the thres Eulerisn angles of & rotating cartesien
coordinate system and 34-6 internsl coordinates which descride the relative
positions of the atoms in the rotating sxes. In such a coordinate system,
the acceleration produced by the ncting fovces is supplemented by an
edditionsal acceleration due to the Coriolis forces The Coriolis force is
due to the interzction of vitration and rotation end is direoted at right



engles to the direction of rotion of each stom and a right angles to the
exis of rotetion. The megnitude 4s prorortional ¢o the masees of the
particles, their eppurent velccities with reepeot to the rotating
coordinate svatem ernd to the angular velocity of the rotating ccordinata
eyster with respect to the fixed coordinate eystem.

VWhen one of the corponents of a doutly degenerats vibretionszl rode is
excited the Toriolls forces produced wot in the seme direction as tue
displacenent vectors of the other component of this perpendiculer
vibrations, This hos the effect of removing the dezenerscy end the atoms
concerned in the wvibration scquire an &dditional, vibretlonsl engulsar
momentum, ;1 h/217, about the symmetry exis. The atoms move in ellipses,
end not in atraizht lines, wiich ere flatter the smaller {the coupling
betwoen the two corpunsnts of the dogenerate rodess Tach K rotational
level 48 srlit into two gubelevels depending; on the directicn of the
edditionc)l, vibraticnsl enguler momentum with respect to the rotational
enzuler morentum, The splitting of each K rotational level ig the same
for a given K end increases with inoressing K3 4% 4s zero for K w O,

Allowed infrered troncitions tetween lower non-degenerate vibrational
etates and upper degenerata vibrationsl states give rise to perpendioular-
tyre bands 1.e. the charze in electiric moment during & transition is
perperdicular to the xctor exlss The syumetrio rotor selectlon rules for
perpendiculexetype bunds ere

AX « 21 3§ A7 = ¢, 21,
In the exmression for the rctational term value the uprer ( =) sizn of
the term + QC(v)YiK epplies when AK = 4+ 1 1,6, when the vibrational
engular momentum is in the same direction as the rotstlonsl sngular



romentun and the lower (+) elgn applies when AX m =1 if.e. when ths engular
morenta are opposite 4in éirection.

Tha sclection rules ellow more transitions thas &n the parallel case
go that the structure of tha oversll Lind is much more complexe Correspe
onding to every K and AK valve there ia & sub-bund consisting of a F,Q,R
sories erieing from the trensitions A « 0, 21, The fregucncies of the
cub=bond centres corresponcing to the cezee when J = 0, are given ty:

VBNV [cv(l-zk) -B'.\ >4 2[:c'(1-n -B'}K" + [(c'-B') - (0"-3")] 2

4.24

wilch recduces tos

vo"“” -+ C(v)(l-E}'i) ~B(y) 2 [C(v)(l-}'i) -B(v)} K" 4.25

1£ B' =« I" (= B)s K" iz the quantum nucber of the lower vibratinnal state
and vo is the fund:rentsl vibrational frequencys The uprper (+) siom
refers to tha S-trench subebanda (AX = +1) for which K" = Cyly25eseee and
the lowar (—) eigzn refers to the D~brinch sub=bands (AKX = -1) for which

K" = 1,2,000ss Thae separation of the various cubebunds is Z[U(v)(l-l) -B].

The frequencies cf the Q=branch lines of the sub-bands aret
V3 - yo’“b + (B0-3")2{3+1) 4426

tnd the P= &znd Hebranch traneltions of the sub=bunds sre given bys

v" - 1{)‘”” - (B'+B")J+(;8'—B")J2 4.27

end VY - %w‘b+(B'+B")(J+1)+(B'-E")(J+1)2 4025

With the approximation B* = B"(= I) these expresaions reduce tot



<
£
]
o
2
o

v . vEP o 2y 4.29

vi . vosub + 25'Js).

The inteneity of the rotational liner ere given ty

-F(J,K)bs/kT .

I(J,X) = CllJ'KVJ,Kg 1,68

For perpendiculsretyre bands the quantities L“KgJK m54

/5 = 341, /K21 - (I2RA)(II¥e2)
J+l

3,/R/ = 3,/5<1 = (2J+1)(J:K%(J:X+l) 4,30
J(J+l

3,/K/—>3-1,/5/21 = (JZK)J(JI?—I)

in which J ard K refer to the lower state., The normalization econstant

El is erlit into two terms corresponding to the r &nd L terms in the

perer of G end 1241 and to the yand Q terns in the psper of E and H.47

E. L4 I.I_i - _Z_ = E - E
5 o 1 11/2).
T 18 the reciprocal of the approximate (classical) rotaticnal partition

function

re)l - [(Ll?-)’ (1'%)Jé 4,31

] k7 T
end L, which can be shown to equzl the sum of the intencities of all the
fire structure lines, is
~hc¥, 2
L = - 9‘; leg 2 *
If only 00— 1 transitions ere considered the intensity of the

rotational lines can be expresseds



1(J,K) = Ewx

ire

, he
AJ’KVJ’KgJ'Ko-P(J’xET <ofu/d )2

433

2 3

™

[E<E) ¢
|5) 3
The normalization constant, 51, is a function of T'3/2 and 1s a constont
for a particular molecule at a particular temperature. Table 4.7 contains
calculastad 51 values &t a8 series of temperatures for benzene end

hexafluorobenzene,.
Iormalization Constant El x l!.O35 at

Tifferent Temrerstures

oK C C¢D¢ € Fg
298415 13.763 | 10.359 | 1.083
%00 13,636 | 10.264 | 1.CT3
400 8.857 6.663 0.696
520 €.338 4,771 | 0.499

A genersl computer prozrem has teen developed to determine the
surmation ZAJ,KgJ,K VJ’Ka'F(J’K)hc/H :or J'J" 05250 end for a range
of zeta vslues (+ 1 %;1 > « 1) in the case of the degcnerate vibrations
of symzetric top molecules. The computexr program is written in CLLF3
Autocode &nd processed on the Atlas (University of london) Computer. The
progrsm ig presented in Appendix II, Computed band contours of selected

| . 1
El a bands of 0636’ c6D6 and C6F6 have been obtained from the values of the



sunnation et frequency intervsls of 0.2cm'1. Teble 4.8 containg a

ewmary of the results for J pax. = 250¢ The computed band contour of the
51509'1 Elu band of hex=fluorobenzens for a range of zeta values is shown
in fize 442+ Test estinates of Coriolis zeta values can be obizined ty
comparing the computed band contour with the expsrimentzl bend. The
influence of Coriolis zeta value on the frejuency separation of the P- end
Rebranch maxima and the fractional intenslty contained in the separate P,Q
and E-branches are carefully concidered, In the case of tre 3lSca L Ky
brnd of hexafluorobenzene there is good agresrent between the computed and
experimental band contours £or & zata velus of =046 © Oulsa  The resulta
shown in Table 4.8 are for tlie best estimats of the zeta values for Eln
brnds of 06}!6, 06])6 end CGFG‘ It 18 only possitle to estimate zeta values
for bands which are sprroximately syrnmetric to the band centre end when
other perturbations e.g5. Fermi resoncncea &re ebsent.

The esymrstzy (~~57) in the experimental 315cm > band of hexafluoro=
benzene can be eccounted for bty allowing the rotations) constants to vary
between upper end lower atatese A 57 esymsetry is introduced into the

corputed bsnd contour with I = B' = 0,0005. The influence of rotational
Bl!

constsnt variations between upvar end lower states is sghown in fig. 4.3.
Earlier in this rter we dlscussed the determination of dipole
rozent derivatives from band shapa calculations for parallel vibrations of

eymmetric top woleculese In princinle, the uethod i{s exactly the sams
for perpendiculer vibrations. Fowever, in this case & degeneracy factor

13 introduced into the exprescion for the calculated value of gu, N

Q.L'. 2 - 816’3:‘67.“(\”@‘ t.ZQ,- 4434
bQ CALC. h E%v)‘lﬂ ve C1
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CFg ¥, =215t fa 0,60
~F(J,x)he/kr ps -
T°K | (Rgp); yo SESL € Z (etes) | € 2 (ete) Ay
293,15 7.240 x 10° 7.841 x 109 | 2,429 z 10%
300 7,289 7,821 2,312
400 11,144 7.756 2,462
500 15,304 7.637 20424
x (V) x 107
7oK Avmcmd ®)
g P mox. Q 1wax. R max,
298,15 10.6 GeT90 2,524 0,533
300 10.7 0.8C1 2.537 0.851
450 12,4 14655 34453 1.120
%] 13.4 1.711 4.379 1.3
Trbla 4,803
Clg ¥, = 1023c™t $a ~0.55
-F(J,K)he /K - -
oK (Agy).,.no (Fox)"e/kT CIZ(etc.) clz (ete.)A)Q
293,15 1,865 x 10° 25,651 x 1047 | 2.474 x 100
320 1.682 25,662 2.472
400 2,899 25,676 2.474
520 440493 25,656 2.472
o< (V) x 107
Tex Avﬁﬁcm.l
4 P max, Q max,. R DX
228,15 24,6 0.05¢6 0,209 0.C955
300 2446 0,0911 0.3018 046960
400 25.4 0.1159 0.2718 041310
50 31,8 C.1473 0.5104 Cel642




- -

CBe ¥, =1s3en s $acous
, -~ P(J,E)ke -
wE | (gl @ T F (ete)) | B (otea ),
298,15 2.€63 x 108 36,720 x 10%° | 2.476 x 10%
200 2,650 16,651 2,473
400 4.147 364730 2477
500 5.793 36.7T16 2.476
x<(») x 107
TeK A)fr,lcm'l
: P mox, Q mex, R mex,
298,15 25.4 0.1321 0.3183 0.1413
300 2544 Cel329 0e3206 Col422
40 2744 1749 Co4292 0.1693
50 22,0 Ce2713 0,5380 0.2430
' r-yie A,80441)
Clg ¥, = 1535cu s §aCito
T ke - -
7°K (Agp)J.xe T{J,1)"%/kT Clz (etc.) CIZ(eth /;)o
298415 3,197 x 10° 33,117 x 0% | 2,461 x 104
300 3,224 2,001 2,479
420 4,970 51,140 24452
550 6.949 534154 2,4C3
; 7
xn) x 10
rox A)!I.,.,,cm'l
@ P mx. Q mixXe R maxXe
233,15 21.6 0,1570 Ce5173 001994
360 21,6 0169 Ge5202 042005
400 25.8 0.2503 C.6974 0.2644
500 23,4 Ce3148 0.8748 03331

T-tle 4.0(iv)




-1 4
06})6 vo - 8140m ; L -0-40

-F hc - -

ToK (A,v)J.Ko (J,K)%0/kT CIZ (eto.) c 2 (etc. )/vQ
298,15 1,950 x 10° 20,200 x 1047 | 2,452 x 104
300 1.966 20,179 24479

400 3,031 20.211 24433

£00 4.238 20,219 24404

< () x 10/
ok |[Ay ca?
' P max. { max. R mox,

298,15 21.6 0.1139 0.2154 0,1220

300 21.6 0.1146 0.2172 0.1229

450 25.0 0.1517 0.4252 0.1€22

500 28.6 0.19C6 05333 042045

Trhle 4,5(v)




The degeneracy fastor g = 2 for the Elu vibrations of 06!16, 06])6 end CGFS'

Also the estimation of reliatle tx(v)c ale, Yelues 1s dependent on the choice

of zeta value, Table 4.9 shows ths inflizence of zeta value on the value of

O((v)calc. at the frequency of the P,Q and Rebranch mexima for the 515cm"1

Elu band of hexaflworotenzene st 298,15°K,

Variation of (V) vith Zeta Value for

enle.
the Z15cat Iy, Band of I3 st 298.15°K,

£y «<)er1e, * 207
Value

P max, § maxe R max,

= 0.3 0.ECT72 1.4350 0.2153
- 0.4 0.8264 1.7755 068697
= 0.9 0.6199 2.,0333 0.8363
~ 0.6 0.7502 245240 0.8330
= 0.7 0.7365 362979 0.7768
= 0.8 0.7C35 4.8403 0.7555

T=hle 4,3

¥e have obtained o1 values for the bends of C.Hgy C.D. end C F¢
2 Qcalc.
for wiich vo were stle %0 meke reasoneltle estimetes for the zeta walue,

The (V)
corputed curves end the oc(v)ﬁxpt‘ values &rs taken from the P end R-branch

cale vrlues are taken from the P end Rebranch mzxima of the
maxima of the experimental curves. Table 4.10 gives a summary of the

results, The calculated volues of Ju ere in excellent sgreement with the
o]
volues obtained from dintecrating the complate experimentsl btand, The great

edvantace of this method of estimeting gu, values 1ies in the fact that we
4

reed to know ouly one 10510 g_iq_ value from the experimentsl curve for a
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given premcure of veronr and path lengthe 1t 12 imedistely clear that

the mothcd ¢-uld te refined ty dotermining tre lagm I3 value ot say the
1

P end L-branch paxina for & serles of pressures or path lengtha end hence

obtainire a rean vsluas for or()l)ml:p Por bonds with very sherp G-branches,

t."

the meurured lo;tm I3 vnlues in the Q-tranch gection sre often in doubt
i

bveocause tie half~widih ¢f the Q-brench muy be comperebls with the
spectrometer slit-uldth, It i3 sugsested thet the methed of determining
inteneitiea using the rean value of o (w)mt. cbtained only from the P

end R-branch mexima may lesd to moxe accurate values in these cesese The
method 48 only epplicatle to symmetric snd epherical tecp melecules and for
band envelopes which gre elmoet gyumetrico to the tand centre &nd when other

perturbations e.ge Fermi resonance are ebsent,



CUAYT™R FIVE

Interrrataticn of Intencities dn Terng of Pord Poromotorg

The atsolute ebsorption intenzities of the fundarmental vibrations of

benzene d, heve been reported by Spedding end Whiffen.lo

A ro-
determination§7 of the intenzities rugzecsts thet the data of Spedding end
Vhiffen ere essentielly corrects Ve have eleo determined the intensitles
of the benzene dy fundementals under conditions of complete pressure
broaderning and the egreement is satisfectorye. The results of our work
are contained in Chapter 9, Cpedding and Widffen have interpreted the
benzene d, intencity data in terms of bond properties on the bteels of the
sirple tond-moment hypothesis., They obtain two different velues for the
effective CH bond moment, nroely, 0,312+ for ineplane deformation end
0s€1D, for out-ofeplane deformation. We have discuseed in Chapter 1 how
t.48 can be understood, &%t least qualitatively, by invoking the idea of a
rehybridization moments Spedding end ¥Whiffen were able to calculate
intencities of tenzene d6 which showed general egreecent with the

epproximate intensities indicated by published spectra of benzene 66.16

Recently, Dows end Frsttge

have reported ebsolute intensities of the
tenzene dg fundarentals which show satisfaclory egreement with the
calculsted intensities. This suszests that any interpretation eof the
benzene dg data on the basis of the tondenoment hypotheslis would lesd to
einilsr concluszions as thore reached for benzene dy¢  For the reasons
discusced 4n Chapter 1, we expect closecly similax conclusions from en
interpretstion of the absolute intensities of thoe hexafluorobenzene
fundamentula;

The repofted aboolute intensities of the infrared sbeorption



fundamentals of benzene 4, end dg end hexafluorcbenzene in the vepour

phasve are presentod in Talle 5.1,

For convenience we quote [ velues in

unita of ms‘:l."']'mn.2 and A values in units of ml.‘lcm.zsee.’l (5.2, wo use
A = rgoc)'
Syme | Eyme T mo1."tem,? x 10799 A neleteneZoce.t x 1077
2 f V] ¢
o 2,18% 1.67 Ce201 4.39%. 1 2.43 C.128
bu | F11 | (2.09)% | (1e€8)® | (0.223)% | (4.23)2] (2.50)P | (c.224)8
. 24 Ce258°% | 5.93° 99%, 1.77% | 27.2°
518 | (ou3)® | (orzso)® | 2 ) | Guant| (et |
0.146 0.033% | 6.70°% o.ss 0.15° | 20.3*
Tl | 519 | (0,120 | (€.035)% | (6.23)8 || (C.5D)2| (€.22)P | (20.7)8
5 0.141 0.165°b 0.122f < Casd®s | Cog0® b | O 125° .
20 | (0,125)% | (0.173)° | (0.¢00)8 | (0.42)? | (C.42)° | (2.C57)
Terle €
a experimental data of Spedding and Vhiffen'®
b eslewlated v % v o w10
¢ experimentsl " " Dows and Pratt53
d " W Werend57
b 4
. " " % Steele and ¥iiffeno!
£ thig work
& cxperimental dota of Person et ala

values offexr a direct cocparison of the ma;nitudes of

L » [
f loglo ‘__ » (4 10010 ) for the ebcorption b: nds of 2ifferent sanplea at

AYD

the



sgane pressure and path lenzthes The choice of units resns that velues of

the dipole roment gradients are calculnted from expressions:

Foogme (3e) o ()",

end the d1 vslues will have the units cm.s/ zaea'}'. The degenerzey f:otor,
G

gy 18 2 for en Fy, doubly dezenerate rode end 1 for en 4, non-degenerate

nocdes Values of tone dipole moment gradients &re rresented in Table 5.23

the superscripts rcfer to thuse of Tuible 5.1s Cince the sbeolute

intensity of a vitrational fundanental is proporticnsl

Iipole liorent Gredients 9 cm5[2390°} x 10739
Eym. .Y
04
S : 1.4453 + o : 0.24Tt
1 LB WiLe = 1,006 20,3268
e R L T R
+ a + e
c 2 c.643 . o = 2,543
18 + 0.903(1 - C.028 % 2,543°
+ a + e
- 0,593 - 2,197
S / & ]
19 2 oug3r® = 0.2% 22,216
% 0.323% 2 caref
820 + a 2 0.3c5° + g
& - 0,317 */ - 0,116

to the sgurxre of the dipole roment derivative with respect to the rnormal
coordinszte aseoclated with a particular vibration, 1t ia clear that en

ervor of 107 4n the former will lesd to & 57 error in the 04 , Eowever,

4



theo sisn of tre sJuare root will be undaterzined,

To relate dipole rowent gradients to quantities which are characteristic
of Lndilvidual clerdcenl %onds we rmzt exprees them s3 dipole derivatives with
respact to internsl syumeiry coordinstes. Horuwsl coordinztes are related

to internsl symreiry cooxdinates ty mesns of the cooxdinate $rarsformationt

Tio £ motrices (eizenvectors) ere obteined bty solution of vibrational
acculer equation GTL = £ /A for the purticular symnetry class.

There i3 only one vidbraticen Sll in the out~of=;1lzne AZu symactry
gpecies po that the correcrondinz 1 vactor 1g trivial.

+ .
£y %y - ETRIURI £ = ¢

%.
1,11 ¢ o4

The corpleta G matrix elezents fur benzene (point group Béh) have teen

&
tubulated 4n & eizmple reluced zlgebrzic form by Craowford and Miller.” 2

Cli,01 = Fe * ¥y 5.5
whiere p i3 the reciprocal moeg of the stoem in (a.m.u.)-l. Table 543

containg the nuuericsl vzlues of Gll' £11 and Oy , The units of £ are

5?3'11

2 o -l -
(2emaue )" end the units of 9y exe Delyes/i (1De = 10 J‘Bg.%(:m.‘c’/zaam. 1).
51



06H6 Céj{}‘s CGFE
11,11 1oCT302T | 0.5736848 | 0175926
£ 1.03680 C.76135 |  0.%6867
é&% 2104t + 0 a0 : o,gﬁggf
a..,u ) . d - 1.426 N .
- 10363 - 0.334}0
Teble S,.3

The superscripts in Tstle 5.3 refer to thoee ured in Tatles S,1 rnd S.2.
In the cnee of the ineplane Fy, degenerate symnetry epscles there sxre
three independent vitrstions, narely, 813, 519 &nd SED’ Tre retrix
(3 x 3) vectors sre obtaired by solution of the vibrational ssculer (3 x 3)
equation for thls specles. The plenar force fields of tenzena end
Lexsfluorobenzene have been discusred in Chapter 2, It wak gaen that eny
of thres different rets of rercrted force ccnstanta reproduce the odrerved
frequencies of benzene d, and dg saticfectorilys Fecruse of the paucity
of data, only one set of force conectinia hes been revorted for
hexafluorobenzena. Tubles 5.4 and 5.5 contain the G end P eleuents for

the Eln speciea of benzene &nd hexaflvorobenzene.



The G Fetrix Elements for the Ej;, Speclea

k4 2- ‘? P
Gig,18 | trte(1ef2®) | 1ezz7éar | oa73zeze 0a371226
6 -~ El e e
513,19 - -g (9*3@% ~06220735 | =0.22C784 00243350
2 s a
019’19 L TR 0.249520 04243920 00249920
¢ - !—g «0.102029 | «0.102029 «0,102C2
19,20 P) !-'o . € . . Ve
c?O, 20 Rotitg 1.075227 0.579¢48 0.1%5324
T'lblg 504
The Force Constints for the Fyy, Species
. C,8, end C D, CoFe
oxrce
Constant WEAffen | Scherer | Dulnkereills | Stoele-Wniffen
P‘m,m 1,"4 0.510 D467 0.952 0.991
F18.19 M 0.155 0,12 C.186 0.1216
o
Fm,..- ™ 4 o} 0 0 04157
oD <50
Fw,m ; 4 0 ) Ce007 0.5934
2 2 5y e
FZO..’ZO JL4 50113 ‘Jols 5‘.625 70)09
™31a E,8

For convenlence a computer prosrem wee¢ developed to cxlculate the

eigenvalues and elgenvectors of a genaral (3 x 3) problem.

data are tie G metrix (3 x 3) elerents end the F motrix (3 x 3) elements.

The input




A computer progr-m waa rlco developed to cvlculate'ﬂuagig vilues from
21
the dp walues ucing the cooréinste transformaticn ¢y =£C4s The input
oy

data eve the £ metrix (3 x 3) elesants cnd the 1 vslues with sppropriate
94

signss There ers four possible solutions for Jii values ottained from
94

81l eisn pernutations o!‘é;_:_ o Tie corputer programs are written in

0G4

CIILF3 Autocode crd cre procossed on the 4tlss (Tniversity of Ionlon)

Computers They sre shown in Appendix 1II,

We Lave obtxineld the £ (e1zenvector) matrices for the Ly epecles of
CGH" 8636 end 06F3 uzing the exdsting forca £iclds which sre evailalle
for these roleculess Tha eigoivactor £ matrices are tabulsted in Table 5.6
end the possible solutions, with eppropriate sign, for thae dipcle
derivativea with respect to symmetry coordinates ares shown in Tztle S.7.

To relate the J:+ vilues to quentities which ere directly relsted to

o4

borid properties the expressions derived by Spedding end 'a:hiffenlo are uced.

Calculated values of the dipole mouent derivitlive with respect to CC
etrstihing, CX stretoliing, X deforuntiion in the yleue of ihe ring end CX
defortstion out of tha plane of the ring are sleo given in Tadle 5.7+ For

convenience the expressions of Spedding and whiffenlo

dpu, = Yo oM 3 Ozt O
28 V3 35,4 37 Vo 35,

ere ghown below,

W = | 9nm s oM \/2.'_3& 1Y On
oy V39S, ° AR ~ V335, 2R, S,



It sliould te noted that the expression for 9y Eiffers eligzhily from that
AR

1€ miy 1s because the definition of S

given by Spedding end Vhiffen, 19

umed in this work is V2 times greater then the 5,5 defined by Wui ffenlt

(c.focth)c



Ticonyeetor £ ntrices

§§z§: Sl8 819 S2O liclecule

Q18 07493  1.Cl0€7 44782

Whiffon Q19 «oJ1871  «o356C0 433029
Q?O 1.03598 «,02855 «02190
le o0T7555 098199 50755

Scherer Q19 «e11975 =.37493 20023 0623
ng 1.035837 «=o,04129 02121
q18 +07213 1404125 37177

Duinker Q19 =ell6C7  «o33102 435593

1,03015 «.03329 e 02261

%0
Qg | 41759 .34223 419230

Ctesle . Fnt

“\hdffen ng =s45713  =418750 o CG29 06F6
le 015359 o63‘397 049729

Vhiffen Q19 «,19121 «.42199 ,138781
e 013529 o66325 52406

Scherer Q19 =e19443 «4427C0 L17C59 0636
QIB 012677 «TO370 47093

Duinker ng «e18011 =e41674 20399
QEO 75657 =o08221 02213

Trtle 5.6
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I'warinution of Tables 5.7(4) and 5.T7(11) ehows thet an interprete
ation of the abeolute intenszities of 06116 end 061)6 using the sinple tornd
moment hypothesis leads to values of gp. end of the effective btond dipoles

which sre only slizhtly different for all three avallsble force fields.
Ve will discuss the senzitivity of the derived quantities to the force
field lster in this Chapter, The Tables 8150 revezl that the values of
the derived quuniities ere elwst tho same Lfor both mwlecules which is in
sccord with the rredictions of Speddiny end k‘hit'feﬂl end lends concileratle
support to the i1dea of a rehybridization phenomenon.

It 48 pecessory to choose the most approprizta solution forg%;
valuea froa the four possitle soluticns obtained from ell eign penmtations
of the 21 wvalues. S;:eddin.g end Vidffentd

\;1
intensities of benzens using the Whiffen force fieldll

have dnterpreted the absolute

and they present
plausidble argumants, based on the intensitles of partially deuterzied
benzenes, for choosing the esoluticn obtained from the siom choice for o

.7}1
of (: 32). Cloce incpectiion of tlie salternative solutions shows that the

colution obtcired from (= ¥ %) only differs significantly from the solution

obtained from (= 2 2) 4n the value of J;1 ard in the slgns of the derived
dAzr

60 end slso Brownel huve suzseated that the veluo for

quantities, Jonesn

95t obtained from solution (2 3 %) 13 more realistic thsn the value

dAn
obteined from the eolution (2 2 2) und Jones

& - -

- + +) ag the most appropriate solution for the benzene intensities.

nrownel

€0 hes clearly chosen sclution

using & perturbation theory has reported a value for du of
YN



2 oL + 4+
0.9 D/A which far exceels the vazlues obtained from eolutions (= = =) and
(333%). 1In fect, only solutions (22 3) and (2% 21) produce reasonatle

agreemont vith Prown's estimate of 9y o  Ilowever, these two solutiona
dAzr
rmst be éisregurded dus to lack of credulity in the values of the cther

derived cuantities and &lso becuuse of thae argurents discussed by Spedling

end Vidffan 10

Whethor or not & choice ia nrde between solutions (22 2) o2 (23 3),
the effective bond dipole obtuined from out-cf-plane deformation, descrited
by ¥ i3 preater than thsd odiained from in-plane defornztion, descrided
by tha angle p » by an erount 0,3 De This ean te readily understoold, at
lezst quulitatively, as being a consequence of rehybtridization changes
widch eccompany bond angle deformationss DTefurmation of the CI btond 4n a
directicn perpendicular to the plane of the ring is expected to result in
considerable delocalization of electronic charge ebout the carbon rmucleuse.
The result of such a chonge in the rehybridization will increase the
s=charaoter in tle p, orbhltal of the C atom end allow the 7T electrons to
congresate cn the oproeite cide of the ring from the hyloozen etomsse A
elmilar effect 4s not poscitle for a Cl deformrtion in the rlarne of the
ring eince tha rerpendicular p, orbitals csmwot be involved. The net
effecct 1a to nrke the effective Ci dipole more poeitive in the out-ofeplans
motion by en emount Ce3 D

The velues for the derived quentities of BGDG &re clocely similer to
those for CGHS wldch 43 in eccoxd with the predictions of f‘pediiné and

10

vVidffen. Agein solutfons (22 3) end (23 2) ero dleresnrdcd and the

two mors eppropriate solutions (X2 2 2) and (2 F 3) produce velues for the

effective ﬁ op bond moment wvhich are less then the 703 motion Ly &n emount



Ce3 Do This lends tremondous support to the idea of a rehydridization
monente

Tatle 5.7(111) shows the poscible solutions obtained from an
interpretation of the ebrolute infrored intensities of 061"6 usinz the
force field of Steele &nd ‘nhiffen.zo Yhilst the capurptions used in this
force field are now known to be 111-chosen27 trere secams little point at
present in deriving vhat ruat be en equally artitrory force field, Ve
shel) try to dexonstrate later 4in this chepter thet the derdved effective
tond dipoles ere not very renritive to the force fields used 4n thelr
fatermdnation,

Cf the four possible colutions for the derived quantities of CFg

only those obtained from a eirm cholce fordp of (S 2 2) ana (22 3) cen

8q
¥y o4

bte regerded &s pospitles  Tha eolutions obteincd from (i’; F)end (% =
ero disrezaxded bessuse of the lack of credulity 4n the values obteined for
tho effective tond dipoles which berx no recomilance to tuse reported vslues

€2

for other CF Yonds, Ve must now decide botween the two more arpropriste

edzn chiolcos, (aas) end (=2%), both of which give reasonatle velues for the
effcetive bond dipcles.

- Tha eizn choice foxr du of e :) yislds a valua for O which is
@3 ﬁ

greater thun djt by en emouat 0.3 Da whereas the sign cioics (¥ 2 ) shows

g"l to be elmost equsl to g". Thus (22 2) rredicts & rebybridizaticn
P 7

monent of O¢3 Do in the opposita direction to that obtained for Yenzene &,
end benzene dg end (3 : ¥) rredicts an slmoat gero rehybridization moment.
A rehybridization moment of the sume order ol msgnitude oo in the care of

benzena is expected for haxaefluorobenzens eince such a momunt will invelve



il

only the 7T eloctrons assoclated with the coxbon mucleus end will thersfore
bo elnost dndependent of an Xegubatituent on the benz:zne rinz. 1% is
known®? that in benzene the Lydrogen ztom 1s &% the positive end of &
moviny Ci dipole erd 1% reorie most 1ikely that in heveflucrobeonzene the
fluorine anton i1s =% the resative end of a rovinz C7 dipole. For out-ofe
plone deformtion of a CI in ten:ene, rehybridizstion et the coxrbon eton
takes plece in the form of e-churacter teinz introluced dnto the p,
ortitels The effect is to mrko ths hylro-mn atcm sprear lecs negative
d.¢o more poeitive tnl tius the effective dipols will e groater for oute
of-rlcene deformation than Jor in-plune motian, In the czse of hexafluoro-
benzeno the effect of rolytridizotion chinrea during oulesf-rlane deformation
is aloo to mzke tha fluorine atom errear less negitive end thws we exgect
the effective dipole for out-ofeplena deformation t2 b3 losz than for the
in-plzne motion,

Our repulta ghow & yohybridiz:ation moment of Ue3 Te for the molocules
06‘6' Ccns end CGFé’ Ihe oprozita ddrection of the monznt ia the case of
C(Fy in dus to the different dlrectlon of & CF 2ipoles  Ca the basle of
cur resulta the reeson for thn f-ilure of the sinple tond moment hypothesis
becomea quite clears It falls beocase 4t eczumes that the electronic
cherpe distribution in a molecule doens not chrnge during a vibretion. The
moverent of electrons during porticular vibrations must contrituta an
zppreciable rehybridizaticn mamont61'64 end bond dipoles cxleulatald from
the experimentcl infrared intoncitiea mupt b2 the resultand of e tond
ronend a8 exrpeotsd fron the bond nouwent hypothesis plus e rebybridiz-tion
wonent which will be different foxr each vibrations T:olle %,8 gives the

choson sets of velues for the effective bdond dipoles of 6636’ CGDE end CGFE'



IfPPmative Poard Mroleq
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I'clecule 3 ﬂD. 3Ax A a';"D.
Cel to0.22 | tour | to.om | 2o.6
D6 o032 | 2047 | T0.03 | ¥o.e
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fenrdtivity of Fond Tinnlanm 40 Yoren NMeld

It 45 well eppreciated thet the vibrationel frequencies of polyatorie
rolecules ere, in gnonerzl, not cufficient d=ta from wrich to defing the
moet general hroronis potentlal function. Coriclis (zeta) coupling
coefficients eppear to bae histly screitive funotions of the off-disgonzi
foree erurctints end whonever they cun be deterdined fronm Yizheresclution
groctra o from thedr {nflucice on infrowed bend conlours, they can provide
ed1ition2] dsate for u~e in force construt czlewlaticnas  Conversely, zeda
velues eon be enleuleted fron exdsting snd nccecsardly eprrouimets force
ficlds end conprxiccn vith the evperinentslly deterrdrned cusntitiez provides
o tect of ruch epproxizaotionss The extreme importsnce of zata wulues in
foxrce corstant ccleulstions hia been stressed psriiculoxly ty 1dlls end

20031 (g conerel retheds fox 4helr c&lculationés’ss

exnarinentcl dqteminaticﬁbfﬁée €130 bezn dissussed in severul papers.

co-oxkers snd
Tha yurrorce of this mention is t5 caleulate Coriolis ccefficients for
tra vitrstions of the Ty, 2pecles of céﬂé, 06136 and CGFG uginy the existing

force fielda and subsecusntly t9 comprre tha calenlatad values with the



Value;; estimated from the Infrired band sghope etudles presented in
Chapter 4o

A very useful relationship exista betweon the individual zeta values
for the vidbrations of a glven dejcnerate srecles. In tha hormoniae
gpproximztion, the sum of the individuul zeta valuss ia a constant which
18 independent of the forca field., The Coriolis sun rulesc] for the
desenerats vidbrations of symaetrig top rolecules hoeve been genersalized in
tabulexr form end may bte writien down by inspeetion.s For molecules of Dflh
pyrmetry tha zeta sum rules cres Elg’ EZg end E:’u =03 Em » el

The individuzl Coriolis coupling coefficients depend on the massea
srd the relative dirmensions of the molecule &3 well 28 on the force censtants,

l'eal end Folo®99¢8

have given a genersl procedure for the caleulation of
zota vzlues Yotween the corponents of a doudly degencrete vibtration. Tha
wethod cun ba erylied to eny normzl coordinste calculetion end 43 descrided
telow for the Elu degenoxrate vibrations of 0636, 06336 end CGFG on the basis
of the existing force fielda,

| The totzl claasicrl kinetic enerzy of & molecule undsersoing simlte

anecus rotaticn end vidvration ist

T » T

VIBC + TECTQ +‘T

COR.
It 43 converdent to exyress the term due to Coriolis intersotion in the

forns

Toon.

- ‘n'xwx + leuy + A zwz
vhera JU 4s tha componcnt of the vidrationsl engular momentum with respact
to the oarteslan exes end Wis the component of thae enjular velocity of the

rotating system of exos with respect to the carteslan axes.



tdnce JU 48 a vector quantity 4t may be defined bys
‘n'a = § (q: x é':)'ea = g—%
a
where q: (= xaua%) ia a masgeweizhted cartesian displacement coordincte,
e, is a unit vector, o is the mass of atom a end a = X,y or z,.
The expression for JL msy be simplified bty introducing three matrices
(Nx)a. (}ry)‘. (Hz)‘l for esch aton a,

0 00 0 0 -1 010
(n")a 0 0 1 (r:?')a 00 of@) [-1 00
0 =1 0 10 0 0 0 0

where (%), ere ¥ 1denticel (3 x 3) eub-matrices elong the msin diagonal
of a metrix N°(20 x 23)s  With thls eirplification JU moy be written dn
the form 'fl.z-q’hzﬁo
The dieplecement coordinestes, g, ure due to digplacements in tha
vidbretional noxmal coordinates, G, £nd are related by the orthogonal
coordincte trznzformstions
Q = 1q
vhere 1 i3 a transformation matrix snd satisfies the relationships
11 -« &
whers E 48 a unit matrix,
In normel coordinotes the expression for JU becores
N2 e gttty
vhich reduces to WU « QYI%Q
since the matrix of the Coriolis coupling coefficients is defined by
Y2 e 21 *

The zeta motrix muy be transformed dnto a form which i3 more convenient



for numcrienl cslculations In normal ecoordinste celculations we colve
& seculer equation GIL = LA for eigenvectors L end eigenvalues
when tha protlem 1s set up in terma cof internel coordinates.
tince 11 * w Eand 11 * = 20 * = G 4% follows that 1 = LD = L *
(D'l) * end therefore the definition of the zeta matrix becomess
¥? - oot )l
If the mormal coordirate protleam is set up in terma of symmatry
coordinates then the geta matrix Yecomess
£ o271 wup to et
It 1e often convenient to write

2 awmanYw?

c
because meny elements of the ¢® matrix cencel dus to symetrys The c2
matrix for the Elu sytmetry cpecles of molecules with Déh eymmetry bas been
given in algebreic form Yty Du:lnker.'26

A computer prozram hzas been used ¢o calculete the zeta matrix for the
Elu gpecies of the molecules 06H6' C6D6 and 06F6. The input data 42 the
£t ena (£ *)°1 natrices for the existing force ficlds of these rolecules.
The Coriolis sum rule 2 I (Elu) = «1 i3 used to check tla rumerical
calculations, Table 5.8 shows the ozlculsted zota matricaes for the Elu

spacles of 66}16, 0636 end c6F6 using the &veileble force fields.



Cnlculated Zeta Matrices

Force
Fleld I13 ;19 ;20 Folecule
-00372 -08334 ~.5522
Whiffen «e2790 4775
-.6838
‘00376 -98001 "05994
Scherer =.3351 #4579 0636
-.6273
=:0333 =48704 =.4921
Duinker -,2168 04426
--7530
=:8384 =44Cl5 =42535
Steele
«¥hiffen *4345 7612 c6F6
°05961
=e1229 <« 7073 =.6962
Whiffen -o 4237 5614
= 4474
«1272 =,6835 <,7191
Ccherer = 4656 5616 06D6
«4CO7
21100 «,7285 6762
Duinker =~+4038 ¢5535
- 4862

Table 5,9




Ve ¢mn now comprare some of the c¢alculated zeta values with the values
ve estimated from the bund shspe studies (Chapter 4)¢ From comperison of

the experimentsl end computed bend eontours of céna a zota valus of

1

= 050 % 0. ean be estimated for the 103S¢m ))20 bend end a value of

= 0.4% : O¢l can be estimated for the 1432cm’11119 bands A relialdle

1

estimate of the zeta value for the 30C0cm —¥,, band carnot be obitained

18
because of complications due to Fernd resonance., However, because of the
gzeta cum rule, the zeta vslue must be epproximately meros Comparing these
estimated geta values with the caulculated values given in Toble 5.8 ghows
thet there 1s puor e roement for ell three available force fields., It
must be concluded that the force field for the Elu gpecies of 0656 is
serfously 1ll-defineds 1In the cace of C D, we estiznte zeta values of
= 0,45 £ 01 for the 1335cu™ ;o band end = 0a45 T Oul for the Eldca™ ¥,
bande, These estim-tes sre only in felr acreement with the calculated zeta

vslues, TFor cérg. & geta volua of =« 0,60 b4 Cel 13 estimated from the band

1
)

good ecreement with the value of « 0,596 calculsted on the basis of the

shape calculations of the 31%5cm bend end this estimate 48 4n very
Steele~wliffen force field. The 1010cm'11219 bapd cf CGFG i3 ccmplieated
by Fermi vcsonance {doublet) so that 41t 1s impossible to obtain a relisdle
estimate of the zaeta values The remaining Elu fundarcental of 06F6 et

1530cm’11/ i3 80 intensze that a reliable zeta value cennot be obtained,

18
However, the oontour sugzzests that 4t 1s lsrze (o~ = 9.7) &nd certsinly
nemative. |

The egrescent tetween the calculated end estinnted zete walues for
CGFG mey well be fortultouse The set of force constonts derived by Steele

end WVhiffen are based on ssswrptions which were chossn to minimize fntere



action constsnts end to retain a field hoving the form of Whiffen's benzenas
field. Whilst these essurptions are now recognized to be ill-chosen there
gseens little yoint at present in deriving whet must Ye en equeslly erbitrary
force field for 061?6 baced on & nev get of eesurptions. Fortunately it is
poecitle to cemonstmte that the derived btond dipoles are not too sensitive
to the force fields The Jacobiszn of the zeta matrix with respect to tre

force constants ia calculsted using the exprescions given by Fills.68

afu - 22 f* '{u.‘fuj
Fuw 7474 VY

atii - ZZ Z‘ Zuiﬁvj-l-fvi Zuj
aF\&V Jf“' >\4' -, )\j

Talles 5.1C(1), (11) snd (311) give the Jacolizn elements of the gzeta
matrix with respect to the force constants for the existinz force fields
of 06116, CGDG and cér .

In the cese of C.F, tho zeta value for the }15cm'lv., band shows
grentent dependence cn the F 1£,26 off-«diszonal force constant,

s 2o/ 2Fyg,20 = 0139 If ve incrense F. from C.197 to 0.207

18,23
end solve the seculzr equztion then the values of the derived quentities
obtnined with the rew L matrix are only slichtly changeds The values of
the Jacobiszn elenents of the zeta matrix with respect to the off-disgonal
force conatants ere surprisingly esmnll for all three molecules and for £ll
of the evsilable force fields, This would suzzest that eny small chrngoes
in the force fields would not seriously slter tha values of the bond

dipole par:imters. '



CcH, = Jacobian Elements of of /o

of Vhiffen tcherer Duinker
oF N\ | 18,18 19,19 20,20| 18,18 19,19 20,20 | 18,18 19,19 20,20
1&,18 -.037 0678 -.641 -'037 0773 ".736 -0035 0545 “‘056'9
18,19 o063 o193 «u256| oCE4 o114 o178 | o063 4270 =333
18,20 | =509 o413 L0906 | =e5C eZT9 126 | «a513 452 L0681
19.19 =,003 ‘0152 0160 0.008 "0156 .164 -00‘07 00141 0148
19'20 .066 00171 0105 0067 -0174 0107 0665 ‘0163 0098
20,20 | +011 =.C17 006 | JCl1 =,017 oCCE | oCU9 =015 L0C6

T~Yle 5,10(4
C.D¢ = Jucobian Llements of 95/dF

o Vhiffen Scherer Duinker
9P\ |1e,18 19,19 20,20 |18,18 19,19 20,20 |13,18 19,19 20,20
18,18 | =078 o643 =¢545 | ®e009 o653 «ef54 | «eC94 o620 «,526
18'19 .167 -0269 0102 0168 '0315 0147 0163 00220 0057
13,20 | =e547 0258 0249 | =e541 263 o278 | =4 555 333 0222
19,19 | =eC33 «o0T79 117 |=s038 «o068  +1C6 |=e03T «o0C7 o124
19.20 0139 '0254 0115 0138 -.247 '109 0140 -0259 0119
20,20 o040 =,0C1 011 042 =,052 +010 +C36 =,043 o012




C.F¢ = Jacobien Elementa of 3ffor

31 Steele~Whiffen

ar 18,18 19,19 20,20

18,18 w208 o369 =e161
18,19 315 =335 o020
18,20 =eC4T =.092 0139
19,19 =035 «CT3 o022
12,20 =.C53 +CCY 0044
20420 <078 =,C78 0

T-tle 5,10(444)




1he conclusion 1s that the difference batween the dipole momont
doerivative for outeof-plane dcformation of & CX bond end that for the
in-plana motion is certeinly resl cnd contributes to 2 rehytridization
moment of about 0«3 Do in the xolecules C6H6’ 061)6 snd 061’ v It is
yrobelle thut tle moment muy te significant in mouy of the Tre IT intere
acticas wldch Live bteen reported and slao in explaining guone of tke
tensity chinges which freguently occur in the conlensed end zolution

paisd of eystems involving aromatic molecules.



CHATT'R “TX

Vivratione]l Intoncities o tha Pundarent=]l Vibrstione of Herafluombonsere

in Solution

Introdnction

It 15 well recognized that infrared absorption bends underzo eeveral
changes on prssing from vepour to ligquid or solution pheose, Ihé
frequencles of tre vibretional rodes of a molecule mey be shifted to
tigher or lower values, the absolute intensity of a particulsr bernd may
either increane or decrease end the half width of the bond ray 2ls0 be
affocteds The reascna for thece modificaetions ere the chortened lifatime
of the excited vidrational state giving rire to e slightly imprecice value
for the energy ¢f the transiticn and, more important, the intermoleculsar
intersctiona which are likely to occur ia the condensed phase owinz to the
closer proxirdty of neighbouring molecules,

Tumerous studies have been mzde of the influence of solvents on the
infrured cpeoctra of molecules and although a great deal of data have teen
eccumulated, it 1s clesr that the present state of the theury eccounting
for the chxnres ie not entlirely satisfactoryes The work described in this
chupter 13 concerned with the absolute intensities ef the ective fundamental
vibretions of hexafluorobenzene in verious solventss The experiuentsl data
are interpreted on the bssls of the existing theorles and &n attempt is made
to sccount for any disorepancies ty invoking the idea of a xrehybridization
poment esnociated with certsin vibrations,

Thenry nf Colyont Fffeats on Infrored Inten~ities

In genersl, the intersctions occurring in ti.e liquid or solution

phase ¢an be dividcd into two typest =2) a ron-specifio intersction dus to



the influence of the solvent considered as a continuous dielectric mediun
and b) a epecifis intersction between the solute molecule znd one, or rore,
solvent molecule (M.Bs & pure liguid 1s en extreme cose of a solution 4n
which solute end eclvent are id;ntical). Previous treatmenta cf the
influence of solvents on Infrired dntencities haove considered eystems 4n
which epecifie intersctions ere ebuent or st least extremely weak end
several relationchips heve tbeen deduced to sccount for the effect of the
non~gpecific interaction,

Chako,69 Polo &nd wilson7o end van Kranendonk71 considersd the
calculation of the retio of the sbeolute intensity of &n iInfrored
ebrorption bernd in the 1iquid etete, AL' to 1ts velue, Av’ in the vzpour
state using dielectrio polerization theory, The eslculation is bared on

the relationship

Y\ 2
F

i-]‘ - -E-:. 601
v o

vhere F i3 the 'effective' field scting on the unperturbed absorting
mulecule in the 1iquid and Eo is the field wcting on it in a vacuum,
Tielectrio thoories cxn be used to cslculate F widch is taken to e the
internel field actiny at the centre of a smell spherical cavity of radius,
a, in tre dlelectric medium. The Onaacer!° treatment of dielectrics
expresces F e3 the sum of a ‘cavity field' feootor, Gy end & 'resction
f1¢1d' frotor, R, which 43 dus to the polarizaticn of the dieleotric Yty
the total (permsnent and induced) dipole moment of the molecule.

P = G+R = 36 E+262 m
E.2&1 el * @

where £ 1s the dielectric constant of the 1liguid, E is the macroscoplo

6.2



electrio field incide the 1iquld end m is totil eleotric moment of the
molecule, VWitldin the renye of infrured frenuenclen it 4s perzdrsible to
replece by the uquere of the refrugtive index n,

Tue lwisl dipole vonent is given by

N = pu+ P 63

vwhera p 13 tho pexrmrnent dipole worent of the isvlaiczd molesuls, u is &
unit vector with the direcction of the pefmanent rouent ond ocig tha
izotropie polarizatrility of the izolated riolecules Crly the dnduced
monent term o&F contridbutes to the vibratinz electric field at the
ahsorption frequency heczuse the re-orisntstion tima of tho moleculs is
much longer thsn the vidbration time of infrared rudiation, The
yolarizahility & 18 given by tha Clzusius and losottl equation which is
brnved on the trert—ent of rolescules o8 izotrople epheres

2
.0( " P__':l 05 604

) [ ]
n<+2
2 $hat evorecssion Geo2 bacomos

2 . 2 2
F o= 5f7 ‘““"?1'2.""."]* F.
2n<+l 2] nta2

€.5

Due to the invariance of tha Poyniing veciuvr

-
1.0 n

erd substitution for F end I, in equation 6.1 leads to the Folo-Wilson

S 2
relationzhip'™ ﬁ!’a = 1 (n2 + 2) . 6.7
Ay n 3

A sizdler expression hus been derived by Iullard ard Straley'? and by

Ferson74 for solutions in eolvents of refractive index, D



2
',
A - 1 ﬂ‘- + 2
ommad -
Ay n, p_)z +2 6.8
Rg

where, Ac, i3 the Intencity of a brnd for a molecule of refrcctive index,
nye in a solvent of refrsctive irdex, nge This reduces to the Polo-iilaon
equation vhen n;, e ne  Another formula which has been proposed ia due to
Kirota75

Ay w |(n% s 2)(2&, + 1) 6.9
ﬂv BQEB + n‘z)

vhere £, is the dielectric constent of the solvent,

In genernly the refroctive index ¢f a molecule decreaces with
wavelength 2nd 4t hns teen the cucton to use e velue for n otteined by
extropolating the visible or ultra violet dsta or indeed sirply ucsing the
FaD=line value, Crville-Thoncs et a176 have pointed out that such &
yrocedure does not take into sccount thoe crucrption of enerzy by the cystem
0 the wavelength chonges through the region of a vibrationel transition,
0 that whenever poscidle the refrective index &% the frequency of the
trenciticn shouvld® te ured., Cubstituting e value of n = 1,5 into the Polow
Wilson equstion leads to tue prediction thst, in tle edsence of specifio
interactions, e£ll infrared ebsorption bands rhould increace in intencsity
by 335 on poosing from vapovr to condensed phase,

Owing to experimental difficulties involved in obtailning eccurats
estimates of the necaecssry very emall path lengtha, few determinations eof
infrared bund intencities for pure liquids heve been reported.”'ao
Intensity data exist for the infrsred &ciive vibrutions of tenzene in the

stpourlg end liqu.idT{'TS phaseg. | e results show that the intencity



chunges due to change of phuse are for greater than can be satisfactorily
sccounied for by use of the Folo=wilcon equation, Simdler reeults have
been reported for other 11qu1d379'eo end song of tiheue have hLeen confirmedgl'ez
uzing the disperszion method which i3 Lused on the intarferowetric
reagurenent of refractive index. In the cuse of solution studies, there
are nany exnnyles of intensity changes on passing froa vspour fo solution
phuse wiich far exceed the predictions of the forazoing expressions.83'84

In ganersl corclusion resched ty workers in this field is that the
Polo-Wilson end relsted expressions for intensity chanies with changes of
phnse or solvent do not edejquatcly reprecent the observed efiscts for eny
rezl systems This conclu~ion ie rnot curprizing when 1t 49 considered that
euch treztnents noglent conpletely ruch fzctors ns the type of vibration
and the shape of the molecule even if intermoleculur interzotions ere
cheutes

Yere rceently Euckinghsmes’eé bna discurred the effecta of molutee
golvent internctions on the vihrational inenzities of diatomle molecules
vy conoidexing taa intervotion enery as a powsr series 1a the normsl
coardinstes of th2 solvte riolecule snd then treating the inleraction energy
and the anharmonic terms 4n the potentisl enerzy function of the free
molecule ks perturbatinns to the herronic oscillator hrmiltonian, fuch a

trestsent for non-;olar soluta nolecules leads to an expression for the

eolution to vedour intarsity rutio which ia of the form

av n 1-{10(1

where fi 18 tue reaction fleld [actor whicu depends upon the shape of the



woJeonle, #s 13 the oavity fleld fas*or plwyy dsnendent upon the ghape of

5
tha anlu’e wole?ala,og.i«afhe';qlarlrahility e the coluta nolecule 4n
the ddriotlon spporzdlate 80 the leth witenlion sod n i3 “he relfogiive
Indaz ef thoe eclate molooulae,

AMen And Iuciu387 Yave Wlown N0t Tuckinghents exprosuion ven 8190
Yo Carived from sn extencion of the Polo<Wilson 4revhsent 1i, instead ef
replneing OC by the Cloucdueetoncttl exyrverion, the effeciive {ield is
erpressed 4n terws of 0(1. Troy furctier ghow thatl pach & treainaat cen

Fe axte:ded 10 polyntorda rolecules ond vlno L0 furge 11quids.

&“t.,‘ - 1 u1 2
Ay a l-[‘iui .21

Bitsclers® haa troated tha ealaulatisn of ay and £y fo» tha goneral
¢r5e when ths mtlecule 1a e1igs0ddsl wiltk princdpal sxez Za, b mnd 2o
e azls Za aaving tha dirzction of the axtarnz) lald.  Tho ecavity fisld

$ac4de the eollipesild 15 shown to bg:ga‘gg

- £ - .
%1 £+ (L -E)A 9,12

wuere tha quantity A 4s o shepe fretor given by

i =a b

o 1
FE ,/(.(5 + 8-)3/2(s + v2)3{e + c*)ﬁ « 813
?

has tabuluted valuas of A &g & fvaction ¢f a, b end ¢¢  For

G

50

Sionexr
the special casz ¢f a gphcra @ » b w g) A w 1/3 acd equation G.12

Teducea o

a - P za . ” »
i 2€ +' ""1 0.1"
try replociv; € by n2. te
& - ":.'12
P omel €15



"he resztion f2elld frotor Jlor ¢ dipsle in #n ellipscldzl cavity has been

eclevirted ty Qetalpel10E8
L, MiopNE= 1Y g
f1 = sbe *° E+ (1 =-E)4 Gald

vheres A is the shape footor givan previousiy.

For tha special cass of a evheriocul cavity equation G.16 xeluces to

LE= 2 1
& “":’ -—
ory yerlzeirg £ by n? ¢ tO
2.2 0
fi - E;‘;“B“'”'i' . %‘5 feib

fubstitating equatlcozg €415 end 6,13 for the quentities o4 end £4 ia
equrtion 6411, folluwed by replacament of & by the Clausius-Mosettl
expretalon rthowe thet €ov the =recizl casa of @ sguericsl rolzcule in a

erhexrieonl cavity this treetmsnt lendz $9 rn expression for Ar/iy given by

2 L\ 2
by -

Tuis {8, ¢f ovuise, the Iolo«Wilton exprecaicn, Cleorly fox» the general

cree of an elliproidal milecule 4n an ellip-cidal cavity the ratio is

&
S+!J-€W
A X 1= 5. Hi-iUE-lle
-;-i- " n ke Ev(1-6)a *° 6.20

vhere (3 is the yolarlzstility of the molacule in the direction of the
vibration and € is the dielectric constent of the roleculss

The more goneral treatmeut of solvent eftects on Infrared intencities
w111 clearly predict ifferent reties of 4; fic for vibrations in different

directiona #nd the ratics will siso deperd on the shape of the absorbing



molecule. Consequently, dn principle, ve expect the intencity ratios
caloulated on thie tacis of such a theory to be more in line with experimental
observation and rmust rerresent &n improvewent on the FoloeWilson treatzent,
We Lave determined the vibrational brnd intenzities of hexafluorce
benzene in solution in benzene, carbon disulphide end cyclohexane. The

data ere treated in the light of the foregoing discussion.



Fornard manta

Tuficrtion of Faderisls

Hexafluorobenzene = The sample wa2s kindly proviZed by Imperial Suelting

Coe Ltde Vepour rheose chromato raphy end the infrared epectrum phowed the
abzenca of other components and the simple was uzed without further
purificotion.  B.pte £0.1°C/76Cmn., ngs - 1.3761.

Bonzene = BJD.He (Anelar) grade was contscted with concentrated sulphurie
acid st room temperature and the tresrtmont wes repeated seversl times until
the £cid layer did not discolours The benzone was weshed eeveral times
with dietilled water end dried over phosphorus pentoxide. Finally it wus
distilled under en etmosgheore of nitrogen froa freshly-cut sodium and
stored over sodium wire. D.pt. 80.1°C/7CCrm., ngs = 1,457%.

Carbon Iirulptide = B.D.H., (Analar) grede was ghuoken eeversl times with
mercury ard finslly distilled from phosyhorus pentoxide., B.pte 46.3°C/

760:'13.. - 1.62'}60

nD
29
Cyclohexcne = B.D.H. (Spectroscopie) grade wss used without further
purifications Dypte £0.79C/76Ce, ngs - 1,4235.

Ereatvra] Papordin-e

Infrared intensities for the fundanental vibrations of hexafluoroe
benzeng in solution in benzene, ecarhon dieulpldids snd cyclohexane have

been determined by the WilsoneVells methods>”

1

For the hish frequency fundamentsls st 1530 end 101Ccm — the sanples

wvere contained in conventional liquid cells with KBr windows ard the
infreared cpectra were recorded with a Undcem ST100 grating cpectromater
operating on the einile besm principle. For the low freguency Elu

1

funderentsl at 315c¢cm - the sarples were enntained in conventionsl liquid



cells with Czl windows &nd for the AZu fundsmental et 2150m.1 contzinment
was 4n high-density polythene (Rigldex) 1iquid cells fstriceted as
dencribed elsewhere.92 The trectra of the low frequency tends were
recorded on en evacunted einsle beam cpectrorzter previouszly deacridbeld

33

elsevlere, Fiz, €.1 ghows the spectra re-drawn from tha recorder churt
end 4ndicates thLe backzround sbrorption ond algeo the zers trunsmission
line,

The ebsolute inteneity A 1s given ty >

A =« 1lin B

6.21
cl-»0
where B e ) ].0;3,e To Qv
cl N ¢
BATD

To end T are the observed valuas of the true monoctxrometic incident and
trancmitted intencities Io end I, the concentration ¢ is in molecules cm"

lcm-zsec.'.l

and 1 4g the cell thickness cme¢ The units of A sre mol,
Fercentare tranumission vulues were ¢btalned from the spectral traces
at intervele of 2cm°1 end integration was cerried out over a fréquﬁncy

ranze of oo™t

both cides of the band naxissa by 8 counting of the equares
procedure. Cell thicknesses were rieasured from the interference fringe
system obtained with erpty cells except in tle crce of the polythene cells
when thicknesses were messured with a micrometer.

The Deer-Lambert law plots are shown 4n figze 6.2 end the ebsolute
intencsities, &3 determined from the elcpes of the plots of fiz. &.2, are
glven in Tsble C.1, together with the frejuencies ¢f the band maxima,

Tue to overlapring solvent aboorption the intensity of the 1530cm71 bend

in Ybenzene end in cardbon disulphide could not e determined and in ths
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case of the 1Cl0cm

1

bend the data foxr soluticn 4in benzere end in

cyclorexrne were ottained by subtracting the eolvent absorption.

Intrreity dota for Fexnfluarmohenoara 4n Salption

Frequency{obagcm™!

Intercity A x 10~Ter"no1 "t se0™1

cymuetry |Frequengy
Claze Ho. Vzpour |(Toluticn|Vspour|Penzens C3q Cyclohexane
18 1531 1530 [27.2% | =% | =% | 21.4
. 19 1020-1CC2 [1018-994 [20.3* |30.1% |35.4 x2,6"
20 115 314 | 0.125( 0.1%9 | 0.141] ©.139
b, 1 215 215° | 0.128| 0.374 | 0.247| ©.143

data of Stesle and Wuiffeno!

ty subtraction

not neasured due to cverlepring banda

refers to frequency in C5, end eyclehexsnep

observed frejusncy in benzens was 220cm71(cf cheT.)

Ttl 3 FOL
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Trant~ent of Dnta

¥Wo hrve ecen that the ratio of liquid/vapour phase infrared
intensities whien a molecule is ellipscidal is given by
2

i!‘ - l —--ﬁb——c S
ky n |1~ fqoey Ce22

where a4 ia 8 cavity fleid factor glven by ejuatia €.12, £y is & reaction
field fector given by equetion €.16 and & i3 the anisotropiec polerizsbility
of the molecule in the direction cf the i-th vibruticn.

It seems quite eprropriate to treat hexzfluorobenzene es en
ellipsoidal molecule with equatorial seudexxis b = ¢ and polar sesleckis &,
The method used to obtain tie dimensions &, b end ¢ 13 shown in fig. €.3.

The shape factors have beea tabulated by Stoner;so A = 05526 end
Ab - A° m Co2232., 1l hexmfluorolenzene is considaied to be a spherical
colecule then tLe chije foctors ere Aa - Ab - Ac s 043333,

The isotropic pelerizatility of a molecule ozn bve czloulated from the

Cleusius-losottl eqgustion

2 3
X = ﬂ-zl.& €.23

n- <+
hera n is the refrsctive index &nd a is the redius of the wolecule. The

redius of a molecule is glven by

8’ =« 3 M 1 10°4%°
" o"d"oN. 6.24
where M is the molecular weiglit, 4 is the denpity of the molecule end K is
1]
the Aveg~dro numbers For benzene a’ = 35,219 A3 and for hexaflucrobsnzene
a5 = 45,70 x’. Substitution for a and n25 in the Clsusius«iosottl

equation lesds to a velue of 10.37 23 for the mean polarigability of benzene



DIFTICIONT CP IATINORGTITTTETY AR FLLIPOOYD

1-39 -
\\\
\l
36— 93570
7
7/
o
C=C 1394
o
C-F 1,204
[
P (van der Venls) 1,35 A
Q
Tims equatorial exls 2b = 8,10 A,
- e, T e, eSS .- -*\\\
A Y
F Commm e mm = F ;
1-85 R

balfe-thickness of sromatic ring = 1.85 Z.%
Thus 4f a 18 polaxr serd-axig
enl b 43 equatorial semie-axis (b =¢)
tienm = 8 = 2300 =
b Ze10

&nd y = ﬁ = 2,1368

044563

0
From Stoner, Da’o = shepa frotor 4 m 05536,




and a valuse of 14,11 p for hexafluorobonzens, The unieotropy of the
polurizubility in benzene leads to exparimental values for the principsl
poloxrizabilities in the &, b and ¢ directiona of 7.3, 1l.1 ard 1l.1 z}
respectively.94 The wean of the experimental values 4is 2,833 23 which
1s 8 fractionzl discrepancy of 9.833/10.37 = 0.943 betwsen the mean of the
srdsotrople polerizabilities ond the mean isotrepic polarizability,
Fxperimentel data 1s not yet availatle for the principsal polarizebilities
of hexafluorobenzene. However, we cun estlmate valuea for s “b end o(o
ty weizhiing the cean isotrepis poleriz-bility with the wveighting fector
obtrined for benzene., From gsuch a treatnent the principal polarizabilities
of hexszfluorobenzere sre estimated to ta

65 .3
0 = 10,85 A%, 06, = 0 = 14465 A%,

8 ]

The equetion relatinz Ay / Ay (6.22) refers to pure licuid and vapour
vhosess Our deta 18 for solutiona of hexofluorobenzens in a series of
colverts end therefore the dielectrio constant in the expressions for 2y
end £ should refer to the dielectris conatrnt of the mixture, Eince we
have usnd such ¢ilute rolutions for the intensity stuldles it iz quite in
order to use the diclestris conctant of the pure solvent,

Calculnted values of Ap /iy for solutlons of hexsfluorolenzens in
benzens, cerbon disulvhide end cyclohexmne are shown in Table €.2. The
results indicate that the intensity of noneplanar vibrations should be two
to thrce tirmes greater in solution than in the vapour phase whereza for
planar vidbrations the increase should be only 20«25

The Ay /Ay retios precicted by tie Polo-wilson equation ere the same
for all vibrationses They show thst the intencity in solution should be

&bout 254 greeter than in the vapour phese. Table 6.3 gives the predicted



Caloulated Values of A;/iy for Hexafluorobenzene

in Soluticn = I1lipsoidal Cavity

Solvent

Oyl cs, CcH,,

£ 2,280 2,640 2,023

a& 10451 1052‘ 10359

8, =8, 1.143 1.161 1.127

£, 0,0159 C.C231 CoC1T2

£, =1, 0.011C 0.C124 C.C038
oc 13 10.85 10.85 10,85
OngB -cxﬁFB 14.€5 14.€5 14.65
ngs 1.5011 | 1.6%0 1.426
(*/%y) . 2,287 24539 2.043
A/ 1.2 1.2 1.21
(2y/ V)b.o 31 33 3

Mehle 6,2




A /iy ratios for hexafluorobenzene in solution in benzene, carbom
disulphide snd cyclohexans using the Folow~Wilgon equstion for solutions
(¥ullsrd end Straley’2),

Calculated Values of A{/}v.for Hexafluorcbenzerse

in Colution « Spherical Cavity (Mullerd end Str&leij)

Colvent
Cels 52 | %2

AS/Av 1.251 | 1.264 | 1.237

T-¥la 6.3

The observed ratios of eolution to vapour phage iniensitles for the

funldazental vibrations of hexafluorobenzene are given in tztle 6.4.

Ixperimentsl Values of A?/Av for Hexz:fluorobenzene

in Colution

Frequency folvent
-1
cn -
Ccfs | 2 | %Mo
1531 — - 1.52
1010 1.43 1.74 1.61
315 1.11 1.13 1.11
215 2492 1.1% 1.12
T-tlo €.4

Comparison of the experimental values of As/i\v with the vslues
predicted on the bLesis of the ellipsoidal csvity theory or the FeloeWilson

(spharical csvity) equation showa poor asreevents The ellipsoidal covity



theory appears to overestimate the intensity enhancement which occuras

in solation phese whereas the FoloeWilson equation predicts ratice which

sere “~20 too high for some vibrations end « 200 too low for others, It

is probadble that wany of the discrepaencies could te due to the larzs errcrs
which ere usuelly involved with infr:red intensity meassurementss Certednly
a 20,0 e¢ifference between the e¢sloulated end experinantal values of AS/Av

is insufficient eviderce for the failure of dielectrio theories to explain
the dsta,.

There is cne glaring dilscrepancy between the calculzted end experimentel
values of AS/AY‘ This is for the 52u7 (CF) band of hexafluorobenzene in
benzene eolution where an intencity enhancenent occurs which far exceeds
the predictions of simple dielectric theorles.e The frejuency of the btand
maxicum is &£lso increaced, by Scm'l, on pzecing froa vapour phaea to
solution in ltenzene znd the marnitude of the frequency change 18 much
crecter than ie predicted using theories of eolvent effects on infrared
frequencies, From theooe observations we conclude that a spacific intere
action exiets between hexafluoroberzene &nd tenzene in solutions The
benzene 4 hexafluorotenzene systexm is studied in greater detedl in

Chepter seven of this thecis,



CHAPTTR S¥VIN

THE BPETZTNE 4+ HIXAFLUOROBENZINE COIPLEX

Introduction

Iany workers heve cleerly cemonstrated the existence of congruently
melting compounda of equimoclar composition ia systeums involving eromatic

hydrocurbons + Lezefluorobenzene. 4197190

Phaga diegram ctudies for the
system benzens + hexzfluorobenzens indicste the formetion of a 1:l
molecula> complex with m,pt. 24.1‘0.97 Studies of excess thermodynamic
functions show that the stability of the complex increases &s the electron-
doneting power of the aromatio hylrocarbon is increaseds” ?7?

It hes been suzgested that the complaxes are of the charge trensfer
type with the eromsatic hydrocarbon acting es the donor molecule and
hexofluorobenzene es ithe acceptor.94 The characteristic spectrel band
which is usually essociated with charga transfer ccmplexes (200-260 mu)
is not observed for this systems Eowever, this msy well be duae to the
fact that fluorocarbons ebsorb so stronzgly in this spectral range. DITipole
monment measurenents of hexafluorobenzene la solutions of srcmatic hydro-
czrbons have been repcrted98 and although the results are inconclusive they
indicate thet any complexdng due to charge transfer iaterasction must be
extremely wesak,

In Chapter 6 of this thesis we have reported an intensity enhancement

for the A, mode of Lexafluorobenzene in solution in benzere which far

2u
exceeds the normal changes which can be predicted using theories of solvent
effeots on infrared intensities. Furthermore, the frequency of the band
maximum is increased by Scm'l on passing from vapour phase to solution in

benzene. The frequency change is greater than that predicted by theories



of eolvent effcots on infrared froquencies arnd 2lso in the oppoeite
c¢irection. VWe cornclude from tids that a epecific interaction exists
betveen btenzecre end hexafluorobenzene in the 1liquid state.
Dieousnion

ftudies of infrared szbcorption intensities cffer & rost sensitive
and useful technique for establisling coiplezinze It was seen in Chapter
6 that the effect of eolvents on infrured intencities can be reasonzbly
sccounted for ucing sirple dielectric theories only when specific inter-
actiona are absents Larger cffects ere usually essuned to te duse to
interroleculur interasction tetwecen the solute end solvend molecules,

Eorsk end PliVa;ca

hove olesuified specific interzctions irnto two groups
eccording to the ensrzy involveds A strong specifiq interaction between
poler polutes and polar sclvents results in the formstion of etzble donor
+ acceptor complexcss These pyotexzg involve larze intersction enerzies
&nd produce larse changes in the Infrared epeetza which connot be treated
Yy dielestric theoriesse A weak gpecific Interaction btetween non-polar or
woakly polar coluled end colvenis which involvea emsll intersotion enersies.
Tlicse systens yroduca only minse chonges in the dcfrered epectra which,
nevert!¢lezz, carnot be eatiefacterily rmccounted for uring dislectrie
tticorles, Tre rature of specific interzctions is at vrecent theoreticslly
nat vell underztovd. Iowever, it is clear from the work pudlisted so faxr
in tlis field tiuwt tlere 13 no ehrrp torderline between the two types of
interaction,

Ia the case of the kexafluorcobenzens + benzene eyrtem the exdistence
of & e0c11d conplex hes been clearly demonstreted by a vexrlety of physical

teclindques, owever, &a y&il there i1a no clesr-cut evidence to estatlish



complaxing in the liquid phases« The purpose of this chapler 1s to make

a det ilad duvestizrtion of the effects of benzene on the A2u bond of
h2xafluorohenzenes If we muasure the eb:zolute intensity of this band for
solutlons contiining & fixod concentration of hexnflucrobenzene in s mixed
eolvent cystem extending from pure tenzere t3 pure cyclehexane, then 4t
ci:ould be possitle to cetervidne the eqdlibrium cunstznt for ths hexafluoroe
benzene + btenzene complex from tha Antensity claies.

Noerisent-

The suanpler of rexzofluoxebenzene, lenzerae ornd cyclohexine were
purifiel as ia Chspter 6. Two stock sclutiona contzining the saze
conceatration, ty weljLt, of Loxefluorvbenzene 4n cyclohexans end in
bonzene vere nzds upe A serles of golutions conluining tue sace
concentrution of Lexafluorvbenzens dn 2 pixod solvent colution contiining
varydrng enounla of banzesne anld cycloliexune were obtaired by weighing sazll
qurniltics of the stock colutions into sunple tutes,

The dnfrared epectirum of erch colulion wesg reooxrled over the frequeucy

~oan o

- 'y
ranpe 240-1C8Cen 1 with e evacustcd cingle beam grating epcetroneter

>3 The 2 x Hall reztatruhlen £ilters used

rreviourly Cescritced elzculere,
in tte eerlicr vork vere rerlsc2d bty 2 x 2;?2 in ordzsx to give & flatter
backoround ebtzorptions  Fianple contednment was in a high density polythene
(t1z820x) 145uid cell of paik length Celeme  The same cell was used for
&1l sclutions end the path length wes ressured witn a microwetar after
pcch runs Tha poesitility of the cell becoring deformed when under vacuun
was reduced ty firmly clamnping the cell titween the motal puxts of a
conveatisnnl 147uid cell (ReI ILCo FoCl)s Thers was rno evidence for the

sarple 'lecking' frem the cell efter ten hoars 4n the srectrometers To



wuintain & conastant 2lit width for eack sslution, the cell was earefully
Fluced in the euwe pusition on the semple plstform for each run., Bonzensg
erd cyclohexuvne wl:ow no absorpticn in tie specir:zl raonze concerned co that
the bockzround sebsvrption was taken from the epectrum cf the empty oesll,.
At least three recorain; s of erzch olution were obtzined end sefter eaxeful
fitting of tie backzround sbsorption, values of 10510 Iiz were obitrined

1

across each bund at frequency iniervels of le.4ca — which is every C.l

divieion of the erbitrury freguency scezle. Tis {requency seale of the
inatrunent wus calidbrated with & standerd water vapour spectrum”

Re~drawn epectra of logm I2 plotted egainat the wavenunber freguency
1

woere obtaincd on lerge graph paper for esch trace end the srea of ench
bund wes deternined by a counting of the squares procedure.
Tie sbsolute intensity of en infrared abnorglion band for a molecule

in solution is given ty

I- M x 100 x 2,303 logyq 12 & (log¥)
Coviedd x 10/ x ¢ x 1 i

where I is the molecular weigult of tie nolecule, ¢ is the concentraticn

1 snd 1 £ the peta lengih in c3e  Tha wnits of [T are cmznwl.'l in.

in gel~
The absolute iniensiiy of the A, ULind of hexefluorcbopzene in the mized,
benzene end cyclobexcne, solvent syutes ds given 4n Tutle 7ol Ealfebord
widths end the {requency of (he tand wexiza gve olco siven in Tsble Tele

YhLe cunceniration of Lixsfluorctenzcne in tlhe benzene/cyclokexane solvent

wag 9999 g.]."'1 and tue puth lengill wen CollTcuie



“UOINIOS U] 8UAZUIGOIONDXOH JO pung "oy eyl 14619

auDxayoPAd + g4 H

—U270384
00z oz 0z gz
R | 1 L Q
&
>
o
n
o
2
D
3
o
z
e
wa g0 =
gwaborz 9
1-W3 G1Z = 0y
~00l

R =L E
00z oz 0z (114

[ 1 3 o
>
w
(%24
Q
2
0
—
5
P4

waglg

g-waboL = 3

W3 022 = op
-00t

auazuaq + g4H



4, Texd of 1FB 1n Tenzene/Cyslohoxane S»lution

% w/w benzene i'.o cm'l Av% en™t A x 1075z, 2ol leec "1

0 217.0 50 1.53
22420 - 217.6 943 3,12
440 <157 1G.0 5e34
53412 22C.2 10.1 Ted2
13.22 220.7 10,0 336
£5.49 22049 10.2 5450
G2.,E0 221.3 12,0 .41
25.77 c2le4 10.1 3.56

1CO 221.8 1C.1 o4

Totle 7.1

Toe eboolute dntencdly ef the Aan vend of bexefluorcbencene in pure
cycloliexine 18 in very good egreewent with the value obisined in Chapter
€e Tha dntencity 4n bencena solution 4ndicotes that the veliue reported
in Chopter € miy Ye cn over estinsts, presuually due to difficulty with
the cloping beosgmound obeorption (2 x Null) widch we mentiuned at the
tliee lDuvexthelezey tus dntendty 1wsullas of tids ssction confirm the
iztensiﬂy entzide.sut dn tia AZu Vidud ol nexalléorobtuncene on pzassing frem
soluticva in cyclolhiexina tv xolutloa In banizenss Wo expected tha intencity
Incrence 1o ccour ¢ridually with ducrescing benzeue coucentraiion in tie
wixed bauzeuc/cyclahgxnne eolvente Ouz xowalts ciwwy in fuct, thst the
L?u bind of Lexaflucrzobeareus underjous & shorp dncieuce ia intensity end
also & sherp focrease i hall-bad widbio wion dee solvent is €00%
cyclohexcno &nd oaly 20,0 benwcue. Tima Gid not sliow an iuvestigation

Yelow 0,5 w/w beazuao ©o thot we wese unuble to £find tae composition of



dxcd molvent whdeh produces a graduul clengze in the intencity,

The frequency incrouee ¢f the bend on passing from colution inm

A
au
cyclohcxing to golution in bonzere 15 quite cimificont when it 1s
roaneddere W ¥, o AV 3 e “p 2 an. as
conszidered thot $he value of y is epproximntely 1/:0. This would
indicate tihut tiie inteructlica betaecn Lizxafladorobenzene end Lonzere 1o not
. E4 1 . 101 - 3 w
&8 localized electroctatic intersction between the positively charzed ¥
stonsg of tle tenzone snd tiue regstively ciwrged P ertoms of the fluorocuricne
It 1s l1ikely that the 1T electron rehytridization phenomencn ia a
contrituting Jlaclor tu the londings Curjlexes bebluween Lewmcfluorclenzens
wid TT=donors oy ticn exdet da colullon, edotllizeld by furces dugs to
overlep Letwcen tha pj osbituls of tue douwor wnd ecoeplure IV 12 [Tobuble
toct wo wouid obuerve a siciler dnvenzity clangs in the ‘2“ rode of

berzese ia hexofluorshonuona sclutione
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TR _BOROW TRITRCITINE & BPENT COMPLTX

Intrndnection

The in{rared insctive gym:ietrio siretciing vidbration of toron
trihalides appears as a wesk absorption bend in carbon disulphide solution
wheress the intensity of ebeorption is greatly increased when benzene is

the solvant.loz'm5

It hes been suzrested thet tha intensity enhsncerment
nay be due to the formatlon of a wesk donor + scceptor complex involving
the 7T electrong of the Lenzene ring end the vacent p; ortitzl on the toron
stoms Tie plansrity of the boron trihalide may be destroyed by such m
intersotion with the result that the eymretrio stretcling vibration would
bacone infrared sctive,

103

A recent study / of the intencity chengze in tbae symietric etretching
vibrztion of boron trihroride in kenzene solution hes show the existence
of & 131 sepecies 1n solution wiil sn eguilivriun constent of 4.8 2081,

1 103

mole ~« Raclear maznitl? ressnens? studies  ° of "3 chemical shifts for

the Loron tritromide + bLenzere cystem wupport tihe fornmeilion of a wask

conplens A determinationlo4

of the dipole moment of horon tridromide in
benzene gave a value of 0194 eszeus #nd in view of the present evidence,
it 10 posrible that this value nmay represent & resl deviation from zero,
Thuse disgruns fur the boron {ribrouide + tenzene sy:ztem show 20 prsitive
evileonce for corplex faruntion.le}
The purtore of the present woxrk is to confiim the existence of e weak
cormplex between boron tridbromide end tenzere and to determine a value for
tie orntkalry cliengs svcorpanying the complex formstion, If the intensity

of the eymretrig stretcldng vibrallon of bocron iribronidde in denzene



solution phow & negative temperature cocefficient thea this will confirm
the yrecence of a conplex between the two species in solution. Ey
etudyinzg a series of concentrations of toron tribromide in tenzene &t a
oerles of temperztures it should te possitle to determine the equilibriun
constent at eanch temperature end hence to obtein a velue focr the enthelry
chiangs.,

Volar entzelpy velues for the formation of eddition cocrplexes in
eolution are of concidcratle importince when trying to corpure the relstive
strengths of bonds between donor end scceptor molocules.los The raported
AR vslues for & series of 10dine corplcres rrovide s good exzryle, The
molaer enthalpy for the icdine corrlex in benzere is &bout 1 Kcal..lcs thae
values in ethers renge froa 3,5 ¢o 6 Kcala.le7 and larger values ares found

103

in the crue ui eminsg, runging fruve 7 to 12 EKeal, It will be of
considarcble dnteieut fo coznere Li.e entlelpy shazie for the boron
tritrendide + Yorgeiie cystea with tloase velues,
Mocyazion

Tiere ure reversl exemples of intencity chrnvon in vibrational daznds
when the i1zfrared epecirua ol & éonor + ecueptor cumplex is coxpared with
the spectra of the irclated moleculess In the boron tribromile + benzens
gyetam, the intenszity enbunconernt in the infrared ir.ative eiEmetrie
stretaiing vibrstion of boron tribroxids is the only change which occurs
in tie epectra of eithecr wnlacule, A slaller intenzity &ncreace also
occurs in tre atretching vibestion of hudlo;ens in lLanzene aalution.109
fovevery in tils case therse ure additional chunjes in the apectrum of the

110 end the frejusncy of tha halogson stret:hing vibration

111

bernzang molecule

is lower tixn tha vrpovr rhang valve, The {ntensityr {acrease which



occure in the stretching vibrstion of halozens in benzene was originslly
conridered to be clear-cut evidusnce for complex formstion with the hzlogen
nolecule In tlie complex situated in an unsymretricnl state. lYore recent
work on the halogen + Venzens system his indicsted that the doteusity
inorease in tho hudogen vibratlon dves not necessarily mean ithet ayucetrical
nature of the halogen molecule 1a deatroyed on complex formutions 1% Lus
bVeen su sested by Ferguson and I".atsennz and by Friedcica end Pers;onlu
thaut the intenuity enhsncenent in the ¥ (X « X) vibration could ccour
ttrougil en 'electron vibration' mechenisu even 1f the halogen wolecule is
in a symaetricsl environoment in the coumplexe

According to the electrecn vilbration meclicnimm, the elecirun affinity
of an acceptor molecule or the ionization rotentisl of a donor molecule
may chunge during o symusetelc vivralions A3 & resait e eneryy
differcvnce batveen ths 'né bonl! wnd the '"Cative' stites changes vo that
the dydng of tlese two wevefuancticns will elso cheage during the viurstion.
The eleetrons willea 1w contsibated by vhe donor wolecule in forwing the
'dutivae' structure vith tie codentor molecule will thwrelfore pulssatis
between the dornor and zccespicr with ¢ka2 fregusiecy of taa vibrations Such
& p1ucuss will result in w lexgae cunge in thae dipele eoment derivative
with respect to ths stretoling soordinate end hence cr intensity enhuamcement
will bte otsexrved in the syuselrio vibration.

If we enply ths election vidbratiecn mecharizm {o tke boron tridromide +
benzore system it becoaes clear that the inlensity enlsnceixnt in the
V(B « ¥r) vibration 18 not Gue to non-plinarity of boron tribronide in the
complexe It I8 puoboble it In L9 cowplex lhe Luron tribrozide polecule

rorrulpg in a syimetricel eavixocuments Ad present, insufficient



informition exists to en:ble & miracture for ihe complex to be propoced,

I'xperiment-}

Thie prmple of bovon tridbroride was purchaszd from B.D.He snd used
wvitiout fuvther purification. Bepte £2.5°C/763rm., 425 » 2,62 2. cm"’.

fnalsr grade benzene wae treated s& in Chapter 6.  B.pt. 8C,1°C/7C0mm.,
4,5 = 04875 2. em?,

Sulutlienn of toven triloxzide in terzere of verying concentration were
prepered by welghirg the cunponcnts inic emall, ctorpered conleal flackse
Tha ctorpar wag £2t823 with & Teflon elnsva ard conrdderatle offort was
pede to ieep vie prlerdals from the af%rmeipbhoresse A£11 trziefer operations
were curxled eut 1a & dry, oxyzun=frea atwoephiere cf ritecsin,

Tae infrared cpactrd wero zecorded on a fox izfrered grating
ereciyroreter ccastrvoted in this departrvant and previovsly d:serided

33

elced.cre, Cezple eaxatzirrent was in @ ecnveanlionul varisble temperature
119u5d €211 (ToXoI.0, FilelL) fittad with &Ede5 vinlows. “te cell spacer
wag © plece of Lith density pelyihene (Rizidex) ard & coll gpothelength of
ebout 3mm, wes enployeds  Ghe path leugih wus deasared alth 3 micrometer.
The dnfroved Sncetive symentrio stretobiliar vitretior of boron

trituecmice Los boer 2:celipn:y %o lemd néd .’_",’Sqm'l wWhich epre:rs weekly in

the iliuid phecs ercetrume Thare cun bo ro douht rlovt this sssiznment

as gmnfirictivn i jrovidel by a stiorg Wimen «wotive bend &t 279cm°1.
Ferzene Lo mn wozk alsorplicen Vad ot 531cm‘1 trd Lorsn tritromide also
ebsorbs wezkly et jalcm'l. These bendn wre sufiicicnily welleseparated
from the Z’IScm"l bend tiat they do rot overlsps. Ve Love recorded the
rpectrum of the 278cm'1 band of beron triltvosdde over the frequency range

250 tn 22C:oru°1 for a gerles of concentrationn of Yoron tritrexdde in
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bonzens waluticn,

Tha ten erzture ¢f the ¢ell cuuld de varled betwsen 15°C and 65°C ty
oirculsting watar from & Terpunit (Tecam T7.8,) through a stainless cteel
witer Juciob wiich surrounds ihe c¢elles Teapuinila ¢on contiol teupsrature
to wittin 2 CoCl®C unlder optimun conlitionse After sufficlent tinme
tlloweace for therzoitating the dnlet and cvutlet terperstures of the
clrculsting water only é1ffered Ly : CeH®Cs It 3 eztinated that the
tenperstare of tue cell cin Ve Geterulned to ea socuracy of I1ec,

Tue tpectrum for & poaticalac s=ujle wze recorded at le~azt twice at
ecch tamaxaluse eelling, Cuce wbils the scaple was warming end egaln widle
cvoling froa the asxlawm tarporsiure of 6298,  Lickgroucd chzorption was
obialnel with a cell fliled with btenzene and zexo tresnsrdpsion wes recorded
td rezulix Intervalse 32 Bedntedn & coustord s1it setling ws eltempted to
rositlon tiz cell at Lho pene (lint lo (he sauple cucater for each Tun,

Values of 1:.;5,10 22 =b tie Lual mexind weie meesuwesd Loom e spectral
1

traces end were plotted against the composition of the mixture (percentage
w/w boron tribromdde in benzuae) for fiwve diffsrent temporatures between

15°¢ end 65°C¢ The results are shown in lable &,1 end graphs of log Xa
1

gzzinat % w'vw concentretion of woron tritromide in hounenn ere showa in
fiae 8.2,

At low congentrtlong of torma tridroride in benzaone solution
sall=factory Ecex's lovw plots ars osttzinsds Ths shepes of the gronag et
rizher consentrations strongly suszeests the exdstonce of a complexs This

i3 confirmei by ile napgsiive temparature coofficiant of the laglo Io values
i

betueen 16°C anl §2°.,



tveraga loz o In velues for the ¥(B-Er)
1

of BBrz in Benzene Solution at Different Temperctures

1€.0 23.8 | 40,0 €0e6 €2.0
12,45 20664 | J0656 | +0621 | .C637 | 0602
iSesl o10H o102 574 | $0232 | WC3nd
20424 145 .12 178 .120 123
32,61 J62 159 151 0143 136
42,60 0269 o244 0221 201 $183
42463 0263 024 218 196 J1C4
"33 255 205 37 V275 215
50430 o206 030 3] 0222 e212
€0.85 241 0232 026 218 211
Toe 255 03 2L wid3 207
S D o0z 2017 17 0295 0502
160400 107 .193 183 RLY 102

icklz B
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It 13 poscible to Join the experimentsl points of logm I3 plotted
1

eguinst concentrstion of Iir, with a smooth curva, This gives one

AV ]

meximua valus of logm ;L?. for esch temperature at a2 mole fraection of 0.5

i

and is in egreement with the findinzs of Finch, Gates and Steelo.lc}

Zecsuse of the scatter due to experimentsl uncertainty in the logm pe:]
I

values, 1t meay also bte possible to join the exrerimentsl points in such a

way as to obtain several maxima for loglo Jo vslues at riole fractions
1

correcponding to the formetion of 1¢2 and 211 corplexes in sddition to &
11) apecice,  Taa eppesrcace of the Y{(B = Br) in pure licuid L3z, is
rrobobly due to ccllicionsl interzctisn which 4s likely in the liguid

ctate,

reotmar £ Foem
restmont of kit S e 3

103 .2 calculate the

Ve can follow tha procedure of Finch et al
equilibriun constant for a 11l comslex batween boron tribrozide and bsnzene
at each texporature. From this trostueat we should be tble to obizin a

value for the enthnlyy chenge for the coiplex uuing tie ven't Uoff

equaition,
d lc Yp K - é_:_
PR ———— e 2 .
ar RT

Unfortunately if there ere slro 1312 snd 2t1 complexes present in mixtures

of boron tridbromide and benvene the plot of logex va 1 vill not te a
L

streizht line of zlope AT, The existence of higher order complexes will
R

rroduce a curveture in the plot wnd therefore 1t will not bs possible to
obtain a AH value.

If we assume the existence of only a lil complex batwecn boron



tridbremice ond benzene tren the apszocistion can be written in ihe form
- -ty

end the equilidbrium constant will bte

K w £h
(2g = 2p)(by = ey)

vhere 2 13 the total concentrstion of Ilr,, b, is the total concentration
of CGHS end b 4s the concentration of the corplex. The coserved value
¢f the cbsorbaonce for a porticulzsr concentration of boron tribronide &n
buncene 1e due to the preszsence of {ree end tsesocinted B13:~5 g0 thet we cen
write,

loglo}io_ - Ea cl + Ee.b ell

€, (8, = ub) 1+ £, bl

£.2,1+ (Ca.b - Ea) abl
logm % - Ea al
(£, ~€)1

Feace &H =

where 10'3101*2- i3 the nboorbirce &% & particulor cencantration LN 1 is
1

tha pata length of the cell, ta is the molar exiinction cuefliclent of
pure 1ijuid Ll‘rj end zab is the rolur extinction coeflicient of the specles

6636 t B.Erj obtcined from the initizl Iear's law plot.

Values for the equililriun conctunt of a 13l complex between Eﬁrj

and benzene have teen deteruined wt each terperature.



7oK K 1. mole™t
209,15 | 4475 + 0.6
501-95 4-63 : 0-6
313015 | 4460 & CuT
323475 4043 + 045
375,15 | A4l & Cu6

Irile 342

The error in a particular ejallibrium constent st 2 temyerature tSC
is greoster thon tlhe chenge in ejuilidrium constant between t°C snd
t + 20°C, Thias izplies thot the Ad velue obtzined from a plot of logek

vz ) is very scill and nubject to 8 larze errors The vilues of the
e

ejuilibriua constunt at the higlest and lovest temperaturss used indicate
a negative teomperature coefiicient and this fzct confirms the existence of
& 11l complex, Our value of K at 23°C 1s ia good egresment with the value
Of 4.8 + 0.8 1, mole™" for en unspecified tanpercture xeported by Finch,

GCatea snd Steelc.lo}

Tlie greatest vource of exroxr in the vslue of the
equilitrium constant is in the estimstion of Eab from tue ixdtial Leex's
law plots | This is due to the fect thet & concentration of grezter then
10 w/w boron tribromide in benzene solution is required to give reasonstle

loglo liq values for a peth length of Jiame  Grealer accuracy would prodadly

heve teen obtained 4f a longer psth length cell had been used,
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Introdretion

The literature values for the infrared absorption intencities of the
fundarental vibrations of henrere in the condensed plizse are 1n poce
screemcnt with tlie vzlueg wiich cin VLe predicted from the vzpour phase data
using the Polc~wilcon expressions Thoe experimental data for both pheces
have teen obtained by meny workers end slthouch egrecment betwecn tha
various cets of results is only fair, 4t 13 clear that the licuid phace
ictencities of benzene cannut bte satisfaclorily agcounted for by einople
dielectrio changes or Ly tie expected wagdtuie of intermoleoular
perturbationse in interesting protlam is pusad by tids eppurent
discrepancy end one of tha sins of this chepter 1s to describe sn experiment
which has Yeen performed dn =n ettespt to throw some liht on & possidble
solutions For such purpoce, we hive dezizned a varleble path length high
preswure infrared gas cell which is capaltle of withstanding pressurea up
to 1500 peseie and tempersiures of 250°Ce If we study the &beooluts
intenalties of the benzene funderentsls in the vecpour phase &t hich
preasures end terperztures end wita small psth lengihs then it should be
yos:zitle to obzerve sny chenges in the inteancities due to intermoleculsr
internctionse Froa such 8 gtudy 4t should £ls0 Le possible to test the
theoretical predicticn concerning the temperature dndependence of
vibrational intensities for fundemental bands in the wvapour Fhese.4 Only
&6 few investizstions of taupersture effects on infrared epectra eppesr in
the literaturells end it secas thut no work of sufficlent scourucy bes yet

tecn reported for wny polyutonds molecules It is well known that infrared



tand contoure of vencurs undersd concideraltle chrnzes with temperzture end
i1t mcy well prove informative to investizate the chonges wiich occur in
the contours of the fundailental ebsorption btunds ol btenzenes

Tesprintiom of €211

The hi:h prescure infrzred stsorption cell used 4n this werx wes
desizned dn this liYorstory ty lire To Cuztluret end ramufectured ty
Fenldry and Scn Ltd. (Thorpe, Surrey)s It wes constructed to withstsnd
prescures of tenzere vepour up 2 1800 peseds tnd temperatures up to 253°C,
Tre o0cll boldy 18 ned9 of stodnless etec) cod lou & stainless zteel inlet
tubae rcrew thresled and welded to 4its A high rres:ure Lonnet type shute
off vclve with FITZ glend prcking (Britleh Ermeto Cue Lide, izidenhcsld) s
eorewed on to the inlet tubes TFoliched potsssium dromide winiows
(Techmation Ltd.) ere firmly }:¢ld in stainless rtzel windiw mounts by
rcrewins down cn four screws throuch s ecteinless steel plate. Retaining
rinne of etainlesa &isel nre firrly ecrewed on t) the erds of the ¢ell to
corplete the dasim, The coll kag & fixed increuent veriabtle path lensth
facility by ueinz window wounts of differert lensils or bty using potzssiug
brorids virdows of differcrt lerngtre, Fe lrve ured trrze sizzs of window
rount end varicus lenctha of potassiur brotide to praduce path lengiks
rznzing froa 5oz, to Colone  The increased length of potazzium bdrontle
@oes not arppraciably reduce the troncmiseion progertles of tha cells In
early work, grect difficulty was experienced in obtrining effective sozling
of the c211 and also dua to adsorption of beurzens by thae 'S' 1ing ceals.
¥2 hrve kil most suecess with threa copuexr 'O' ring seels wanufectured to
specification by Je bolkexr wnd Co. Ltde (Woking, Sarrey) zad two Viton '0°

ring secls purchized from Fdwuxds (Crawley, Cucsex)e The co;per *C* rings
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_Fig.9.1. High Pressure Infrared Cell.



Plate 9.1 High Pressure Infrared Cell.



racl the metslenctel ports of the £211 ard tha Viton 10! ringo coal the
retalenotaanium bromida partze The cell czn be anmnletely essermbled in
chout ona houre 4 730d tset for lecka 18 to cvituste thae cell thxouzh
the clut-ofl valve and monitor with a glycol munometer or %o conrect the
cell to 3 rresmurized eylinder of 02 free N2 throush a short lemzth of
rainforozd hos? and ronlfer with the preszues zouge.

Docordrlion ¢f Dyrn.ce

An clectric:1ly hoated furnice wos usad to hest the call for the
verledle tanporzbure stilies. I wis €99imel end noufrotured in this
luborztsrye  Tha furnace 1s of cuboid construction (8 x 6 X 5.5 4n.)
rimufoctured fion 0,23 Ine 2stiestss sheating £nd lined with z2luminiun foll
of hizh re=floctivity 12 reduws haud los3zs  The 4intexdor has pertitions of
ashestos sheating which erve vartly cutawoy to teke up the ehore of tha cell
todys Tiere mre two Nolez (dinn. C.7 4a.) 2rilled in the fumace to allow

Lo infrired hean to psra £nd a hole to s1law the shut-of® velve to lie
cutcide the furnsces The futarce was desigzasd in two 1denticel halves
wiich fit togeller t0 ive a box-11ie eypesraacas.  Tlactriszl ksating of
the furn:ce 1a via a Vairise end 18 providad by Nichrowe wire differentislly
weund through the portitioned egtagtse gupportss  The reosting is so
zrr=ngel that the potegsiur bPromide wirdows end reteining winzs are
rreferentislly Fented re £ precoution oeninst condenestion of hot vapours
cn cooler pexts ¢f the cqlly The tenpersture of the furnice 1s monitored
with the outiul currert wiings an svereler nd ihe torperzture of the cell
boiy 4s mensuvre? with & coprercuonstorisn theowocoupls calibrotad between
0°7 snd 250°C. The elut-ofl volve 1¢ irlejendertly heszted with Rlectroail

hesting tzpes with Timtersiod cinlrels,  Tests showed dhat the tauperaturs



of the cell cowld bta mxinicined constant to + 3°C end further tests showed
that efter allowling oufficient time for equilibretion the temperature of
the vapour is within 2°C of the tempersture of the cell tody.

Poaceription of Optizr)] Syvstem

The irfrared rpectra have been recorded with a Unicam SP100 (Mark 2)
infrered apectrometer creratinz on & single team principle. DTue to the
phyeical size of the furnace #nd the cell and also becauvse of the dangers
egeociated with high pressures of vepours it was recessary to devise an
optical gystem which allowed the spectrsl recorlding of samrles not placed
in the sanple cell-well of the conventionel instrurent. Ve have devised
en opticnl myotem which allows spectral recording of satples when the cell
18 positioned on the top of en SF1C0 sprectrometer. Fig. 9.2 shows the
cptical diagzrzn of the sinile beam syster: which we have vseds Tke source
of irfrared radiation is & Nernst filement (1 = 2cm.) supplied by Unicam
Ltd, (Cambridze) srd teld vertically in a scurce rolder. It is 'struck!
by heatinz with a burner erd msintained ty connecting to the A.C. supply to
the source of the corventionzl inctrument. The rzdistion passes through
the cell :nd is reflacted from a conceve mirror (f = £0cm.) into the cell=
well #nd cnto & 49° plane mirror pocsitioned at the hottom of the cell-well,
Tor cornvenierce we Lave used & 45° silvered prism sg the intercepting
rdrror which rests on rails snd 1s czpadble of edjustment in a horizontal
plene. 2 plenoeconceve potessium tromide lens trancmits a diverging beam
into tre mcnochromator so that the system operstes as the conventional
instruaent 1a the single Lezm mode when the reference cellewell is blanked
off,

Test rune heve heen performed to compare the performance of the
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modified epectrometer with that obtailned with the spectrometer operating
in the vormal sinzle besm mode. These tests show that when the relative
positiona of the componarts in our cptical system are optizized the
ircident energy is reduced by as little as 59 The reproducibility of
spectral traces 1ls sstisfectory and stray radilation is estimated at less
than 17 by monitcring on a 1C0% avsorbing sample of benzene., An infrared
spectrun of water vapour shows that the resolving power of the iastrument
13 not roduced by the modified opticzl system.

Cersle Eonllire

The eangle ¢f teaseue used in thiy werk was BoDeHe reagent grade
epeciclly purilied for molecwluxr woigat detexniraiionse  Vapour phese
carviszterupky chowed no detectztle aiounles ¢f ivpurities aud it wss used
without fuvrtlier tresiment.

Clue uethod of introduein, Lenzens vepouxr into ihe coll depends wpon
ilie required concenlration wid on tlie path lenglh of tle ceil in use. For
low cuncentrutions end longer path leangika benzene was introduced éirectly
es 2 vapour inlo a previceusly evecuatzd cells  The jressure of benzene
vopour was rescurcd on wn elaylene glycol mencueter to en socureey
cquivelent to Cl.CUScu,lige  Ienuene is slightly edsorted by glycol eo thet
the ;ressure was clwiys reud o8 the suut-off valve was closed, For
concentrztions of benzene vapour cbove the vepour pressure et room
Lonpuceture tue sanple of benzeuc wag introduced into tLa cell es a liquid.
A carefddly veighed wwount of benzene wuas sealed iuto & smill glass smpule
which wens drews out in a dburner to e very {ine pointe The anpule wes
carefully plzced into the inlct tubo of the cell wnd the cell wes

re~-agsenbleds  After evacuuling the cell the stiut-off vilve vas closed and



the tip ¢f the wmnpule was broken by vigorously chuking the cell, To
prevent brolen glass f2llirg into thoe cell Yody a cmall plece of wire
gauze was rleced hetween the bace of the inlet tube and the cell hody.

fprctral Reeoardine

The infrared zbsorption specira for tha fundarmentesl vibrations of
benzens vapour at a series of ooncentrationas have been investizated over
a ren:e of terpar~tures., It wsag necessery £o rocord speotra slmwat
continmwusly during a particular run gnd over a considersble time in onier
to detect anyy leskace of the semnle from the c2ll. Froh funlamentel
absorption brnd was recorded in turn ut a psrticular temperature setting
and traces were often repeated to check the repreoducidility, A further
yrecsuticn wos to record s epectrum, st a psrticulsr temperzture settirg,
during the heating end egsin durinz the covling of the ezrple. Fecordings
of zero tranrriscion were made at the Yezinning snd erd of ench trace,
Background tr=ces were obtained ty recording the spectrum of the evscuoted
cell over the required frequency ran;a,

In epite of the preczutions tcken, it is etill found receceary to
carefully exnrmdne tlie spectral trices for ¢vilance of th» srrple huving
lesked from the o211 cr for edscrztion of the esnrle Y7 the cell components,
Both factors were clezrly indicated bty the nonmerepraducidbility of treces
recorded gt di1ffersrt tires 2nd on this eocount mory of the eurly runs vere
irvalidetad., The critezdca for eoseptsbie speatra wae thet, providing
sufficisnt time hed tscn alloved for ejullitration st a pirticulzr tempere
eture =ettiry, rerroducitls erectra coull te ¢Btsined over & pericd of

twanty four houre,



Mesgayaaoaet of Speetra

Dectgroun? trecea were fittel to the smectral troces for the fundsnental
vitrationa ef beonzene end the gpoetra wara re-dmewm on large groph perer bty

plotting 1og13 I~ azxinat wevemumber frejuency, The reszdinzs of loglo Ia
1 I

were token from the vpuwatral treces et Lrequency intervels of 5;‘;5:’1 erd also
at the pueitiona of berd nexima o1d adrline The integrated buid aress were
obledned Ly a counting of the squsren pruceaurse roiitions of band ruxiras
and tlie {reyuency separstion ¢f thy ke end R-brunch naxisw were detezmined
frun tLe reeivawn spectrae

Merenrerent of Foth Tersth

In the deieriinstion of eccurate vilues for the integrated intencities
of inlrared #lsdrplicn brrds we require &n accurate measurevent of the psth
length of thae c¢ells We izve umed path lengtha ranging frum suproxinately
Scme t0 Colcu, end diflicuitien sxise in estivating tiie path length with
eufiicient mceuracy tecuuse of the cell desizn. An additionsl Cifliculty
is the poseitility of ths path length ircreasirg as the temperature of the
cell snd tie prezsure incide tha cell sre increaned,

For puta lenztha grester thaa a few milliveires we leve determined
the distonca between the irrer fices of the vell wirdows fiva measurencuis
on thze cell at reom texzperuiure tiiken with vesrrier callipsiny a mlcroueter
snd & Gepthegenge sdcroneters  Teib dleugiia of levs tusi a fow villisetres
were eigo determined in this puwwiers  Luwever, lecvuwwe ci Wie lirg: errors
sosoclated with messucring ruch snall dizlaces, wu wlberuztive nstliod vwas
61920 uged a8 o cheoke A Seer's law plob fur & Dad of exilon

tetrecilorile in the liquid picwe wue oblained frum (logy, Io) values
I MK,



in several conventionzl liquid cells of known path lengthe he grall
path lengths uzed in the high preazurs cell were then obtained frox this

Peer's law plot by recording the (logiclo) for the band of carbon
1 MuX,

tetrachloride contsined in the kigh pressure cells It is estimsted that
path lengths can be estimated to en accuracy of betler than 57,
Pa=n]ta

The ebtsolute intensities for the fundamentsl vitrations of benzene
vapour have been determined at a series of temperatures between 2790 end
250°C.  The fundamental vibration at 14350n"% hes not been studied due
to difficulties with the removal of water vapour bandse Tha sbsclute
intencities for the remaining fundamentsl vitrations of benzene vapour at
27°C are in excellent agreenent with the vzlues reportsd by Spedding end

10

Whiffen', Furthermore, the abeolute intensities eppeer to be texperzture

independent over the tempersture rznge 27°C to 250°C. 1Yills end Whiffen4
have e:own that the abcolute intensity for the fundamental vitration of &
¢iatomic molecule should te temperature independent, Cur findings for
the fundamentsl vidrations of benzene suggests that this may elso be trus
for polyatorie rolecules psriicularly when temperature dependent intere
moleculer interactions exre adsent. The frequency separstion of the P and
E-branch maxima for the 4, fundamental at 678cm°1 increases ss the
temperature 4s increesed, The observed PR frequency separations at a
series of temperatures are in good ggreerent with thie velues calculated
from the expreseion of Cerherd and Tennison,t

As the path length of the cell waa graduslly dscreased the amrunt of
liquid benzene sdded to the cell was increaced so that the pressure of

benzene vepour alego inoreaseds For the minimum path length used, C.12cm.,
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the maxinum amount of 1liquid tenzere used wes l.2gms. which when veporized
in the cell (volume v~2Scm.5) is equivelent to a pressure of benzens

vaepour of approximately <0 etmospheres. There was no evidence for any
departure from Peer's law over the concentration ranse studieds This
sugzests that specific interaction between benzene molecules is sbsent up

to a pressure of 20 etmos, of vepour, The desizn of the hish pressure
cell used 4n this work 4id not eallow investigation at higher pressures
because of difficulties 4in obteining shorter path lengths end in introducirg
larger emounts of tenzene liguid,

The high pressure/variable temperaturs infrared gas cell developed in
this work clecrly has meny impoxrtant uses. It 43 envisagzed that in the
future it mry te used to study temperature e¢ffects on complexes formed in
the vepour phase end eleo for measuring sbsolute intencities of vepours of

materials with low vapour pressure.



APPENDIA
Program to Calculato tho Thoorotical Eand Contours
for tho Parallecl Vibrations of Symmetric Top Molecules.

CHAPTERO

A»451

READ(G) >> frequency of band maxinum
READ(B) >> rctational constant B
READ(A) " >> rotationzl constant A
READ(D) >> froguoncy interval
READ(JT) >> raxirmun J value

N=0(1)450
AN=0
RIEPEAT
K'=1(1)J
JT=K" (1)

>>Delta K=0 Dolta J=O

P=J'+K!

pr=J*-x? . -
RzP+1 .
RY'=P'1 )
Q=2J+1

Lr=gtatea?

JrI=J'+1

X=0

V=X+G

FoL'B+K?{'A-K'K'B

F'=-0,00.432575F

U=¢EXP(F?)

Wo2QK'KT /LY

Y=UvwW

M=¢ INTPT (200, 5+X/D)

ANZANLY

>> Dolta K=0 Dolta J=+1
X':ZJ"B

VI=X1+G

W=2RRY/J?

Y=uv'w

M=( INTPT(X"/D+200,5)
AMZAMNGY



>> Delta K=0 Dolta J=-1
X'=-2J3'B

vVi=X'-G

W=2p'p/J*

v=uvhy

M=GINTPT (X /D+200.5)
AN=AN+Y

REPLAT
REPZAT
CAPTION
COMPUTED PARELLEL BAND SUAPES
MPRINT(NAE(A0),1,451,0,4,5)
NEVLINE '
D Tt =

I'"7=0(1)450
D' ':D"+AI"
REPEAT

EWLINE
CAPTION
suN=
PRINT(D*')0,6
NIWLINE

ND

CLOSE



CHAPTERO
A>A51
READ(R!')
READ(D)
READLT)

Parallel Bands - O Branch Spreading

>>rotaticral constant B
>>froaquoncy interval
>>naximum J value

M1=1(1)300

AZJ ' =0
REPFAT
X=B e D
Kr=1(1)J
KoK

JTKT (1T

Jr=3t.1
L=J'J*!

Jrrrogrogrt
F:-T'J"B"—O.SK"E"
™V =—_0 Or282rem

B0 LOCAG2EDT

Tree —rn.“.'r)(t" )
- o - L4

Tf=21#ett

v

A:QJ! ] 'K' "/IJ

G=7tA

J=RARARD4

V=10CZ

M= IXTTPT(V)

AN=G+AN
RIPEAT

T AT
avdLa il oA

CAPTICN

CONPUTED Q DRANCIE
VPRINT(PNANE(AO),1,30C,0,.4,53)

Ay T
avalai JIA‘_E

XD
CLCSE



APPENDIY 2
Prcgram to Calculato tho Theoorctical Band Contcurs for
the Porpendicular Vibrations of Symmotrie Top lolecules.

C‘ IAPTERO

A>45
READ
READ
READ
l».-.u |99,

RIEAD
RIEAD
READ
READ

RZAD

N'=0

1

() >> freogquoncy of band maxirum
(B) >> rotational constart B

{A) >> rctaticnnl ccnctant
n(C} >> zota value

() >> increoment in zcta value

(N >> number of dificrent zota values
() >> frequcency intorval

(3 >> maxinun J value

(p*) >> rotaticnzl constant chango

-

(LN

C'--C1 v'ri

M=0(
A=0
REPZ
K'=1

Jr=x*

>> D

1)450
AT
(s
(1)J

clta X=+1 Doclta J=0

P=JU4X' -

P'=J

l_}{'

Rz=DP+1
R*=pY41

Q=2J
J' |

v;l'_
X'=x

1

=J'+1

.'|+1 B
TA-K'D-X1CA : ‘

XY oY e D AT YD AT I IO IS DS

Xzoih-
V=i
Lt=J

Top,t
T':—
T=pL
W=D

Soxt-2ctAX!
G

'J' J'
SHETKTA-K'K'B
0.00.152375F
Xp(r?)

(P13 /LT

Y=UwW

"—gI

A=A

>0

NT1(200.5+X/D)
Y

slta K=+1 Declta J=+1

VizV:2J3'B+2B-2J DB

W=RO

Y=tvh

X'zy

X=X

M=@IN

/(P+2) /3t

Ty

'_G ' .

/D .
TPT(X+200.5)

AN=ZAM+Y

>> D

olta K=+1 Delta J=-1

V'=v-2J'B+2J'D'B
V=P'g(P'-1)/J"



Yzuvty

X'=v'-G¢

X=xX'/D

MO INTPT(X4+200.5)
AllZAN+Y

>> Dolta {=—1 Dclta J=0
KYvropr_1

X' ':'—K' 1 "771 1 'D A- n"' ] ’C 'r)' A 'rfJ’ 'D’B%I\:* 1 7::1 4 !'DIB
VoA-2C" A+ G-B-2K"A+2K T CT AL 2K "3+ X" Y
W—ﬁ““‘ |

I‘—*r 7r\+_ 1"11\ -X ‘lv'B
F'=-0,00..82575F

UZOEXP(F')

Y=uvy

Xt=v-c

X=X/

Mg T PT (C1+200,5)

A"_iﬂﬂf-Y

>> Dolta K=- Dolta J=+1
V!=2J'e-20'D's
\.I':Jln'gx(l)!_*‘_z)/z"

y=Urn

Xtzv'-C

ih—..' /D

MNP INTPT{X+200.5)

DIZANGY

>> Deolta K=-1 Dolta J=-1
V'=v-2J'8+23'D'E
T=P0/(P-1)/J?
-y:L’x'r '“"Y
Xt=yt-G
X=x'/D ) -
M= INTPT(X+200.35)
AN AN
REDPZAT
RIDPIAT
CAPTION
CCNDPUTRED BAND SHAPZ ZETA =
PLINT(C! )033
NEWLINE
NEVLINE
MPRINT(PNANE(AO),1,451,0,4,58)
NEWLINE
D' ] =0
IT*7=0(1)450
»D' '—D' '-{-AI" ]
REPCEAT
I\ulﬂa IJ:E
CAPTION
SUM =
mwr(n' 150, 6
TWLINE
RL,PEAT
ILND
CLOSE



Porpendicular Dands for K=0

CHAPTER O
Arasi
RRAD(G)
READ(D)
READ(A)
READ(C)
READ(E)
READ(Y)
READ(D)
READ(T)
READ(DT)
NT=0 (1)
CI=CN'E
1=0(1)430
Azl=0
REPEAT

K'=0
JV=1(1)J

>>DFLTA 17=+1 DELTA J=0
P=Jt.u?

pr=yt-i1*

R=DP+1

RY=P'+1

Q=nJt1

Jl ':J'~!-1

KEvT=va1
XY=IPA-K'BR-K'CA

>>
>>
>>
>>
>2>
>>
>>
>>
>>

froguoney of hand maximum
rotaticnal constant D
rotational constant A

zota valuo '

increasc in zeota value

nunber of different zota valuus
froquoncy interval

naximm J valuo

rotaticnal constant change

WP PICINTA-O SR KT IDTA-J I DIRK I DB

N=A-D+2X-CTAX?
VNG

LY=3'Jt. 37
PoLYBHE Y A-K KB
F1=-0,00482575F
U=UTEXP(F?)
H=AADYID ?
V=QP' O (P+1) /L
Y=0,5UVW

M=V INTPT(200.5+X/D)
AMZAN+Y

>>DELTA K=+1 DILTA J=+1
VIzviaJ'ps2R-2J'J'ID'B

W=RO/(P+2)/J*"*
Y=0,50VtW
Xt=v'-C

X=X'/D

M=@ INTPT (X+200.5)
ANZANGY



S>DELTA K=+1 DELTA J=-1
V'=v-2J138-J'J'D'RB+JI DR
V=Pt (Pt-1)/J? )
Y=0,50VV

X=v'-G

X=X'/D

M= INTPT(X+200.,5)
AVZAMLY

RIPTAT

CAYTION

CLLTUTID DAND SHAPE ZETA =
ERIIT(CT)0,5

NIVTLINE

MITLING
NURINT(MNALE(A0),1,451,0,4,5)
NEVTLINE

D' ':O

I' ? ':0(1)450
Dl Q:D' '_,_AI! te
REDEAT
MIWLINE
CAPTION

sSUM=
PRINT(D'')0,6
NEVLINE
QEPEAT

™D

CLCSE



ADPEENDIN 3

General 3 by 3 Eizgenvalue Eigenvector Preblenm
CIIAPTITO

>> TIIIS TPROGRAN ZVALUATES T8 BIGIINVATUES AN DICENVECTCRS
>> COF ANY CENFRAL, oX3 MNATRIX, TR MATRIN IS EITIER RELD IN
>> (Z'7z0) OR TFCNLID BY MULTITLICATICON OF T AND G (z''=1),
>> IXW EITHER CASE THE MATRIX IS STORID RCYW DY DCW AS @

>> Al A2 A3 A4 A5 AD A7 AG A0,

A=>20

~->10

C—>°O

=50

E-520

F~>20

G—->20

H->30

=>20

V=>30

YW=>10

->10

>> T’..J PROCRAND ALSC DETIERIIINLS THIZ FACTCRS EJ E4 D5 VIIICH ARE

>> NECESSARY TO CCNVIERT T MCRIALISED L h&”?IK INTO THE ACTUAL
>> L NATDIX,

€7

asdl

1)2EAD(ZYY) >> test porarctexr
JUP2,0,3571 !

I=1(1)9

READIGI) >> tho G natrix
TEPRAT
I=1(1)9
READ(FI) >> tho I matrix
DPEPEAT

A1=GIF14+GaFA-GOTY
AR=GIT24+CoFE LGOS
“*CWﬁCWﬁJ“@
AAZG FLLGEF A+ +comy
A;:G4x2,c:*;+3638
262673 eC3rteclrg
LmGyR 14 GOF A+ GOTY
AS=C7TF2+GEF3+CGF]
AO=CrF3+GEFOLGOr g
NIWLINE

CAPTION
THE GI* MATRIX

AR RN J-A..\.L—A

I=1(1)3
PRINT(AIYO,G
REPEAT
NEVLINT
1=4(1)6
PRINT(AT)O,H
REPEAT
NEWLINE



I=7(1)9

TPRINT(AI)O,6

REPEAT

NIVLINE

JUNP3

2)1=1(1)9

READ(AT) >> thiec G natrix
REPEAT

3)HN=-A1-AZ-AQ
Y=AASFATAQGRAZAO-AGAS- A2 A= /DAY

Z2- ATASAGEATAGASE A2 AL - A2 0T~ A0 AAABHASASAY
>>U5H SUBSTITUTION LAXDRDAS-X/3

>>TIHN BQUATION IS OF THE FORLM WW4+EW4+C=0
R=Y-XX/3 '

C=23 ¥~ OXY+2772
c=C/2y
Hi=-PDBD /27
112=(SQRT(511)
gttt
Ho=-C/13
11=1-12H3
IESESORT(ILY)
0= AR T (13, 15
17==B/3
NA=pSORT (1)
1o=16 /7
11102 COS (110)
Wm0
ri1=2;/3
Hi12=1I041111
1U13=1I0enlI1L
T1ATHCOS (1112)
1112 =0C0s (1113)

........

I=1(1))

DI=WI-X/3

REPEAT

NEWILINE

CAPTION
EIGERVALUTS
NTWLINE

I=1(1)3
PRINT(ZI)N, O
RIPFAT
V10=A2A0+B1A3-A3A3
V7=B1B1+A1A3-B1A1-A5B1-A2A4
Vy=V7/V10
VAZRI-A1-A3VY
VAV /A2
VI1z14VVALVFVY
V12=SORT(ViL)
viz1/nvi2

V4zV4/VI2

V7ovr V12
V13=A2A04+BE2A3-A3A5



vE Qzp2T2-B2A1+AIAS-ASR2- AL

Pemd oo

VO-V()/VI?,
VE=P2-A1-A3VE
V5=VE /A2
V14=14VEVE+viva
VI5=GSQRT(V14)
v2=1/V15
V5=v5/V1s

v3=vi vis
V16=A2A0+B3A3- 2345

VO=R3B3-BIA1+ALAS-ASR3-/2

vazvo/vih
v()-—u '3" /\Q\’(\"Al
Vn—vﬁ/ﬂo
\H71#WV@VN@
V18=pSORT(V1Y)
v3=1,/v18
vih=v6 /718
va=voN1a

TINE

CADPTICH

A

4

T

TIM 7, MATRIX (EICENVECTCRS)

KTV INE
I=1(1)3
PRINT(VI)O,6
REPLAT

NITL IR

I=4(1)0
PRINT(VIO,6
REPEAT

NEVLTVE

I=7(1)9
PRIIT(VINO,H
REPEAT ,
UL=VAF14VATALVIEY
32:V1?24V1“4+V“?3
U?*V1T°+V1PG+V”F9
E1=ULVILU2VALU3VY
E2=E1/B1
E3=(SORT(F2)
ULnV2R 1LVER AV ERY
U2=V2F24VAFE4V AR S
U3=V2F 3+ VEFOLVERQ
E1=U1V24U2VI+U3V3
E2=E1/B2
EA4=0/SORT(F2)
U1—VJF1+V5”‘1V0“”
U2zV3F24VOFE+VOrS
Ug-vfmqr\'f ’*mvn"n
EL1=UAV3+U2VOLUS VO
E2-T1/B3
L3=ASORT(VR2
NFVTLING

CAPTION
NGMATLIZATION FACTCRS

I::3(1)5



PRINT(RI)O,0

REPFAT
121(3)7
V1=V1/E3
REPEAT
1=2(3)3
V1=V1/FA
REPWAT
I-2(3)0
V1-v1/75
IRPTAT
JRONE P B80S
(ORRE ARSI
ACTUAT, T,
IO DIV A NN BRetS
I=1(1)3
TR I"'“(VI)O,()

NFATS r
VATRIX

IR ARAL nEY .Y
aceis 2WL

NILINT
I::}(l)n
MINT(V1)0,0
NEPEA
NITLIVE
I=7(1)2
V?IXT’VI)O,G

LORAT

D1zZVIVIHVAV2:VIV]

D= vlv,f 'xrnxv:4\79\r6

D3=ViIvy
DAZVAVIVEY2: V(YD
D,—:-—w- ﬂf LV vOvh
I: _~r ’X"- \.r"‘x.lo XYr"f‘\

e

,Lvmrmvﬂvn

| Y

T"-'—‘YYPV'l V'\r')w!r\xro
9
‘o
p iz,
=\ Qer Q. -
DOTVATT VL -."«\:-V(j.'o
LD TR B30,

Veostbe as davda

. r(\ YTy
1. A.’.)AI;- .v'«J. .r()

~A Trwey

les PR

LR wen ~
.7 G VAT
u-q«m ey

FETAATE WIVIPRS

I=1{1)3
PRINT(DIYO,0

NEDPRAT

NINLINT
I=4(1)h
RIJT(ﬁI)O,G
XEPTAT

NOULINE

IZ7 (1)

PR INT(DINO,0

DTIDT AT
aveid sedid
AT T

1,K> S

dudng,

CLCSD

>> cycle

r

ar

anecter



APPEXDIX 4
Program to Calculato tho Zeotz liatrixz for any S;rmotry

CIIAPTER O

feinn

351000

C>»100

D»1000

E>1000

I'» 1000

U»10

V1000

¥>1000

T 1000

Z>100

READ(P) >> nubor of
READ(R) >> nurbc
L=nP

1YY =1(1)L

READ(EL'Y) >> the & ratrix
REPEAT

I1=1(1)P

READ(CI) >> tho atomic masses
REPEAT

J'=1(1)p

CI*=¢sarT(CI")

CI'=1/CJ*

DIEPEAT

I''=1(1)R

Jri=1(1)pr

MP=I'tp_pig'!

ar T :J Tt

ritopetet!

\EPTAT

REPEAT
NPRT(ENAVE(V(1)) , gNAED (1)) ,0NANE(D(1)),6,0,21)
NEWLING

CAPTION

TUE G MNATRIX

SEVLING

* coclurms in B matrix
3 ¢f rows in B matrix

T''=RC
ST INTPT(0.333T''+1.03)
I=0

IT=1(1)ste
J''=1(1)3
PRINT(VI)O,0
I=I+1
REDPEAT
NEWLINE
REPEAT
NEWLINE
NEWLINE
U=0,5P

PP = INTPT(U+0,2
J=1(1)R-
J1'=Jp-p



I=1(1)p?

It=2

K=Jgt.1!?
Kt=r-1

T =-DK
EX=DK?
REPEAT
DILPEAT
ITT=1(1)R
K''=1(1)R
M=I''R-R4+K"!
=0
Jrr=1(1)P
Mr=1' T p-py gt
MY oYY p-pagt!
Fy=m-Du'outt
REVEAT
REPZAT
REPEAT

NZRR

I=1(1)N
READ(AI)
REPRAT
ITT=1(1OR
KP'=1(1)R
M=I''R-R4+K'?
X1=0
Jriz1(1)n
ME=gttn-n. gty
M= IR-R:K!
WU ATENY Y
RIDZAT
RILPEAT
REPIAT
NLWLINE
CAVTION

THE ZUTA MATRIX
NEWLINE
I=1(1)X
READ(ZI)
REPEAT

It =1(1)»
K'*=1(1)R
N=I''R-R+K'!

LR X
& ald—

Jrr-1(idn
M'ZI''R-RLSY!
WrPT=JPIR-RYY
VRETMERMTZNT Y
REPEAT
PRINT(Y2)0,6
REPEAT
NIWLINE
REPEAT

END

CLOSE

>> tho L to tho minus one matxrix

>> the L transposa to the minus one
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