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PREFACE

The iavestigations presented ia this thesis
have bdeen ecsrried out by the suther, as & fulletine researeh
seholar, during 1974«~*'T7 ia the Paynica Departasnt of Cechia
University.

The present thesis deals vith sone studies ia
molesular dynsaies, wsing speotresecpisc data. Twe new
approxzination precedures, the "variation nethed” amd the
"average beading eaergy orttorin' have bdeen doveloped for
a reliadle caleunlation of melesular foree fields and applied
to seversl molesular apecies beloaging te the x!. type.

Chapter I presents a gmeral fatredustion to the
method of mormal eceerdinate smslysis, medel fores fields, ~
and approximation precedures recesntly develeped in the liter-
ature. HNetheds of caleulatien of mean anplitudes of
vibration, and eoriolic constaats have also bdeen sumamarised.
The parsnster representation is emphasised threughous.
Chepter 11 deals with am applisstion of the variatioa methed
to the evaluation of mclecular foree constants, 4 formule~
tion of the variatioa sethed feor the deteraimntion of the
foree censtaat matrix F has been outlined and sdapted to
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deal vwith the sesond erder vidrational predien. The aethed
is spplied sucecessfully te seme hydrides deleaging to the
beat n, model. Ohapler 111 eonstitutes a study of the
veriows ceatributions te the average petential saergy of
beat XX, type solecules due te their sere peint vibrations.
The variations of the four fasters, stretehing emergy,
bending energy, stretehestiretch iaterastion eaorygy and
stretok<-bend intersetion emergy against the parsinster ehare-
eterising the ferce fiald has desa investigated for m“a

23 melecules. From this study s physically mesningful
sriteriocn has emerged =nd is epplied te the evaluztion of
the fores field. The parsmeter value serrespoading te the
ainisun of the sversge hemding emergy furnishes sn exeellent
eriterioa for fizing the force fields with vidrationmal-
frequencies as the only iaput. The results cespare almest
oxaetly with thcse detearmimed vita the use of additional
speciroscopic data. In chepters IV, V, VI and VII the
"average bending energy oriterion” has been successfully
msde use of for the evaluatien of foree fields ia XX (plamer),
i, (tetrahedral), xr, (pyranidel) and 1Y (octabedral metald
hexafluerides) meleculsr models.

The original contridbutions eoatained ia the thesis
are the folloviags
{e A nev 3pthod based ea the variatisa
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techaique for the determimstion of foree fields of Y, (c”)

Sype molecules with low mass-ratie.

2. A anevw oriterien for e relisdle evalustion of
selecular foree fields bdased on the miaimum of the average
bending energy due o sere point vidbrations amd its eppli-
catioa te several molecules belonging to the IT model.

A part of these investigations has deen pudbli-
shed ia the fora of the follewing paperss

f. ®"Variatiosal Calculation of Neleculsr
Fores Fields® - Ind, J, Pure Appl. Phys. 14, 203 (1976).

3. "Paranetriec Representation of the Averasge
Potential Imergy of Ze3o Peiat Vidrations” - J. Nol.
Spectresoc. ﬂ. 177 “”‘)o

3. T"Average Potential Emergy Criterioa™:

Foree Fields of Some Plamesr l!, and Tetrahedrsal X!‘ Noleouleg-
65,142
Je Mol. Speetrese. i, 211-223 (1977).

The investigations incorpersted in thig thesis
have been sonducted uander the able and efficient guidanee
of Dr. K. Boabu Joseph, MN.Sc., Mh.D., Departaent of Physies,
University of Coehin. The amthor is grateful to him for

his sincere easoursgement, profeund insight and iavaluadle

guidanose.
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The suthor 1s alse grateful %o Dr, C.P. Girija-
vallabhan, K.8ce, Phedsy, University of Coehin for the slose
sssociation, very siscere and valushle help, and stimulating
discussions throughowt the period ef these investigatieas.
Ee thanks Dr. N.G. Krishns Pillei, N.3¢., Ph,Dsy for several
useful diseussions.

Thanks are due teo Proefesser Joy George, N.85¢.,
PheDsy who oxtended very geacrcus and siacere suppert te the
progress 0f these iavestigations. The suthor vishes to
record hearty thaaks 0 FPrefesser k. Sathisnsadan, R.3¢.,
PheDsy Hoed of the Depsrtacnt of Physies for his encourage-
aeat and valuable h.i'.

The suthor alee wishes to thank the Kerala
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with the coaputations amd 'tlu Cochin University fer the
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cmArm 1

INTRODUCTION

A Srief veview of the methed of nermal ecerdinmste
smalysis, nodel foree fields, and approximstien procedures
zecently develeped in the literature is pressnted. Nethods
of ealenlation of mean amplitudes of vibratioa and corielis
osnstants are alse summarised. The paranster representation
is emphasised Wrougheut.
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Investigations sarried ocut on the ianfrared and Ranman
spestra of polystonic molecules in selid, liquid and gasecus
phases have yielded a large vealth of experinental infermatieon
regarding vibratienal frequencies, nenents of inertis and inter-
auclear distances. Thermedyasmic quantities such as entrepy and
heat sapacity have desa caleulated from spectral neaeats of
inertia and vidrational frequeacieses The vidbrational frequeasies
have besah extensively used e fingerpriat ecertain growps ia
various nslecules, dut mere fundanental is the use of vidratiomal
frequencies ia the evaluationa of the molesular foree field.

Neleocular constants sueh as Bean squsre amplitudes of
vibration, shrinkage eonstents and eorielis ecupling ceefficieats
are h_nmnt on the feree esnstants. A feree constaat is the

orm

restive feree per wnit displocement (streteding or deading) end
is a measure of the strength of chemiesl diading.

W¥hen the force field of s melecule is kuown ons ced
saloulate the vidrationsl frequeansies of aay isetopiec subdstitusat.
This 19 a2 impertant atep especislly wvhen the spectrum of the
latter cannot de easily odtained. By means of the experimemtal
rules of Dodger (1) and Gordy (2) imteratonic distances may be
caleulated frea the feree oonstents. Infrared and Raman iatene
sities have beea wsed ia eonjunction with foree ecnstants to
ssleulate the bond dipele mements and pelarisadilities and their
derivatives (3, 4). The mean squars smplitudes of vidratiea
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furaish an additienal set of parameters for the deseriptien of the
asn~-rigid nodel of the molesule. These uéntities may de cati-~
nated from slestron diffrastion data. But the spectresespic detery

aination of thess quantities would bde mere reliadle Af the foree
oconstsats are accurately kmown. Shrinkage oconatants ecaleulated
freoa generalised nesa sguare saplitudes can de used for the refine-
nents of bond lengths odtained frem clectirom diffrastiean. Desauwse
of soriolis intersstion, degemeracies sre split (degeneraste iater-
action) or the bdand pesitions are shifted (nondegemerate eesuwpling).
The eorioclis coupling ecefficionts estinated fyen foree osnstants
are useful ia the study of vidratiean-rotation interastioms, and
ia the ealeulation of inertia defeet.

Aoraal seordinale anslyais

Ascording to the theory of saall vidrations ia the
hormonie spproximatien,aay actual vidratisn of o melesule can be
reprosented as & linear superposition of & number of normal
vibrations (5) at the echaracteristiec frequencies of the melecule.
Kininating the sixz ecerdinates required %o deseride the trane~
latienal end rotational metiens of the moleocule as a whole, there
are 3 N -~ 6 normsl modes of vibration feor & molecule ocensisting of
B atoms. Since no rotastional freedom exists around the moleemlsr
axis 8 linesr molecule has only 3 R « S normal medes.

The frequency of a normal vidration is determined YWy
the kinetic and potential emergies of the gysten. The kinetie

one de)
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goomotrisl arrangensat withia the meleculs, while the petential
energy arises froa iatersctions detween the atoms sad is descrided
in terms of & set of feree eomstanta. The progromme of ovalun.nﬁ
foree constants and nermal cesrdinates of & moclesule is kaewn as
aormsl ecooxdinate snalysis. Jerce soastants may de eeaveaieatly
ssleulated using ¥ilson's GF matrix methed (6). The essential
norit of this nothed lies in the feot that 1§ leads t0 & dreak wp
of the vibdbraetionsl secular equation aseording to the symmetry
speeien of the nolecule. To apply the GF matrix sethod, firss,
the numder of gennine vibrstieas deleagiag to eseh irreducidle
represcatation of the point grewp of the nolesule is found by
group=~theoretical sonsideratiens (35, 8)c A set of iaternal o=
ordinates vhieh are ehanges in Desd length, sad bond angle $s ehosep.
Trea the fnternel soerdinates erihepeusiised linesr esabinstions
called aymmetry ococordinates are comstructed sueh that they trans-
form sccerdiang %0 the charasters of the synmetry species to whieh
they beleang.

Let B denote the eolumn matriz of iaterasl eoordinates
¥, sad 3 the esluma matrix of symmetry coerdinates 8 od Q
the celuma aatrix of aormal ecordinates. These are ®wanceted W

8§ » TR e 1Q (t.t)

vhere U is aa orthogonal matriz sad 1 48 cslled the nersal eo~
ordinate transfermation matrix (7). The potential energy of the
selecule is givea by the expression




DEPARTMENT OF PHYSICS COCHIN UNIVERSITY
Z_ .2
2V = 1, 3 l“ ", l" (1.2)
in which ¢ s f is the feree sonstant correspeadiag to the

43 3
interacting peir of interaal eserdinetes Pye r‘. In matrix

frea this is writtien s

2V =% ¢ & (1.3)
vhere the tilde denotes the transpese of the ecluma matriz K.
The petential energy is unchanged by the transfermation to symsetsy
csordinates. Therefere

2V ed ¥ 8 (1.4)
vhere F denotes the force cemstant matrix in symmetry eeerdinates;
1t can be seea that

? « U 2 W (1.5)
The kinetie energy is 2leo expressed 1a nstriz netation os

2 « 8 o' & (1.6)
vhere © 4s eslled the inverse kinectio energy nctriz whieh setie-
fies the mormslisstion conditioa

¢ » L 1 (1.7)
The @ wmatrix elemeats for a nondegetiorate species are givea W
the reletion

0, = F/Mp ok (o8, . By ) (1.8)
where 4§ and J refer to the symmetry ccordinstes B‘. and 8‘
respootively, » the set of equivalent atoms, & typicel one of the
sot delng ty, ) the recipresal mass ¢f an atom, and 3’ the

nuaber ¢f equivalent atons ia the p“ sete The susmation 4a
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eqe (1.8) extends over all the sets of equivelent stoms ia the

nelesule. Tor a degenerate species,

d

e, w4 /P & (3:;..0 ';:1-. o (1e9)
?

13
vhere 4 denotes the degree of degmmerasy of the species. e
veotors sppearing in beth the sbove expressions (1.8) and (1.9)
are knewn as "8 veetors® and sre edtained from the * 0t vectora”
agoording to the eguatiea

Uu beiag the soeffieient of the internal coordinmate 'k ia the
sysmetry eocordinate 8,. Vilsen, Deeius and Croes (8) have givea
ezpreasions for the e vecters referring to different types of
iaternsl ecordinates. PFerigle sad Neister (9) bave developed
methods for writing dewn these vecters in the csse of linesr
solesules.

Using the lagrengisn equations of metiens it caa de
showa that the normsl vibratiea frequeacies of the mclesule W,
(ou™) are given by 1™ GPL = EA er Wy the roots of the
deterainutal equation

lor.s/\ -0 (1.11)

vheze £ is s unit matriz asad /\ is & disgonal matriz with

This is known as the secular equation of moleculer dymsmice. If

eatries )\, = 4 At ol o o being the velooity of light.

2 denotes the number of vibratione belenging to the given species,
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thea the seoular equatiea is of a'™ degres ta )

The aormsl coerdimstes have the property that beth the
kinoetic energy matriz T, and the poteatisl energy mastriz, V, are

diagonaly thus,
2Y e G AQ (1.12)
2T « & B & (1.13)

I% ocn alse be shewn that

LPL =A (1.14)

Neea Square amplitudes of vidratiea and Coriclis constants

The average of the sguare of the instmtanesus change
ia the equilibrium dietence betwesn an arbitrary pair of atems fo
called the msan aquare aaplitwde. 7The spectiresecpio cslenlation
of mesa square amplitudes of vibratien, which are themselves a set
of charasteristio constante of the moleeuls; utilises the data 62
vidbrational frequencies. Cyvia (10, 11) has developed s detailed
formalism for Whe spectrosecpie evaluation of mean square amplitudep
in Sermp of the symmetrised mean square asplitude aatriz = .

The mean aquare amplitudes of vidratien referring te interasl eo=
ordinates are called parallel mesh square amplitudes $o distinguish
then frem the generzlised mesa square mplitudes based on cartesisa
coordinates: The symmetrised mesn square amplitude quantities,

T gy OFe defined by the matrix relation

S ® <88 (1.18)
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By equation (1.1)
2 = LA (1.16)

where A » (4 Q> « IFrem quantun mechanical esasiderstiens
it esn be shewa %6 be a2 disgomal matriz with clemeats

A, .;-;V.i-. eoth ( ..we (1.17)

Here 2 is Pisnck's constant, k the Beltanana ecomstant, and 2
the adsolute temperature., 1Ry making use of the normalisatien
condition (1.7), 1t can beo shewa that

Izc" - BA l- 0 (1.18)
An alternative secular equationm is
I SF = s/\AI- o (1.19)

Thus = 13 oan be estimated from solecular structural parameters
and vidratieasl frequemcies. The symmetrised mesn square ampli-
Sude > 13 1is a linesr combination of the mesa square amplitudes
o g, '/3 in internsl eserdinates r_ , oxsctly in the same

napaer as the F“ are expressed.

Assording to the rule stated by Jaha (12), twe
vibrational states ean ocouple through eericlis ianterastioa if the
direet product of the symmetry species of the two vidratiomal
states centains a retatiensl species. Thus ,fros the charaeter
table of the symmetyy point group, the allowed types of eerielis
intersotion can be deterained. The method folloved ia the

preseat thesis is that introduced by Neal and Pele (13) whieh
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iavelves the caloulation of the & and C matrices

B O LU G (1.20)
where = X Fy.8¢ The € matrix hes eleneats defined by

ol - 4 -»
. L ] '

6y © z’:/m’ (n”  § s”) o, (1.21)
vhere § and J refer to the symmetry ceerdinates l‘. ond l‘
respeetively, » to the set of o‘uniat stems, M » the

reeiproeal mass of an stom, sad 'o:,, is a unit veoter in the
o direstion.

Nedel foree fields

The inadequacy of frequensy data in determimiag all
“."1-.( A ¢ 1) fores consteats for a symsetyy speciss of
order 3 osastitutes the main preblem of nermal esordinate
amalysis:. The prodlem in gemersl is iandeterainate uanless
sdditional data are made use of or seme extra assumptions are
ssde whick redues the nusder of foree econstants. In the adsemece
of additiemal dzts, one can generate an infinite set of feree
fields ia virtwe of the relatiea

P « 1A (1.22)
It fellows frem (1.7) that
A T ¢ (1.23)

where X is ea arbitrary erthogonal matriz contaiming '%l (n = 1)
parancters and L, is nersslised to G. As & solution te this
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sultiplieity, various approximate force fields have deea mmul
whieh imply ome or ether assumption of a physieal or mathematical
nature.

One sueh approxzimstion leads te the centzel foree
field of Deanisca (14) whieh postulates only forces slong lines
Joining peirs of atems. The numbder of force consteats ia thipe
nedel is leas than that of the freguencies. Hewvever, this
sssumpticn is strictly valid only if the molecule is held by
ionie intersctions, aad this is not the case in general.

The simple velence foree field (SVFF), firat intreduced|
by Bjerrun (15), pestulates s stroag restoring force in the liae
of each valence bend vhenever the distance betveen twe boaded
atons changes. In addition, there is a resistive fores opposing
& change of angle bdetween sny twe bdonds.

The most general form of foree fisld called the general
valence foree field (GVFF) is defined by eq. (1.2)§ the £,
are the general valence force comstants. Various interactions
betuesa stretehiag and bending and stretehing and stretehing
deformations are taken inte account in this model. The numder of)
intersotion foroe constants thet ean be included ia the poten~
tiel energy funotion is always much larger than that of the obe~-
orved frequencies froam wvhich they have $0 be evaluzted., Thus it
becomes necessary te neglect some of the intersction forece

constants. The general velence force field presents a eesaplete
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pieture of the intrancleculsr ferees and has beea uidely uwsed 4ia
fiaveatigstions of foree fielda. If there are L) vibratioas of
a given spesies J, the total aunder of independent foree ecastaaty
for a molesule i the general valenes ferce field is givea by
% 2;—' a, (u‘ +1).

The modera theory of direeted valenes (16) has been
spplied by Heath and Linnet (17 = 20) te the formulatiom of a
foree,field eslled the ordital valemes foree field (OVFF) whieh
eliminstes the diffisulty of intreducing separate angle bending
oonstants for out-of-plane vibreticans and makes use of the same
eonstants as those weed for in-plame vibrations. OVFP assounts
botter for the vidretion frequenecies of eertcia melesules than
does the simple valeace ferce field. This, hevever,differs frea
the latter oaly in the trestaent of sagular displacemeats. The
OVI? coriterion for ainimus potentisl energy is maximus overle)
botveen the bonding orvitals of bdomded atoms, SVI? bresks dowa
in the cane of molecules sontaining heavier stoas, sand, further,
its treatuent of bending vidrotions is esscntislly artificial.
Bat OVF? is oaly an approximstioan of the Gm::;i foraer takes
inte asecunt onliy s limited number of foroe censtants. The
Aydrid bend fores field (HBFP), a medificatien of OVFP based oa
the sorrelation of boad streagth with dead sangle, is sueeessfully
applied to amnonie moleewle (21).

Ia the Urey-Bradley foree field (ULil) (22) ia sddition
o the main feree sonstasnts which represent stretchiag or deading,
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zepulsien force constasnts betuwesa nen-bonded atoms are alee
intredused. The forees betvesn noa~bonded atems are of the
Ven dor Vaals types The chief advantage of the UBFP is that &%
eontains & ssaller nunber ¢f feree esastants than the GVIY does,
and Shimanocuehi (23, 24) has dememstrated the gemeral validity
of the UNFY.

Several modifieations have Veen suggested for the
conveatienal UBFF 4y varicus werkews ( 25-32). 7Trem s Olnnuv*
study of the UBF? sad the OVIT im some tetrshedrsl, pyraaidal and
trigensl planay moleeules, Damcan (33) has concluded that, for
the Urey-Bradley medel 3o de susseseful, the aca-bonded repulsica
fores constant mast explain doth dond-dond end dond-angle iater-
sstions at one and the sane time. However,this restrietien
breaks dewn uhem the atomie repulsiens are 2ot sll ia cme plane,
and ia these cases the Urey-Bradley medel fails te give a true
ptdtln.

Paranetrisation of 7 and > matriees

In recent years, various types of parameter represent-
ations of the force field have deen utilised dy & numder of
werkers. Tértk and Pulay (34) have summarised the advantages
of the parameter representaticn first proposed dy Tayler (35) ead
developed by Persom snd Crawford (7) in fizing the foree eemstants
wsing sdditional data sweh as isotepic freqwencies, Resn square
suplitndes of vidratien and retation distortica eemstsats. In
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the parameter approsch the vibrational prebdlea can be set wp ia

terms of a recl symmetrio matrix V¥ givea by

¥ « T P T (1.24)
From oq. (1.23), it follows that a mathematically scceptadle 1L

Batrix may be writtea as
ﬁ =» T ‘. (‘025)

vhere T 4s & trianguler meatrixz sstisfying the norsalisatioa
relatien T¥ = LI, snd A is sn arditrery orthogonal matriz.
The T matriz is takea in the triangular form with the elements
!“ = 0, Jric The 4 matrix for a species of order 2a ean
be writtea usiag -}n ( 2 « 1) independent parsacters LY (%6).

Thus,

A = ‘H-“‘ t.J-‘I.t.....n, J 74
(1.28)

Here Au is a matrix with the slements

1
- = A
41 /‘ . '1.12 33
L
13 /l * c“ i

For n =» 2, putting ou - @,
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A *
|+oz l#oz
A = (10”)
* *
1*0‘ 1 o .2

substituting in eg. (1.22)
T = — {\["1;' My PERANL S Y '3J *

t+0

I!";' ta;" (7\3- 7\‘) ev[ (!':' )2A‘ .

(!ﬂ.‘ )2 A aJJ (1.28)

-t = 2 -1 -t
Yo = "‘LT ['zt Tae Ny ¢ * Ny T

ftee

(7\,- 7\‘) * ¢ ra‘;' "’za.' >\, ‘ (1.29)

1ese

T2 "'—"1 [("z;‘ BA, o . ("a;"a A

(1.30)

Reonents of the symmetrisei nesn square asplitude nate
rix = are odtained from the eqs. (1.16), (1.25) and (1.27) as
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.-:“'A . d . r‘f A ] (1.31)

e
“w - ToF

2
1 Tl g ¢ T (lg-Lye

¢ Ty Ty ] (1.32)

Apprezimstion techniques

Eventhough the exact harsonie foree field of the
molecule remsins undetermined in the adsence of sdditional dats,
various approximetion teshaiques have besa developed for Whe
elungidiation of = physioslly significent set of foree comsteants
using vibrational frequencies, atomic nasses and gesmetrical date
as the imput. OSuch criteria would de of comaidersbie help ian
the study of moleculsr structure especially whea additional iaputs
such e isotopio Irequenay shifts, ceriolis constents, mean
aaplitudes sud certrifugsl distortion constants cre not available.
A brief eceocunt of some of the imporsant attempts made in this
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divestion 1s given in this sectien., These methods cas de
elassified into non~iterative and iterative types. A nea-
Ltereative method involves the application of come mathematiocsl
ceastraiat which fzrmediately leads to & frequency-repreducing

F metriz. The iterative metheds on the other hand, intryeduse
stepuise ocoupling or iterction procedures. An execllent swrvey
of spprozinntion methods for the evalustion of foree ecastants
has beea receatly nade dy Alix et. sl. (37),

Iterative sethedss etepvine ecupling netheds

A munder of aspprexzimation methods are iterative,

In this approash starting with aa approzimete iaverse kinetie
energy matrinz G, sad foree senstant matrix 7F,, an iterative
prosedure is eapioyed to edtain the £ requcnoy-reproducing foree
eonstont matrix 7. Ia the Fadini-Seveday (38-41) methed the
choios of the initial set correspends $0 s eomplete neglect of
the kinematio ecupling of the vidratienmal modes, The trwe ¢
aatriz,wvithout the off-diagenal elements is teksa as the initial
G, nutrix and the esrreapending F, satrix is sssuned to be givea

-

L

Fo = A ! (1.34)

The fiaal true foree constant matrix F i determined by the
sfepvise iatroduction of the off-diagonal clements c‘ of the

J
G matriz. The secular equation for the rﬁ step is thea

given Wy
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> o I a0 (1.38)

the coefficients ., are dorived frem the ebeerved vidrational
froquencies. In sase the exset selutien F'~' 15 knewa ta
torms of a set of approzimete petential ensrgy eceastants, the
solutien P s 48

" - 'b‘ A’r ('0“)

shere AP 15 o small eexrection. Developing equatien (1.35)
in terms of AFS, 1% is te be seen that

A? e RV Z (1.37)

vhere linecerisation {s asswmed.and R is an a? 2 a® matriz

of o et alements of the (¢F F™') matrizy J ma  Pare

column matrices vith A" elements.

The Fadiai-Saveday spproximation methed has deea
eriticised (42) on the greund that ia the absense of aay
restrietion oa the eheice of the esordinate aysteam, sny everdi-
sate system csa indeed be taken 80 that the G matriz is diagonel,
In sush a systea a stepvise pessage frea % w ¢ 1 luuulu#.
Further the ehedce of 7, is uuum,-n;’ﬁo enissien of the
off-diageonal G elements st first does not follew from the
sscuned eherseteristies of the vidbratiem (43, 8).

Becher and Nattes (44) have develcped an iterstive
techaique iavelviag the step vise intredustion ef eff-disgomsl
¢ oclensnta. The iteration is eoffected by transferring the
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eigeavectors of sn appreximate selutics of P ot te = step

te the excot solution Shrough eq. (1.14).

The spprexzimate 7 matrix at cach step is used to
formulate the eigeanvecter matrizx L of the next step. Tor the
r™ ateps L, 10 gives by

O, P b, = L A, (1.58)

The sane sigenvester ssthed has deen formulated inde~
pendeatly by Jehensen (45).

The Chacen-Nateke nethed (46) is an inprovemeat ever
the Becher-Nattes sppreash. Expleiting pessible relaticashipe
among the ru eleneats bolonging te variouws representations,
this nethed enables the eveluation of aay number q  of fores

constants Letween » and % L ( n, * 1)

Let ¥ be a evluna veetor conteining the q, fores
coantants, 5® & satrix having % elements with its eolumns

arranged ia sne-ene correspondance with these of r [p. -

-} L (n.-ti)nnd QW <P, ]. and I a vester ecompeosed of
the Pe olenoats eash of which is equal to an ebserved frequensy
or seroc. The dasic equation in the Vheson~Natake nethed may dDe

expresncd as
L A | (1.99)

An spproximete T gives the relation
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ar - 7T " (1.40)
vhere R is & satrix having o8 elements sueh that a = }.: |
snd /3 is the tetal numbder of foree wmnstants te de evaluated.

Let ws define a vestor llg eontaining the first
clements of the natrizx X = ( T, wvhere Q 4is an orthegeamal
matriz that satisfies the eondition

A e QT (1.41)
and
x¢ |
Q) = K = 0 (1.42)
Here le is an upper trienfular satriz foramed VW /83 elements
Q

and 0" & null metrix with (x =45 ) A elements.
The 7 mnatrix is then given Wy

r = (2% ) x® (1.43)
This F matrix is used in the suocceeding step of eomputation
and the cyole repested until the final set reproduces the initial

assignment.

Another methed bLased on the stepwise coupling of the
G matrixz and the transfersdility of the eigenvector astrices
from an appreximate t0 an exsct solutioa of the secular equatioa
has been suggested by Alix aad Bernard (47-49). Acserding te

th

them the r and (r - 1)“ steps are eonnected through the

conautagion relation

[Gr « P O . oar ]- 0 (1.44)
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This commmtation relation tegether with the Cayley-ilamilton
theeren leads $0 & unique sclutien of the cerrection mstrix Af.
thus aveiding the multiplieily of selutiens plaguing Fadiai's
sethed. Kkqe(1.35) wsed in the Fadini appresch is linsarised
usiag the adove comamutation relation. The foRmulestion of the
eigenvector natriz 1L at cash atep in seoordeonce with the sassige~
neat of frequsncies is not necessary (50)c This method is oftean
knowa as the matrix polynenial asthed. ¥From < prectieal peiat
of view,the method is identical te the legarithaic steps methed
(51)c In predlems of large kinenatic ocoupling, spplication eof
this polynonial method fails (52).

Jou=iterative nethods

In the Fetrsee cpproseh (53-55) the eigenvester matrix
L 1s oonsidered in the parsmestrie fora (33)

2 = Vl"‘n X (1.45)

whore V is the eigenvestor natrix of G, " the diagenal matrix
eontaining the eigenvalues of ¢ and X aa arbitrary erthegemal
matrix mtmm+ 8 (n=1) parsacters. The eorrespending
paranetrised 7T aatrix is thea

r o vl A% P § (1.46)

Billes (53) hes sugsested that ¥ snd G are disgonalised by the
same orthogonal mairix V, and the ordering of the eigeavalues of
G 1s sueh as to seleet eae of the Tl selutions of F edtained by
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permuting the disgonel elements F,..  Acsording to Freemsn (55)
this orthogonal matrix is determined ocorresponding to a stationsry
value of trF. Let the eigenvelues of G Ve denoted dy I 1
Using the methed of Lagrangiea sultipliers, the stationary valwe

of txT ie reduced to the foras

> =i ]

rrf o =Ty Ay (1.47)
The mazissn trF yields & deoreasing sequense of /\, snd imeressing

. sequenee of | % valwes. The reverse ordering corresponds to the

solution with mimisus trF (56, 43).

The essence of the L-trsee sprresch of Rerrans and
Castano (57, 58) 4s thot smomg the differeat sets of possidle I
setrices, L = L, X =» V¥ PY: i, & eharacterictio set eorres-
poadiag to max. trl exists., Applying the eonstraint that the
normal coordinates ( are close to the interanal gyumetry uoruut?
8, 00 that the nixing of differeat symnetry coordinates ia smy

norsal coordinste ias suall, it can de showa that

I = ¥ (1.48)
Therefore

1 = vl g (1.49)

? e vprd §aoy pY2 § (1.50)

Ia the version of the method presented by Pulay and Torék (59-61)
the L matris is given by o2,
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By s grophical methed Strey (62) has investigated the
extremal propertises of force eonstanis ia & = 2 ceses, varyiag
the angle mmto:(i} systematieally over the mange of
02 (l) £ 27 o+ aAccerdiag te Strey, he eomstraint thet the
ferce comstant r‘, is ¢ maximun vith reapeet teo the parsmetoer,
gives good foree fields fer hyirides. For any other types of
nelecules the ocendition f . minimua reprecents & satisfactery
foroe field.

Bxtremal values of off-disgonal force oonstants have
als® deca explioited for approximstiag the molesular foree field
(63-67)c The necesasry condition sssumed is that the Jacediaa J,
vhese clements aro given bWy J“ - ":1’ is singular. mee-n#-
ful fermmlation of » cenplete set of T matrix elements is odtained
oaly for the second and third exder cases, However, the methed
does not always yield s physieslly meaningful set of foree

eonstants.

Torkiagton (68-70) prepesed the sppreximation

(@ r)“ =0  ,3>% (1.51)
Rdller ot. sl (71+75) have shewn that this is equivaleat te the

coadi ;t.l

L « 0 378 (1.52)

13
Thie implies ih:t the L matrix is trissgulire The elements of
the triangular mstriz L are givea by
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O, = E byy ¢ by s 374 (1.53)

Ia the L matrix approzimation develeped by Niller the L matrix is
spproeximated by & lover trisagular mstriz. This appreseh yialds
Teaseasble results for feree ecenstaats ia situations where the
vidrations are charseteristic (71-75). However,the mean aspli-
tudes of vidretion caleulated by this method are more relianbdble
thon the foree comatants because these are not very seasitive te
snsll ohsages in the latter. Miller ot.al, (71=74) have also
shova the equivalence detween the extremal properties of ¥ and L.
Ageordiag teo them mru corresponds to !‘12 mw Ofor n= @
esses. The method has deen successfully cpplied to n = J ecases
(75), and widely investigated in secoad ordcy prodiems (71=73),
(76-81). This spproxzimation is found to be physiecally reasemable
for nelecules oxhidbiting snall mens eoupling, where a high stret-
ching snd a low bonding vidbratisn eesur ia the same specica.
Hovever, the nethod does net work well for species eontainiag twe
stretehing or tvwo beadiag vidrations. For stroagly eoupled
vibretions,several enpirical improvemeats have been reperted

(82, 83).

Yor the n' order probles,the L matriz appreximatiea
hes been applied using YWilsomn's method of sepa:ation of high amd
lov frequenmcies (84). Ia tais spprosch the a'" order prodlea
is retueed to the { & = 1) orger by faotoring out the highest
frequency vibration and selviag the nev seoular deteraincat using
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the 1 matriz approxisstion methed.

In the extended L metriz spprozimstiea methed (for
a = 2 cases) Muller et.al. (85) sssumed the gmeral mixing of the
tve noraal modes. From aa empirical study of the L matriz
eslenents, doternined from the ezset foroe field data, the retic:
Ly /iy 1 found te have & special dependence on the kimemstie
ooupling bearing & constant vezlue for the mclecules of » ’uunhg
posint gromp. impirical velues have beea reported for the types
Coy (XXg), By (i81,),and Ty (XT.)e  Ia the perametrie fors of
L astrix, the epproxzimete msas dependence of the erthegounel

matriz X 4is reported (86).

decording to the approximation zcthod formulated by
Reddiagten end Aljidury (87), the constraints are made direetly oa
the restoring feroes acting ea the nelecule ia aay diapleeed
position, and not on the foree censtant nstriz. The vasio
sssumptions of this methed rest on considerations of minimun
potential emergye The pursmetriged restoring force l!k ie
assuned 0 bo paraliel to the eerrespondin; inturnal~coerdiamste.
It i» also assuned that the restering foroe sxerted by the moleeuls
for enoch interaul soordinste is as large a8 pounidle:. The esa~
dition to sazimiso the restoring forces for all displecemeats
simulSanecusly is acrieved through the virial theorem. The
dalaneing seadition for siaimum potenti:l crergy 1s expressed oo

a relatim
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A
'-5%-!- - 5= Lk : - 0 (1.54)
13 1" Oy 13

1, 3 ® 1 e eec o ooeh J7 4

esansoting the nelosulsr energy B to V2 n ( n = 1) arbitrery

parsneters d)“__éf__ is uluht.i through the virial
%

theoren usiag the ;. geonstrical parsasters of the seleeulp.

The nethod is found te de suitadle for odtaiaing reliable set of

x
fores eonstaats for species with ne nduuontA syaseiry ecordinate,.

Dovanes and wolfras (68) have spplied the Green's
fuastioa Sechuicue to the mni’vuuuond preblea of per-
turbed molesulune Sturting with sa uaperturbed melecule, the
vidbrational frequencies are givea by

(r-ku?®) x = o (1.55)
vhere x;’ o i o1 %03, J denotes the aten, sre the cartesimn
ecordinstes of the stems of the umperturbed moleoule. M is a
diagensl matiix of diagonal 7 z 3 bloeks whose elementps are
the masses of the various atoms ia the molesule, W is the amgular
frequensy and 7 the foree sonstant matriz, However, it is
csavenient to wori in the mass~tranaformed represeantation in
which an interuction mstrix L is defined through the relation

-y

D e w¥? p yV2 (1.56)

For a related aolacule

(F* - w2 ) I - ) (157)
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By fastering ocut the dynsaical mairix for the umperturbed mecleeule
one arrives at the sesular deteraimaat for the vidrational
frequensies 0f the perturded molecule ia the fora

0 () (on W' wB- AD) ¢« B| e 0 (1.58)

where ¢ (w‘) - (cda - D)" is the Gresn's fumstion fer the un-
perturbed molesule; AP the mass trensforaed F matrix, B is
the iAdentity matrix.

If the mixiag parsmeters fer a molecule are deternined
frem the isotopie frequencies, them the exzast fores sonstants ean
be genercted threugh

2
by = % x“ w g (1.99)
Here ia this method the feree sonatant is gonerated frea frequ~
eneien direotly without invek/iang any sssumption regerding
poteatial.

In a resemt paper Ssathakunari, Sabu Joseph sad Kkrishas
Pillel (99) have defined s dond asymmetry parssster N, for e
bond in terme of cartesisa force consteats. It is foumd Shat
the YL. value depends on the interbead angle or the perceatage
P eharaster. Using the graph detveen Y\. and interbomd anmgle,
they have o-lnl?tu the foree fields of several melemules. This
nethod has been extended to variows xx. aedels sueh as plamay n,,
pyremidal IY,,emd tetrehedral XY, (90)e For plamsr xx, and
totrahedral IT, systems |, assumes a eharscteristic eenstemt valws
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depending en vhether the melecule is a hydride or neahydride.
This appreseh is not strietly aa spproximation in the sane sense
a8 the eother noniterative metheds, but may better be regarded as
a semi-empirieal method based oa certaia odeerved correlations.

Force sonstants may be obtained by the methed of
"relotive Reman intemsities®, "high-low frequeney separatien
nethod” or the “point mess medel”. Using relative Raman {iatea-
sities 1a the framevork of the bend pelarisability theory,the
foree comstants of XY, (T,) melecules have beea evaluated (91-94).

The hizhelov frequency separstion methed (8) as well
as the peint mass model (35, 96) lead to & redustiea ia the order
of the sseular equation.

The iterative ss well as nen-iterative methods reviewed
ia this chapter gre based en certaia sssusptions vhich may net be
strictly valid frem s physiesl peint of view. [Neat ap’nduu‘lT
are tallered to suit particular elasses of msleeules. Fer
instanee, the Xuller appreximation yields satisfastery foree
fields i na = & cases with sasll kinematie coupling. The
success of iterative aethods depends crucially ea the eholiee of
the inisial sete In the adeonee of additional experimental data
4% 4is alvays nesessary te resert %0 approximstions. The suceess-
ful sppreximctions may bde deoned %o eenvey scae physies which is
othervise net obvicus in nermal ceerdinate treatments dased on
first principles. Notivated by these csasideratioas twe apprexi-
natien precedures, the variation methed and the average bending
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energy eriteriom, have deen develeoped and applied to large aumber
of msleeunlar species, the results of vhieh are reported ia the
fellowing chapters of the present thesis.
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CEAFRR I

VARIATIONAL CALCULATION OF NOLECULAR

FORCE FIELDS

A variastional msethed of caleulation of melesular
fores fields Lis develeped and applied teo the seeond erder
vidbrational prodiea of seversl melecules belemnging to the
xr, (c,') aedel. The methed has deean applied $0 deth hydrides
a8 vell as nomhyirides,bdut exesllent resulis are odtained emly

for melosules with a2 lov mass Patie l’ / l’.
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Intredustion

T™he pazancter represmaiation (1, 2) prevides a unified
pleture of the varicus spprexisate fores fields (3-6). Simee »
variaticanal eigemvester can bde gwnerated dy neans of & seot of
parsneters it ia asturel te try to conneet the paraneter repre-
seatation of feree oonstants end the varistion nethed. IEvea-
though the variatien techaigue eecupies & preaiasat pesition
sueng quantun sechinieal methede of semputstion of eigeavalues,
4t has 20t yot deea exploited in force eonatant saleoulation.
Ascerdiagly ia this ehapter the appliestion of the variation
nothed ts the svalmation of neleenlar foree field has deen
investigated.

Variation Methed

Lot F represent the symmetrised foree constemt matriz
of erder n eorTesponding to 2 certein irreducidle vidbrationmsl
spoecies of a melommle. Sinee 7 ip Hermitiem, its eigeavalues
q)‘ are real sad eigeavecters erthogemal. These eigeavecters
oan be sermalised and opsn sn a-dimensionsl normed linear space.
Tor finite a, this space is necessarily complete (7). If ¢
aand g are vestors in this spsse, their scalar produet is doth*
a8 the matriz produst.

(tog) = £ g (2.1)

Comsider an arbitrery veetor X 4a this spsse which ean de
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oxpressed as & linecar econbination of the srthensrmalised
eigenvestors x, of the 7 matriz. Thus, as we are
i
interested ia nermalised veetors,
2

I = E‘ o l" (2.2)

sueh that Zof-t. o boing assumed te de real ia
i=l
physicelly interesting cases. FNov censider the predust

XX &« > e e X r
t.a“x't x':

- ‘3 (30’:)

vhere d)‘ is the eigeavalue eorrespending te the eigmmvester
X, If (), @Gemotes the lovest eigeavilue of I, them the

 §
varistienal theorem sssertms

¢. 2 T » x (2.4)

Hovever, this inequality 1s deveid of aay eomputatiemal signi-
fieance, because ualike any quantua nechanicsl Hamiltoaian vwith
apecified ianteracticn peteatials, the matriz F itself is
waknown.

It has been showa (2) that the moleeular vidbretional
predlea can be set up using a reaxl symsetrie matriz V givea
%y oqe (1.24)e If P 4s sn arbitrary feree fisld that
repreduces the frequencics /\ , a matrix v 1 defined anale-

gous t¢ V¥V a»
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Suppose this 10 diasgonslised by an erthegensl matria A.. ) ¢ 4
P 4 7 (the true fores f1e1d), then, gmerally, AL §

' A # B vhere i 1s the matrix that dlagenslises V and B
is the 1deatity matrix. Sines VU hss, by construstien, the

sane spestrum of eigenvalues as V¥V 1itself,
o= BAP (2.6)
vhere P* e« it TV,

If P represents the transformation matriz generating
the sxast TF-matriz, thea

et . B e (2.7)
vhioh iaplies

? s X'P @ (2.8)
vhere

* e rTair (2.9)

It may Yo noted that if ¥ « P then k' & K, Eq.(2.8) shows that
the oxaet F aatriz is related te the arbitrary frequenay-repro-
dueing F' matrix through s sisilerity Srensforsation.

Lot ue novw define a vecter Y' ia the a dimensienal

hAyperspace o8

r e t'po (2.10)
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with nora givea by

Ty o0t

- Xt ¥ X (2.11)

g~ K"’y ¥V @« B for PF' « F, the true foree

vhere ¥V = K
field. hea " Q. (20‘)

¢, £ Trrr/ B

or uaing eq. (2.8)

Gock ¥ v/ X' v (2.12)
The variationel prodlem them is te minimise the fuaetien
A S A
vith respect to ln.tho pcr;utou'nmﬂhg l: o ¥y amd 'I'.

For the 2 x 2 vibrationsi predlem lof us denote the
gomerating parameters of X', V and F' by o ./3 and © o respe~
stively. For the true foree field 4 = 0. Rewriting eq.
(2.13)

Dy = T, () 7 ©) g (x) /z:(o:) ¥ (8) X ()
) (2.14)

Applying the necessary eonditions for a mimimmm

2o a0, 2% .o, 20 w0 (2.15)

S =Y 36
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Sogether with the cendition /3 = O fer the trws force field,

it follows that o is the diageaanlising parameter for 7 whieh
1s determined by the 7 elenents thesselves. Aguin, at the
verietional atntuum K, (o) V(B) X, (X) = 1.  Aesoré-
Angly & seareh for thé miaimum of the sucller eigeavalue d). of
P' ss & funstion of s single paraseter © is made. ’

Distinction botween variational and extremsl fores fields

The fores field edtained by the variatienal prineiple
is te be distinguished from sny of the extyemsl fores fields,
88 0sa easily be verified in the secend order esse. The vari-
ational foree field esn be casily distinguished froa that
resultiag frea the !u ainisun assunption suggested dy Strey
(8) for nomhydrides. The smaller eigenvalme d). in the seesad

order case s

b, =X r x (2.16)
vhere X, is the eorrespending eigenvector. The minimal
eriterica is

a0,
- 0 20‘1
49 ( ‘

Kimimising vith respeot to the parsmeter O ,

i"_% + ‘g g.ﬁ F‘X, *

I, F 43 e 0 (2.18)
40
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ket the eigenvector

X, = :1 (2.19)
e

The niaimal eriterion givea by eq.(2.17) now reads

5, (x, ar, . Xy ar“),
. 4 © . 4 ©

Ly (% T2 oz, 405,
) 40 . 4 6

e [ny (n AR oen, 4%y,
' 40 4 O

* X, (’12-——1.‘1' ¢ ¥, .‘__".3.)]

4 0 46
(2.20)
ad,
Fros this 1t 10 ovident that the eriteria -—-é—— » 0
e .

4 ¥
end —-e-n = O are gemsrally independent of cceh other.
é

Application %o IY, ( Coy ) type meleeules

The XY, molecular sodel is illustreted im Fig. (2.0).
The above method has been applied to the sscond order vibrational
prodlen of molosules beloaging te the xta “a) nodel.

The




—y
»

Fig.(2.0) XY2 Molecular Model

(Symmetry C,, )

43
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vibrations of a beat xra type molecule can bde classified inte
2 A' * t. species. The felleving set of symmetry soerdinates
has deen made use of ia this investigation (9).

" “‘) - i" ( Al' » A")
8, () = rax
8 (3,) - 2772 (apy = &2y

where Ar, and Ar. are the ehanges in bond lengths and A
the change in bond angle YXY. » denntes the equilibriua

X« Y distances. The G‘ are caloulated through the releatioms

3
(9)
2
G" - t/\/'x 008 o 0/\/\,
Oy - 27 , %48 20X end
O = & M, sta'x ¢ 2 M,

vhere 2 £ the equilidbrium IXY emgle and M and M v are

the reciprocal nmovses of etoms X aad Y respectively. 1'1 3

-1
and T“ are givea by the relatiens

LY L A

- G
- —1t and

LITY

T21




43

DEPARTMENT OF PHYSICS COCHIN UNIVERSITY

2
T * /92 - Ty

asad
-1 -;L-
Ti - Ty
1
’;1 e = ’31 and
T T2
-f —L
fu - l‘u

These velues togother with the harmeaie frequencies are givea
ia Table 2.1,

Results and discussion

The intremclecular foree fields of Hy O» By S,
Ry Sep 80, § O, sad Q1 0, have booa utundied by the varistieoasm
methed. The geemetric and harmeaic frequency dats required ia
this pregramme of investigstion are takem froa the litersture
(10=16). Towgs (},) . 9sn in principle be deternined
by direet caleulation, fhe graphical method (Fig. 2.1) has been
adopted meinly because it furnishes a display of the veriatioa
ot (), vith©. However, enly ia the coses of K, 0, 1, 3,
L Se 'and their isotopes,fores fieslds in cxcelleat sgreemeat
vith proviously reported values could de ovalusted. The foree
oonatants obtained ia these cases are reported ia Tedle 2.2.

vith the cerrespomding (¢')m values,
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A plot of O aiy Whied represents the valwe of © at
wvhieh (’p. 1s & sinisun versus the mass retio [ = n /-'
has also been made (Fig. 2.2). Fer bent X, type molecules,
this is & smooth eurve indiceting thst as [ inereases, © min
shifts awvay from sere. Refsrring Ve standard force fieslds, it
esh be eoncluded that the more remote © ain s fron sere, the
less likely will the eorrespomdiang foroe field be the exast foree
field. Thus only for very ssmall [ values,the variatieasl foree
field is close t0 the exast ferce fielde The variational feree
fields heve bedn employed te predict the vibratiocnsl frequeneies

of the fsotepic ferms Bp 00 Dy 8 and By Se also.

Extension of the variational principle to higher order
vidrctionsl preobtlems requires the ainimisction of ('). vith
respect to L-L-%-:'—l parsmeters. Naturally, the graphical
aethod cannot be used in this domsin.
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Pig. (2.1). TVeriation of (), with O fer N, Se,
Fige (2+2)e Dependence of 9.u on [ for

bemt “z type molecules.
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CEAPZER IIX

PARAMETER REPRESENTATION OF AVERAGE
POTENTIAL ENLKRGY OF IBRO POIRT VINRA-
SI0NS: APPLICATION TO XT, (ch)ﬂn

NOLECULES

The variatioa of ceantridutions to the aversge
vidratisnal petentisl energy with s parsnetior dharacterising
the foree field hes been mapped for some twenty three deat
sysnetri sl 1!' syetems. A simple and physically significaat
eriterion for the caleulation of extremsly reliadble harmsaie
foree fields is found to emerge frem this stady. NMaimisatiea
of the maia average bending smergy coatribdutioa fo(Oa Jields
oxsellent foree fields for neahydrides in sgresneat vith standard
foree fields fixed with the help of additicnal date., Jor
hydzides alse thip eriterien leads to generelly satisfacstery
feres fields.
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Iatreduction

Ia this chspter the variastion of the differeat
sontridutions % the average petentisl energy <V ) of some dent
xx, molesules due to sere peint vibraticns vith the parsneter
gmeratiag the foree field has besn investigated. This study
is metivated by the fact that some useful laadmark different
from that leading to the miniaisatiea of the lowest eigmvalue
of the F matrix discussed in the preceding ehapter may oxzint
fron the point of view of energy coatridutions arising frea
iateraal ecerdinstes to the average vidbrational peteatial emergy.

Average vidratioaal petential enerygy
Ia teras of fateransl valence soerdinates Fyo the
potential funotiom may be writtea imn the harmsnie appreximation

t 3 4 r, ¥ (3.1)
= i nn

vhere t“ is the eeorresponding foroe csustant. Tekiag
aversges in the sense defined by Cyvia (1)

{(2VY> e >3_ ¢ P ]
i 8 <t

- s £, O, (3.2)
1,y MW 4

vhere the O"“ are vidrational mesn square anplitudes defined
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as G"“ - ( T r’). At any finite tenperature, vidbrationmal
oxel tation cosurs vith o Beltsasaa distridution,sad the adbove
neationed averagiang process implies s thermal averagiang ia
addition teo the quantus mechaniesl aversging. Ia erder to avoid
the higher vidrational states and the censequent variatioa of

{ V) with tempersture, grouad .tn‘u undergeing sere peint
vibrations are made the subjeet of study., Ia terms of iatermal

syssetry coordinctes one may express oq. (3.2) as

a3V e s F 5 (3.3)
1, W T4

For a iatermal ¢oerdinates, the right bhand aecaber of thip
oquatien would contain -‘-h-'-t-u— ‘terms, meny of whieh are
identical. By parametrising 7

i3
systematic variation of sach term ia <V) ,

and z“. one can study the

Appliestion to JL!z' type molecules

The sysmetry eserdinstes are given ia Chapter II.
For the deat aymmetrie na type melecular model, shewa ia
Fig. (2.0), the petential energy is written es

2V = ‘r [(Ar')zo( Arz)' ]-o '2 S (./.ux)a
v2f ( ax, Ar') *2r e

(Aary + Axy) (344)

vhere Ar, end Arx, are stretch iacremeuts sad Ac< is the change
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in bond angle ead r denotes the equilidriua X - Y distanee.
Aversgiag as ia eq. (35.2)

(AW = 2, o, * £, 0 «2¢ g,

* 4 o 0ry (3.5)

where the first tera arises from pure siretehiag, the second
tera pure beading, and third ters stretehestireteh interastion)
She last tera representis the streteh-beand iateractiona.

Using the aymmetyry coerdinates introdused in
Chapter 11 ve have

f, - ’" * 'u
2
¢ Tig = T
r * 2 (3.6)
r
‘ra - —_—tt
/2
‘o( - '32
and
Ty ® zi‘ + Zn_
)

Ta ™ 42 (3.7)
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Ia the case of an xxz YUpe melecule, !‘u ad }:‘u for the
Ay species cai de writtea ia terms of & single parsmeter in the
following form (2, 3)

(»
- ~4d
'“ t ¢

LEPERE VI

. (lu’#luttl“) (39)
8 '+l
vhere the seefficiente Pyge g0 Fyge 1“. 5, and By
oah o odtained froa the geeneiry, atonie sasses, and fundaneatal
frequeancies (harmeaie, vherever availadle) of the molesule.
These are givea ia Tadle 3.1. 4Aleo,

A
1’3’ »
i;,
e (3.10)
- A ¢
= % 4

Usiag oqs. (3.6) te (3.10), variation of each of the
terme in oq. (3+5) has besa mapped by systematically chawiag the
velue of the parsmeter o. KRarlier studies (3, 4) have shomn
that l“ end > 13 slenents oxhidit extremal dehaviour,vhea
oxpressed as functions of a paraneter. However, the sitmulte~

aeocus role of E'“ ad T 13 ia deternining the average vidbra-
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tienal petential energy contridutiens has net been studied oo far,

Results and discwssioca

676k (5) hao showa that for a given sssignment of

frequencies the range of the parsneter ¢ must be restristed te
-1t ¢ 1, Consequeantly the variation of the average poten~-
tial energy torms studied ia oq. (3.5) has deen restricted to
this renge. It in meted that the varicus eontridutisns shew
extrensl bedaviour iaside this range. Plots of the t“ Ty
quentities versus ¢ are shewn im Figs. (3.1) to (3.10)e 1Ia
the sase of hydrides, the average stretehing emergy ss vell as
the bdending energy oxhibits o mininum within the range -V £
] _l_- + 1, while the stretoh-etretch interaction energy t"o,-.r

has s maximum nsar the origin. TFor sll the nocalbjydride
op?un studied,ve find that there existe & minimum for the
average dending cnergy f, 0, 1s the vicinlty of the origia
The value of the parameter ¢ eorresponding to this minimum of
the dending energy tera is found te yield a foree field,vhieh
agrees eoxcallently well with that fized with the aid of eddit-
Aonal experimental data. This oriteries 18 ealled the average
beading energy sriterion. Tadle 3.2 gives the fores constants
csloulated by thip method. The caloulations were dome on &
digitel computer. Fer nonhydrides, these foree constaats are
in excellent agrecaent vith standard foree constaats, while for
hydrides the bendling emergy minisum condition gives a forece field
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which agrees satiafactorily with the standard values, Howvever,
for hydrides s vell, other oriteris such as f‘, 0" p = Baxzinwm,
ond £, T pp © Saxinmm lead to results far different frem exsect
onese Ia tadle 3.J are givea the parsmeter valuos ot ainisum
or naximua for each of the four terms in the aversge poteatisl

enorgy expreasion (3.5)
Conelusien

In this chapter the variation of the veriouws comtri-
butions to the average poeteatial energy due to serc point vibra-
tions hes bdeen studied with the aild of s parsmeter characterising
the foree field, for 23 molecular species delonging to the deat
symmetriec xx' models /s a resuls of this {nvestigation a wmiqee
eriterien gseens to emerge frem the extremal behaviour of aversge
energy contributions. This enadles us to fix the F elements of
the second order vibrational species A.'. The ainioum of the main
bending contridution to the averege potential energy ( f£,0% )
€ives Tesults ia very good agresnent with standard force fields
fized by invoking additional data. The faot thzt for non-
hydrides 1ike N 0‘ e Se Oa. ) oz. ete, amd for hrydrides like

0, “8 S, and l!' Ce, ote., the average endrgy foree fields

)
ere ia excellent agrecemeat with standard foree fields indicetes
that this oriterion is prefereble to verious other spproximations .1
eurreatly in vogue. The preseant approach desls with the extre~

nal bdehaviour of average potential esmergy eontridbutions and
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stands distinet from the method of extremal feree eeastents (3).
It may be noted that the aversge deading energy criterion employed
in this pguat work has 20t desn prepesed a priori Wt has
emerged os a rezult of ianvestigation of a large number of aystems.
An interesting ohom'tt- ia this eentext is that the results
obtained fer 1s0tepiec species are very mearly equal Pigs.(3.11)
to (3.12)c In the sueesediag chapters the sethod of aversge
bending energy of sere poiat vidratioms Lo extended o e large
susber of molecules deleaging te the XI, (n,h). X1, (Cy.)e

XY, (T,) and XXg (0,) nedels.
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Figee (3.1) = (3.10). Plots of average potential
eaergy terms for various bdeat xta type nelecules in

the range =\ £ ¢ <L + 1.

Figse (3.11) and (3.12). Variation of £,0;
for isetopie sudbstituents of Hz Cand 8 O‘.
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CRAPTRR IV

AVERAGE BXNDING ENERGY CRITERION: FORCE FIELDS
OF SONE PLANAR ll’, TIPE NOLECULES

™he atainisstsion of the aversge petentisl mergy
ceatridution frea bending defornation due tv serc peint vidra-
ticus 15 shown to do m ezeellent eriterien for fixiag tho
bharseaic fores fields of plansr n, type molesules.
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Iatrodustion

In the preesding chapter the aversge potential emergy
contridbutions arising frem differeat interanal valemee eoordinstes
of a melecule undergoing serv peiant vidbratiens have been studied,
and it has beea noted that for a large mumber of XI, (c”)
nslesnles, the aininum of the sere point aversge bending energy
term £, 0, eorresponds mere or less exaotly to the sctual
foree field. Ian the present chapter sa attenpt is nede te extend
the eriterien of minimun gverage deading energy to neahydride
nelesules belonging %o the plamar x!, sodel .

Manay xt,uw

Sowa in Fig. (4.0) 1 the i1, melesular nodel of
D” sysnetzry (1)e Under the harmonic appreximatien, the peten-
t1al energy function of the gemeral valense type for this type
of moleenle may de writtea as

2V = l’(Arf QAI: 4-Ar§)

orzrq (Aqr 0Ao(: vo(;)

-n-’:g 9' ¢2tn(A:,Arz

*ArX

3 b

Axy (Aog #Ao(,) +targ (Acxy + Acxg)

Al“) . "'”m

* Ay (Ao(, ’A‘Xa) +2ret °

(Al"Ao(‘ + ATy A g ¢ Ar,Ao(,)
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OAO(’Ao(i) (4.1)
vhere the Az, are shanges in boad leagth, Ao(,'- changes ia iater-
boad angles sad 9 ¢ She outeof~plane beading angle sad r, the
oquilidriua dond length., Taking sversges, we have

<2V) = 32,0, ¢3 12,0

¢ 6L Ty *6 1,9

. ¢
]
+ 12 ‘ro(a_ro: + 6 rx-o< rha

+ rga? (4.2)

vhere the U ry r‘ donote mean square amplitudos evaluated at

abgselute sere.

The vibrations of a planar lt, type molecul ¢ may b
clessified into A; . Aa" ¢+ 2 B. speeicse The symmetry
soordinates adopted in this calculation are (2)

s, (A;) - ,-72( Axy + Ary + Ar,)




Fig. (4.0) Planar Symmetrical X1, Molecular Model.
( Symmetry th ).
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Bea (l.) - 6"‘( 28y = Doty -AO(,)
%, (l') - a‘" (@Ar’ - Al',)

' (s') = 272, (At g = A y)

The A;' ecordinate represeanting cut-ef-plane dending is givea
in terms ¢f cartesian displacements.

The ¢ elements for the 'y species are givea by (2)
“” . %/Ml VA y

Sy -%3”/"" and
% -,‘%/\"x ¢/V\,)

Expressing the potentisl energy ia symmetry coordinates ege (4.2)
is rewritien in the fora

V> = B S+ B, T o+
@ (Byy T g+ 2 By 7,
* Te T o) (4.3)

vhere
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l‘u - lg
Pyy = £, - (4.40)
e = T = 5
¥ee ® £ = oo

and

Z" - G—, + 2 O—"
2 g9 ™ ay
Zgy ® 9" Tpp
Ze ® Tra~ T por (4.40)

The faotor 2 outside the brackets ia eq. (4.5) ariees frem the
doudle degenerasy of the l. speciea vidrationse In the fol-
leving ecasiderations the ocut-ef-plane contridution ‘b) o—g ie
drepped, since,it belongs t0 an independent first order speeies,
and the term ‘'bending energy’ refers ealy te ineplane bdendiag.
Thus the pure bending energy eontributions ia ege (4.2) are the
terma in £, 0, s £,, 0., =+ Hence tho aversge sere

point beading energy of the molecule may de written as

CBV? = 3( 2,05, +*+228,505x ) (4:5)
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Now eonsider the last tera im eq. (4.3). From eqs. (4.4), ve

have

Tt

Zat ® taTa *loxTau = faTxx
- :O(o(o—o( (‘o‘)
[ ]
However, the redundant coordinate delomgiag to the A‘ species
Bay be writtea as

85 = S‘yar(Ao(‘tAO(a ’AO(3)

- 0 (4.7)

and this gives

Zqe =Ty +230,4 - 0 (4.8)

Using eqe (4.8) 1a eqe (4.6) ve odtata
2%4 Zea =3 (205 vt 500 )
o <2 V> (4.9)
The average dending mergy ia teras of symmetry oooru'uctn is,
Sherefore givea, by the sxpression r“ b 44°

l'“ and z“ for the k' species ere parcmetrised asnd
the purcmeter value eorrespondiag te the ainimum of the dbemding
onergy is noted. The foree eonstants are recalculetsd wsing

this value of the parameter.
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Strustursl dats md frequensies (harmemic, wherever availsbdle) fer
the 123 (n,b) molecules iavestigated in this chapter are iisted
in Tadble 4.%1.

DMoecussion

In nelecules beloaging to tue IT, (C. ), XYy (By)
types, At is found that the normal vidbrations ecour 4in sueh a
vay that the average sere point poteatial energy comtridutioa
frea the dendiag deformatioa is quits elose to its ainimum
poseidle value. The mimimisation of the averege bending emergy
of sere point vibrations with respeet to the parenster sharact~
erising the mixing of symmetiry ceerdinates, turns out to b a
good oriterica for the evaluation of harmeaic force ocmetents
of moleoules of the plenar x!, type alse. The results ebtained
12 this way compare very well with standard force ccnstanis fized
vith the help of additional dsta. These results sre reperted
in Table 4.2, Figes (4.1) %0 (4.5) give the veristion of
l'“ z“ vith paranster ¢ 4in the range =1 £ ¢ < + 1 for the
aolesules under study. The isotopie inverience of foree const~
ate 1a vy - Man, Wme -y, Ya,-"a,
ana % 1, - "1, grewps is vertienlerty seted.
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Figse (4.1) = (4e5)e Variation of aversge beading
energy for 3 r,. | )r,. » cx,. » I,. 8 O, and their
isctopiec sudstituenta.
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CEAFIRR V

AVERAGE BRNDING ENERGY CRITERIONs FORCE
FIELDS OF TETRAHEDRAL l!‘ TIFE NOLECULES

The uversge bdendiag energy eriterioa is applied
%o the eveluatica of fores fields of seme 53 melecules belonging
to the tetrahedral ll" msleocular model. It is seem that the
foree eonstants thus edtained compare very well vith oestadlished

valuse.
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Tetrahedral u‘ noleeule

Vig. (5.0) shows the XY, molecular model. The normsl
vibrations of a Setrahedral n‘ atleoule osn de classified inte
types & ¢ X ¢+ 2 7,. The second order spesies P, censists of

triply degenerate siretehing cad beading vidratienal medes. The
felleving set of symmetry ecordinates (1) has been esploeyed ia
the preseat investigatioa.

8, (A’) .+(At' + 2oz ¢ At, . A[‘)
I“(l)- 1!”’!’('&1\0{‘” - AX (9= A4y

*RAX g0 = AX gy -A«u)

b (B)e 37 (dapymtoyy +8 g =say,)
&, (r,) -% ( a2y -ary» Awy = Al")
Sa (7)) = PP r(ac gy = acyy)

8, (%) .% (A ¢ Axg= axy= 4w)
) e l'nr(Ao( 5§ - A 1)

& (l,) -% (-Al‘ * ATy A Ar‘)

40 (”) ® 24'1‘(A0(“- AG‘«‘B)




Fig. (5.0) Tetrahedral XY, Model ( Symmetry 'rd)
In Fig. (5.0a) the atoms numbered 1 and 4 are
situated below the xy plene and 2 and 3 above it.

The six angle bendingsxij are exemplified byo(12.
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s(h) = @ r(oayy ¢ sy vacg

e AKX 34 ¢ A 24 ¢A°<14) -0

vhere the At‘ are increments in XY stretehing aad the AO(“
denote changes ia the YIY angle. The G matrix eleamts are
given by the zelations(1)

'”'-%'/v‘z*/“y
% = M

0“ - !(%/V"*/V")

The gansral valenee potential fumetion for this $ype

of molesule is written as
2 e 3 2
2V - f (Al" * Aaxy * arS v AT, )

2
.t £, ( AcXeg * A«"' . Ao(z,‘ .

Ao(,: * AO(': . Ao(,f) . 2t
(Ar, Ary ¢ L%y AR, + AT, ARy ¢
ARy ATy ¢ APy ATy + AT, Ala) .
@t [At'(AO(“ ¢ Aot g, vo(")
* Am (A 9t Ak gy * Ao(”)

+ 22, (Ao(‘, * AX * Ao(“)

4
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¢ ary (aa 21 oAq”vor“) ]

' N
2

4

[(Adn * A 34)

(2 13 $OKX gy ¢ A oy «o-Ao(“)

Az, Ao(,‘) e2r

+ (2 ' +Aq2‘) (Aq” vo(u)]

2 * A
2 fax [ Tg 4% 34 ¢ A3 Ay

+

+

vhere r, ar, and Aoy 13 have the usual meanings, Teking

averages ve Lave

<BY) w 4%, 0 + 61,05

r
+ 12 tu a‘“+24 ‘dqa‘qa
+ 18 frqo-ro( + Gfrq' g 'd'
+6 2., Ty (5.2)

In teras of the syuuetry eoordinctes the aversge poteantisl

snergy becomss
29V -F"z" ¢2F22222 +*

S ¥y gz ¢ 2Ty T 50 ¢+ F0 T )

(5.3)
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vhare the fasters 2 and 5 seoount for the double sad triple
dogmmeracies,respectively., lNow fyom the aymmetry ecordinates,

'az = ‘o( - 2 ‘qd L ‘dd '

£ " T2 Tux v Tora

'“ = ‘d - ‘aq '
Z " 7% = o

(5.4)

The pure bending energy ceatridutioa can de expressed

in aymmetry ecordicates e 2!‘22 5 22 031“ s “.Smu.

tuting from (§.4) this bLeseaes

Bl Ta ¢+ 3%, T, = 5800y = faTu

~ 410 =4 Ty T 4o T
4 o' Tax {5¢9)

8iace the redundsnt eoordinate o (A‘) §ives a vanighing mesa=~
square asplitude, we get the conatraint

T 405, * T o' = . (546)

Using eq. (5.6) 1 eq. (5.3) the average sero point bending
onergy is givea by

CAV> = 6 (2,0 + 4 205005.* toe T )
(5eT)
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Sinee B is sa independent species and the term
ru Z 29 18 a fixed one, the variation of (2 Vo) cen D¢ stulied
by verying the ters r“z“ elene as a fungtion of the para~
aeter for the Pa spegies and the nininunm of the average dending
enorgy is edtained. Vidratiomal frequencies (hermonie, wherever
available of the molecules studied in this chapter are presemted

ia Table S.%.
Results eamnd discussion

The foree conctanis of & very lorge elese of xt4 type
molecules sre calculaied by sinimising the aversge bending energy
fumetion Fo, 57 ,, (Pigse 5S¢t to 5.10), snd the resulting values
are tabuleted 4in Table 5¢42. The preseat results compare exesl~
leatly vwith the stanisrd values reperted ia the litersture marked

"By 'E' 4a this tebuletion. It is seen that the nornal vibre-
tions oeeur in such s way thet the average sero point potential
snergy contritutica from the bending deformation is quite close
to its minimum possidle value. The force 7ields of the molecules
marked by am eosterik ero ecoupsred with those reported on the
sssusption of valence forces, i.¢., 1'” = 0, and in the rest of the
csses vith Urey-Bradley or orbitaul valence foree fields. 1In the XY
nodel 8lso the isotopic invarianee of the foree fields is very
oonspicuous. The veriatioa of the sverage demding energy for
CF, and CH, groups of molecules is szowa 1a Figse (5.11) teo (5.12).
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Figs. (5.1) = {5,10). Plots of aversge bemding emergy
for several tetrahedral 114 type moleeular species
studied 4in this chapter.

Fige. (5.11) and (5.12). Relstionship between average
beading energy and parameter for isetopiec substituents

OICI‘MOFQo
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CEAMERR VI

AVERAGE BEEDING ENERGY CRITERIONs JFORCE
PIBLDS OF 50XE PYRANIDAL n, TIPS NOLECULES

The foree fields of several melesules of the pyramidal
n, ype are evaluated using the average deadiang energy eriteriea
doeveleped ia the three precceding chapters. The results are ia
good agrecment vith these published earlier in the litersturs.
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Pyraaidal xx, nclecules

Pyvanidal n, molecules of the c,' sysmetry poiat group
posaes the geometry illustreted im Fig. (6.0). By growp
theoretiocal eomsiderations (1,2) the sixz normel vidratioms of a
nolesule of this type are found to be distriduted under the
irredueidle represemtations 2 Ay ¢+ 2 ke It s knowmn that one
A‘ species and ene Xk apecies vidbratiom each is invelved ia the
stretching and ia the dending vidratious of the melecule.

The potential ecnergy function of the general valeanee
type for the u, pyramidal melesule ia givem Wy

2 e 2
2V = l'(Al" ¢ AT, Ar,)o

z’tq (Ao(‘: * AO(”: * Ao ;')0
2t (Ax amy + Axp A%y + azgary)
. att,o([ar, (A 39 * A 49) ¢
Atz(Ao(‘a * A a,) + axg
(Ao(aoAO(" )] * 2:‘,0('
(At‘Ao(” * AT A gy * Oy

Aoy Ao gy *AX gy Aot gg)

(6.%)
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On evaluating aversges, we have

2V e 28 T _+38,05 +68 0

¢ &£ ,.,0x* 12 trqc"q

*6f T Pt (6.2)

vhere o, -<Ar:)
T x -rz(AO(J)

These are neen square amplitude quantities eveluated at abselute
sero. The following set of ayametry csordinctes has desa uti-
1ised ia the ealoulations (3)

5, (A1) - 3"" (Ar‘ -3 Odl’)

8, (&) = 3712

2 (2 yg *Acrgy * Aqu)
5, (x) = 6'"( 2 ax, -Ar.‘,-Ar,)
3‘. (5) = ‘.yar( 2AX 32 " Ao 34 - Acy ‘a)

8y (5) =« 2772 (ary = 2xg)

P

"' (‘) - 2 b § (AO( 39 -Ax ")

From eq. (6.2) the total average bending energy is givea by

BV = 3 (2,03 *2€y0Txy )

(6.3)
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Using syametry ecoordinstes the pure dending centribution
is worked ocut to bde

Toa T2 * ¥V T4 (6.4)
vhere the faoter 2 scoounts for double degenerscy of the R species
bdending vibration. Substituting the relations (3)

Too (A‘) -« £, 212,

!'“ (E) L _J fq - qu (‘05)

by 44 (E) - a-q" Too 4ia "0(60-‘) we obtain

r“z“ * 2 r“z“ » (2 V¥y)
Since ru Zaz and F“ 44 belong to the A‘ ead E species, Tespe~
ctively, each of these cuentities ia z=inimised with respect to the
sorrespoading percseter, The prrameter representztion of F ead
Z of second order species is discuszed im Refs, (1) cad (5).
Thus, the A' speciens foree field is rasuned to correspomd to the
ninisum of !‘“ }:22. ¥hilo the B aspecies fore: field depends on
the sinimun of r4 444 “his procedure hes been suceessfully app-

lied to s lurge number of pyramida) ns systens,
The G elements are given dy the relations (3)
Gyy (A’) - (400.%( -1)‘/\/\'0/\/\’

6, (&) = <2 (4 con -1)/:'*‘1:&0(




Fige. (6.0) Pyramidel XY3 Mndel (Symmetry C’&v5
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e (&) - (4 - seed ) ( 4y stadx 0/\A,)
Gy (B) = 2m, s’y + My
0’4 (2) = 2 M stad  tamc

c“ () = LY .hacl tn‘a e+ {1 +Y2 no%« My

vheore 2« is the iantorhoad sagle Mz and /n’ reprepent the reei-
proeal maasses of the X and T stoms respectively. Struetural dste
and the frequemcies (hsrmoniec, vherever availgdle) employed in thigl
esloulations are given ia Table 6.1 and 6.2. Values of the inter-
bond sngle ere tekes from hRef. (6).

Reoul ts and diecussion

The foree concionts obtaimed are tabul:ted 1in Table 6.3
and 6.4 for the 1‘ and & species separstely, &nd these resultes cre
eonpared with evailable ztandard velues. The agreemeat bdetveen
the two sots of data L8 very goodes Moreovar, juct as in the case
of xx' (c"). u’ (n’.). x‘l‘ (‘1") nolecules, the isctepic invarie

enee is very proainsut for n, (cs') systems as well,

The force constants enloulated using the present oriterics
are detter for the E siecies than for the Ay spscies. Again
thers is merked devietion of ihe intersction furce somstants fram
the qzact values in the ease of hydrides. 4 siniler tread has
slreedy deea moted for XI, (£g) amd XY, (Co0) type hydride
molesul es.
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In Fige. (6e1) to (6.4) are showa the variatiom of
the average deading emergy for the Ay snd B spescies of the pyre~
sidal XY, moleeules studied. PFigs. (6.5) and (6.6) shew the
variatioa of the deanding energy terms ’uzzz sad r“ > PP ia
ll, - lb, - n, group for the A' and K species.
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Pigo. (6.1) = (6e4)e Average demding emergy variation
in various XI, (03,,) type molecular species.

Fige. (6.5 and (6.0). Variation of average beadiag
energy terss in Z g2 amd r“ = a4 for isetopie specion

of anmonmia.
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CHAPTER VII
AVERAGE BENDING ENERGY CRITERRION:
APPLICATIOR TO 7RG WETAL BLXAFLUCLIDES OF THE XY (o‘)
PR

The aversge bending energy coriterion doveloped end
applied in the three preceding chapters of the preecent thesis
has been oxtended to the ocese of netal hexeflweride moleoules of
the octahedral peint cymmetry group, The resulis sre in satipe
faetory sgreemont with values reported eariisr in the literature,
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NeSalhexafluorides

The ootahedrsl xt‘ nelecul ar model deloanging te
the O, poiat greup is Lllustrated in Fig: (7.0)c The petential
energy funetion of the gesaeral valence type aay be writtea as

2V -[t, ( Ar')2 e ( Ara)’o( Ar,)a
*(A:.-‘)a + ( Ars)z + ( Ats)a]

+ At‘) ( ar, ¢ Arx, + Ar,

oatn[ (A:,

+ Ats) + ( Ay ¢ Ar’) (AI‘ . A!")]
031",[ ( Ar')( Ar") * (A'R)( Al’,)
* ( A:,)( Ar‘)}
" “ﬁ[ amy (Aot g ¢ Aoty # A 15 ¢+ A 1g)
+ (Ara) (Acx 12 *OX o5 ¢+ AKX g, ¢AX “)F
+ (Ar,) (Acxy, AKX gy ¢ AX 44 +AX o)
+ (A r‘) (Acx“ *AX 4 +Ao(45 *Ax “)
¢ (a ’5) (Ax 15 *AX g5 *AXK g+ A 56)

+ (a2 r.) (Ao 16 *AX 3¢ AKX o +AX s‘)]




Z
Y/3
AdB
Y °<23
A )L(\\ fy\z
e
Ty 7 ALy,
1{y 1
s

Mg X

Fig.(7.090ctahedral XY6 Molecular Model
(Symsetry O.h)
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tart, o [( ar, +Ag‘) (Ao 12 + 2 15 *tAX gy *
sogs) * ( Bxg e Oxg) (A (g ¢B80xyg + AKXy,

*AX “)

. (Ar‘ + A:‘) (8 35 T4 ¢ *AX g *AX “)

MR R SN [( Ari) (Adqutx 34 +A0(‘s QAO(“)
. (A’z) (Ac('5 * Ax 35 ¢ Ao PSR 2L 5‘)
- (Ars) (Actyg ¢ Aot g ¢ AX o0 o-Ao(“)

. (Ar‘) (A g ¢+ Acx 13 +AX g + Ao, )

* A * A

v (2 '5) (A«n 23

24 TO%)

¢ (Dxg) (Bt y +AX oy ¢AXK 5 +Ao(”)}

* rzto( [(Ao{ 12)2 ¢ (A 1’)2 e (A '5)2 + (Ax 16)2

e (2agg)? o (2t aa)? o (Aot ) ¢ (204,

v (2ct g) 4 (Acx () ¢ (Dot ()P 4 (Aot gq)? }

+ 2 rafo(o‘ [(Ao‘ﬂ * Ax 16) (A 12 * Ax ¢8)

+ (8ot gy) (2 o *AX 1y * A 2¢)

* (A“ai) (Acx 12 *4% 46 oAcxu)
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+ (ac(y,) (8 23 T AN g4 +4X g)
* (Ao(”) (AO(', *AX (g * DX g, +AX ,g)

+ (8ot 46) (B gy +8X o6 * A og)

¢ (Axgg) (Acxyy ¢4 (g ¢80 Wy +AX ) }

var g, [(““ta * o gg) (Aot g eaX o)
+ (Ao(‘, +AX () (B yg +AX ,4)
+ (Aox 23 ¢A<>(56) (AO(“ vo(”) }
v21 L ot [(Ao(a’) (Ao 15 * 4% fAO(“)
. (.Ao(“) (A.:x‘5 *AX o *AX “)
+ (D o) (Ac 13 0 4g)
+ (Lx ”) (A 5 +4x 15 *OX 26/

* (Ax ”) (Ax 12 * DcXgg *AX “)
+ (A ‘5) (Ax 13 *4H 4g -er(z‘)
* (8o 4q) (Acx gg +4c( 4 +AcxXgg)
+ (2cx gg) (Ao o *A 4y +A(4,)

* 2 ,atdO(." (Aq “) (Aq‘s) + (‘Ao( 34) (AO(“)
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v (Actyg) (Acxgq) + (A yg)(Aacx )
+ (2ot 1) (Ayq) o (0t gg) (DX ) ]
(7.1)

ﬂorg t., represents the XY stretehing feree constant, t"
the stretoh=atretieh interaction vhen there is an amgle of 90°

betveen the two stretehiag Wonda, ¢ the streteh-stireteh

n.
iateraction whea the two bonds are opposite, t’q the stretoh-
bend interaction whem the stretehing bond is elso ene of the
bending bonds, £ q' the streteh-bead iatersction whem the

stretehing bond is perpendiculer teo bdoth dending donde, t' se
the streteh-dend interaction when the stretehing bond 1s
perpeadioulear % one mmd oppesite te the other bendiang dead,

f the foree associated wvith bemding, £, the vend-bemd
iatersetion wvhen one dond is eemmon to both bending pairs and
the two others are perpendieular, tqq' the bend~bend inter-
action when one denié is comien to bdoth bemding paire and the twe
others are oppesite, ¢ d d" the dend-bend Antersction whea ome
boad of ene pair is opposite to & bond of the other pairx, while
the other bonds are perpeadicular to each other and £ ''* the
bend-bend interaction wvhem the two bending angles are epposite
to each other. * 49 the equilidbrium X « Y distance. The

average petential energy is givea by

<2 Ve 6 ( £, 0 p* 48,0 .0
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+f o
rr rz + 8 traa‘ ro
+ 8 t p g ’ (N ) e
*
ro r 8 fro( T e

*20400 +4 £y Tt

.2 qu LRI PN LTI 3f°lo(°3(ol"' quq"rdd") {(7.2)

vheze the quantities Ty ’nro the mean aquere suplitudes evalusted

at bsolute sero.
o, = <ard)
T = l'2 (bo ia'2>
separating the total dending ebargy contributisn frow this, we get

<2 ¥y) = 12 [tqa-q +4 £y 0Txa

. "'4tdo(”a—dd”‘"2fqa'°:xot'

* oo’ T "t ] (7.3)

Oatehedrel xolecules possess six fundementsl modes Of vidbration,
three of vhich are Rzmanesctive only [ »‘ ( ‘18)' b 2 (5‘)
and Y, (F:!‘) ]. two of which re iafrered-sctive only

[ 1’3 (_l“) and = (F‘“) ]. tad the sixth ouo[)ls (I‘h) ]

is insctives,. Of thess the i'“ spedics is & second order
specles, willa the other species are of first order, A com=

venient set of ayametry coordinates tm-fn':ug cceording te
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the eharscters of the irreducidble represeatations of the poias

group are listed delew.

s (A“) - 6"”(131-' * axp + ATy v A,

+ Az ¢ 4 xg)
«¥2
52 (E‘) - 12 (22, ¢ 82y~ 2 a7y ¢ 47,
torg - 2 Ar‘)

8 B) = YR( A2, = AP

2D ( e 2 ¢+ Ay, = At‘)

1 5

s’.(ru)- }’Qr(Aq“ +Ao(35-Aq2,-Ao( 55)

By (Fpg) = Yo r (Actyg ¢ 2oty @ Actyy = Aoryg)

Byg (Fag) = V2 r (Aot gy #Acpy = Act 4 =4 yg)

S4a (:i'“)- 2’” (Ar| - Ar‘)

“sa (,,1‘)_‘-75”4\“ 24 tOX 3y tAX 45 *OXeg
A g9 = A 4y =B ‘B-Ac(“)

By (7y) = 72 (ar, = oxg)

. -y2
85 (F)= 87 r(ax 15 T A 55 +AX o ¢ A g

“AX yo A gy = AKX 4 -AO(“)

By (Fyy) = 212

‘e (arg = ax)
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%Se

Feq

Fa2

Tys

T

Tas

Fss

Tes

(r,,)

'63 (’an)

8oy (7))

860 Uz-)

tudes z“~

(249
(5,)

(7))
)
)

(’h

(%1a

The symmetyy feree constaats r‘ 3 sad symaetry nean square ampli-
Corresponding te the above set of syumetry coerdi-

nctes are given by (1)

-y2 A
8 r(Acx“er(“vo(“v x g¢

y2 )
87  r (Ao g =actyyvax gy =L yg

= Aoy YAK g4 = AKX 45 ¢ A 4g)

V2 .
8 r(Ao('s-Ao(” +Ao<45 Ao(“

« A 12 +Ao(u -Ao(“ +AO(“)

wk - -
877 r (Ax 13 = DA gy +OA 5, = A g = A g

+Ao(“ = A 4 +AX “)

a(ru-t ')

£ v, =225, =L 0"

P

o =28 * 285" = T’
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s

Zy (A‘lg) = 0_ ¢ 40 + O
. - '

o2 (E‘) - g 2 o + o

(F,)) = ggqe2dy,'+ Tou'"’

2g

Z44 (F“) S

Tas (Fyg) = 2( =0 ')

ro X

Les ()'Iu) = Ta+205q=2044" = Tuu'""’

Tee (Fou) = To = 20,4+ 2 0yy'! = 0ua''’

(7.4)
The G mstrix belomgimg to the ¥iu Slecles (1) ta
written e
GM G“) , Q/w”-r ? -4/""
n
Ces %5 =My 8/ * 2 My

where M refers to the metrl stom, F to the “lucride amd /M
is the reociproctl measns The aversge potential energy ia the
syaaetry soordinate ranreacentztion ig yiven dy
- . ®
V> = My s * 2Fy T gy * 3T 5 gy
*3 e Tae *I Ny T 45t Top Egy)

* 3 ¥e T 66 (7.5)
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Now the average sere point beading energy slome may de

writtea e
{2 Vo> m3 ( Py T oy ¢ Fyg Tgg + Fog Tgq)
(7.6)
Sudbstituting from eqe. (7.4), eg. (7.6) 48 becomes
(2 V7 = 3[ 3T =23 f Ty = fox Ty’
- 20" T * 4 P Tyt 2, oo
oy 'to m8 T !
Moyt 8 iy Tax
*8 10T ' "8ty T
+8 10T ] (7.7)
There is one redundant eoordinate behuua to the Ay . species;

12~V ? (Ao 4q PO gy + DX 5y +AX (g +AX oo
"'AO(“ 0A0(24 'OAQ(,4 OAO(SS *+ A 45 -'Ad“

+* A 58 ) = 0 (7.8)

In the 3‘ species ve have the redundant ceerdinatea

a-ya

P 28x0yp =8 gy = Ay + 28X 4
- AX 16 -Ao(“ +2Aq2‘ -A.o(”«»AO(35

* 20045 = A 00 -Ad“) - 0 (7.9a)
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?(ox 23 -Ao(u o-Ao(“ - Aor“ +Ao(”

.Ao(34 ¢Ao<“ - A “) « 0 (7.9%)

On taking the aecnesguare of (7.8) am well as thet—of (T.9a) o2
(7.9b), the following comsizaints are edtaimed

te s ]
* TCex m Oy =205y *20yy

- 2 G—O(q LA (10’0)

“Tqu'!! =Ty +405q ¢+ 2044’
¢ 40 ' (7.11)
From these tvo equations ve get the ocondisions
Tt ® = Tyex"’
-a—uo{"'a Ox * 2305 *
Using these two oomditicne in eq. (7.7)
Py =gy * Py T g5 * Yos Tgs)
= 12 [‘o{"Tx * 4 fox Ty
X S "2t 'Tux"
* Eao o "'] . <2 Vo

a8 s given by oge (Te3)e The ceriterion is to minimise the

tera r” Zog which belonge te the ¥

1 PPeoies, i‘“ and Zti
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are paranetrised and the value e¢_._ ©of the pavanster corres-

nia
ponding te the minimum of r” Z sy is noted. Foree constante
are ecaleulated using the value ¢ =» Stn * In Table 7.1 ave
entered the frequencies { harmeaic, vherever svailadle) sad

structural data of the nelesules.
Resul ts and discusaion

Fige. (Te1)t0 (7.5) give the variation of the sversge
boading energy tera F” Z.‘” with paraneter ¢ for the various
x!‘ aolesules of eotahedral symactiry. In Table 7.2 the symmetey
force eonstonts of some 12 utd‘hounuruo molesules of the
KT type ( Ko 3, Soy To, Ko, I, ¥, Re, Oun, Iz, P8, U and ¥p)
are reported agsinst values takea from the literature. Entries
sarrying the ladbel 'E* in Table 7.2 eorrespond to deterninations
using additional experimental data. Suoch relisdle foree fields
are availedle only for U Fo, Mo Fo and ¥ ¥¢ (5,6 ). waile
there is excellent agreement detveen the diagonal foroce esastants
obtained by the present method and those based on exeot methods,
the values of the intersetion feree constant ’45 aiffer slightly
i the twe approaches. These force fields reproduse the fre~
quensies exaetly while the correspoading seriolis constants
deviate alightly fyom the experimental values. Thus for U r‘
the saloulated sets values are {y = 0.12 saa (, = 0,364
wbile those of NeDewelde® (6) are [y = 0.20 + 0.04 wmt
= 0.29 20.03. The ealeulated values of T , snd T, 12 e
case of V¥ I, are 04l and 0.156 respestively while Boswerth et.al.
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(7) roport. the valus {, = 0,12, ant the §, ent §, values
for Ko !“ obtained are 0.22 and 0.2% respectively,wiile the
experineatal values are 0.21 and 0.208 (5).

The previcus foree fields in Table 7.2 for 8 r‘.
Se l“ ond Te !‘ with which eomparison is made first are those
deternined from the seta eonstants of these melesules (2).
e {, amt Co volues for 5 7 and To 7 ave =~ 0.33, 0.83
end 0.28, 0.18 respestively. Tor e ¥, ,( ; 1s given s 0.21.
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Pigse (7.1) « (7:5)s Relsttenship betweca eYeTage
bending energy tera r” z” vith perameter fop
vexious 116 type molecules of ostshedral synsetyy.
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CRAPTRR VIiI

AVERAGE BENDING KNERGY CRITERIONs OREERAL DISCUSSION

The prineipal features of the results edtained
wsing the average bdeading energy sviterien for mexs than a
hundred molecular species of the n_ type are sumaasrised. It
18 peiated cut that this eriterien is mest effective ia asa~
hydride molecules oxhibiting the erbital fellewing effest.
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In ehapter 111 the variatioa of the warious terms
in the average potential energy dues te sere poiat vibrations
has beea plotted and their mazima and aiains exanined. Frea
this analysis it emerged that for all the 2J mslesules of the
n, type examined,there exists a valid ‘o ainimma' acar sere
for the bending energy teras f_,d_, that would give a feree
field in good agreement vith that fixed exaetly with the help
of additional data. While the foree fislds of nomhydride xxa
( ©,,) type molecules are ia complete agresment, the off~die-
gonal elements ‘t o of hydride molecules deviate slightly frea
standard values, despite the faet thet the diagonal eleaents are
in perfect agresnment. Lven for the t' - slenents of hydrides,
the stendard values reperted have emough range te asceansdate
the value calculated using the average bending energy eriterion
vell inside the renge.

Hovever, sa attenpt has besn made t0 eee whether &t
418 possible te fix the off~diagonal clements still more exzactly
in suoh esses. It is foumd that 1if the danding energy is
"redefined” by adding 504 weighted streteh-dend interaotisa
onergy %o f£,05 Le0sy, fy0y 2L, T . 0 the miaimua
sorresponding to the nev bending energy gives excellent feree
fields (Tadle 8.1). The variation of the redefined deading
energy ia the case of XI, (ca') type hydrides is represented ia

Pig (8.1). A Goteiled iavestigatioa shows that neither the
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¢ 42 O

total average interastion mmergy 2 1"0— - 2a° P mer

ooy * 4 trqa—' o Possesses any physical sigaifieanes.

In ehapters IV - VI1 the aversge bemding emergy
criterion has beeon suscessfully applied te n, planar neleoul s
of n,‘ sysaetry, tetrahedral x!‘ aslesules of t‘ sysmetzy,
n’ pyramidal molcoules of ,.l,' sysmetry, end ectahedral l!‘
molecules of o. syasetry. 1Ia all these cases,the aversge
bending energy oriterien serves as a mqu exriterion for evelu~
ating a ferce field ia satisfactery agresment with that fixed
using additional oxperimeatal inputs other then freguemsies.
This oriterion stands distinct frem and superier to variocus
other approximstions that have appesred ia the literature.
Civen harmeaic frequemncies, the average bending emergy hypethesis
lesds to excellent force fields. It is verified that the foree
fields obtained for isetopically substituted molecules are
more Or less the same and heaee ore in accord with the Bora-
Oppenheimer approximation (1) The lower the mixiag of
vibrations, the better is the agresaeat in respeet of igotepie

iavariance. The force field parameter ¢ turms out te de the

sane for igetopic subatitubmts exeept for hydrides.

This oriterion .dffers frem RMiller's spproximetiocn
(2<6) as osn de eastily verified by esloulating the L matrix
sleneuts in suy ease. For example ia the case of N Oy the
values obtained by the two methods are compired belew
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L" 512 0,264 0.0%% (Preseat
) msethod)
Lii "aa - 0,278 0.%549

11 Pya 0.290 0 (miller's
- sppreximation)
Ly Lo = 0.250 0.552

The average bdending energy aimimisation is aa
enorgy siniaisation method and stands distinet frem fores
field extreaisation (7) end eigeavalue ninimigation (Chapter 1I
of the preseat thesis), yielding far more satisfaetery results
then aifierot them.

It is obaerved that the off-disgonal elements of
the force constast amatyix for hydride molecules of the XY, (c”).
X1, (c,'). XY, (Ty) types differ frem the exest valuwes,sad ia
the case of XI, (c”) hydride molecules,best sgreemeat could
be brought sbout eanly by redefining the aversge bending energy.
In the 114(r‘) sad XY, (c,') ceses such & redefiaition does met

work.

The easence of the aversge dending energy hypethesis
is that the normal vidratioms of XI. type molecules oocur ia
skeh a wey that the average sero poimt poteatisl energy contri-
bution froa the beading deformationm is quite elose to its mini~




168

DEPARTMENT OF PHYSICS COCHIN UNIVERSITY

aun posaible value:s A plausidle explanation for the eoffective~
aess of this criterion may be sttempted on the dasis of the
esoneept of rehydridisation developed by Linnet snd theatley (8)
ia osanectioca with their Ordital Valemee Foeree Field Nedel.
dscordiag to them, the conditica for minimum potentiasl emergy is
the maximum overlap between dond-foraimg orditals of the atoms
in the molesule. In a dending vidbratieoa, overlap detween the
boading orditals of the central aton and the teraminsl atems esa
bo increecsed either Ly rotation of the doad-ferming orbitals eof
the ceatral aton as a whole, or yet anether posaidility is by the
ordital follewing effeet. In the latter case, the orbitsls of
the central atos, by changiag their Aybridisation ratios might
slter the angles they make with ome another ia such a way as teo
follov the movements of the euter stoms during s deading vidratien
Sueh & possidility wes peiated ocut by Pemny (9). If the bemd-
forming orbitals of the cemtrsl stem ehange their hybridisatien,
the mevw distridution of these erditals must booAMaot»-cmq s
this configuration is different frea that of equilibrium (8, 9).
The molecule caa sdjust its normel vidbreation s0 thet the inerease
An energy asscoiated with the rehybdridisation io & miaimus and
henoe the suceess of the average dending energy eriterion. The
m0st important conclusioa is that dending ‘ubuuoa- vill eccar
more essily in certain molesules if the bonding orbitels are adle
to fellov the movement of the astoms by chamge of hybridisatioa.

I% 48y hovever, possibdle to follow the atoma during eertaia
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vibrations dut inpessible for them to follew the atoms during
other vibrations, because shange of hybdridisation ia the required

sease is net possidle (8).

The ordital felleving effect during bemdiag vidbratioa
oxists im symmetrical 1Y, snd XY, (T,) molecules (8, 10). Por
these molecules excsllent foree fields are odtained by the aver
deading energy oriterien. TFor II, (D’h) ‘al90 the results are
in complete agreeamsat with the exact velues, since,vhen there is
a distortion of the molecule, the domnd-formiag orbitals of the
X atom will rotate sbout X  to give the greatest overlap with
the bond-~forming orbitsls of the thres other Y atems (11).

This will happen ot all steges of the vidration sad thus the
eontridution of the angular part of the peteantisl energy is modi-
fied. In the case of X, (c,') molecules, the foree fields
obtained for the R species vidrations sre better than that for
the A, species, as has been reported sarlier (12, 13)c This
Bay be eorrelated vith the assumptioa thst rehybridisatiea aad
changes ia apatisl distridution of orbitals can reader certain
distertions essier by & partial secemncdatioa of the orbitals to
distortion (10). There is no orbital fellewing im the P, epeeipe
of the XY ( 0,) medel molesules (14). Thus the csleulsted
foroe eoastants, porticularly the off-diagonsl force coastaat
elenents are not sufficiently acourste. Meivwell et.ad (15, 16)

fizx the off=disgonal force oconstant r‘, of W‘ foxr the ?“

species te de 0,04, while the averasge beading energy coriterioa
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gives & value + 0,02, VPYor ll.!" amd ¥ !‘ the saleulated values

of !‘5

are 0.25 and 0.18 (15)c Hemce it mey be coneluded that the

are 9.065 and 0.035 respeotively, vhile the exaet velues

aversge bending emnergy eriterion holds extreasly vell ia ocases
exhibiting the orbital fellewing effeet or the rotation of the
bond=forming orditals of the ceatrsl atom as a whele.

Farther, the observed laek of suceess of the deading
energy oriterion for hydri‘u nay b at‘r&butd to lov eleetro-
aegativity of the termimal hydrogea atoms which reduses the
offectiveness of the orbitel follewiag pheacaenca,

The sethod is suceessful feor n- type nolesiles,
especielly ia the case of momhyidrides. On the uhole, the
agrecaent is satisfactory.. Fer csses vith more then one deading
soordinate, the average dending energy may not de divisidle for
caeh eoordimate and the degree of the vibrational species ia
which the bending modes appear would exeeed two. 7This requires
the iatroduetion of more thaa one parsmeter for the npmntauo*
of the foree field, and the average deading easrgy would tura out

to be & very eocmplicated funetion.

In eonclusion, it may de meationed that while the
veristion methed has been found to be suceessful for XI, (G, )
type hydrides of lov masa ratie, the average bemding emergy
eriterion yields very reliadle forse fielde in the case of noa
hydrides bdelonging to various geometries of the I!. type. The

——tvo-—nethods—thusseon—todeo—osnploncaterytoesth—otheorr——
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Mg. (8.1)s Plot of redefined average
bending emergy, f£,9, <+ 2 T 2 ®
tctlto. LY 8 and Ilz Ee in the repge

-1 20 &£ ¢+
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