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ABSTRACT 

The results of a detailed investigation of the microwave spectrum of 

the gas-phase heterodimer formed between water and hydrogen fluoride are 

reported. In the normal isctopic species, th.e ground state, and all 

vibrationally excited states with up to two quanta in the low frequency 

bending ~nd stretching modes ve(o)' vB(!) and v
0 

have been assigned. Less 

extensive assignments have been made for five other isotopic species. The 

16 ground state constants for H2 O•· ·HF lead to a planar structure with 

r
0

(0• •• F) = 2.66 R, while for D~6o···DF a better fit is obtained with a 

structure where ~he out-of-plane angle • is 14°. Qualitative analysis of 

nuclear quadrupole splitting in H~70···HF also indicates that~ is either 

zero or small in the ground state . Extensive microwave relative intensity 

and electric dipole moment measurements are reported and the most 

- -1 - -1 important results are v
0 

= 176±15 cm , vB(i)= 154±10 cm , (vs{o)= 1-0) = 
. -1 . -1 

64±10 cm , (vs{o)= 2-0) = 267±35 cm , llo = 4.073±0.007 D, lJ(VS(o)= 1) = 

16 3.802±0.007 D and lJ(VS(i)=l) = 4.074±0 . 016 D, all for H2 O•••HF. 

The ambiguity , of whether the equilibrium structure is planar (C2v), 

or pyramidal (Cs) with a low barrier to inversion, arising from the 

evidence of nuclear spin statistical weights , is resolved, as it i~ shown 

that the combined energy level, rotational constant and dipole moment 

information associated with the out-of-plane bending mode vS(o) can be 

fitted with a double minimum quartic-quadratic potential function with a 

barrier of 1.5 ± 0 . 8 kJ mol-l and minima ut • = 45.5 ± 8°, and with a 

dipole moment enhancement on complex formation of 0.72 ± 0.06 D. A 

variety of harmonic force constant calculations are also reported and a 

reinvestigation of the effectivf.! model of Cu;mnings and Wood for vs and vc 

has been made. 

The microwave spectrum of the. complex formed between dimethyl ether 

and hydrogen fluoride ·has been observed for the first time . Approxirna.te 

values for the (B+C) rotational •constant have .been derived for two 

isotopic species and are discussed in terms of dimer geometry. 

A small general purpose digital computer has been interfaced to the 

microwave spectrometer and a variety of applications are described. 

These include, ~~ong others, signal averaging, digital smoothing, 

deconvolution and prediction and fi"tting of asymmetric rotor spectra . 

. ,, ··. 
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CHAPTER 1 . 

Intrcduction 

·1 .1 THE HYDROGEN BOND - METHODS OF STUDY 

The first explicit proposition of hydrogen bonding was 

made by Latimer and Rodebush 1 to explain the properties of 

water. According to the broad definition of Joesten and 

2 
Schaad the hydrogen bond is the bond formed when a 

covalently bound hydrogen atom forms a second bond to 

another atom. Schematically, this can be represented by 

A-H···B where··· represents the hydrogen bond, A is an 

atom or group that is more electronegative than hydrogen, 

and B is a Lewis base. A and B may belong to the same 

molecule, resulting in intramolecular hydrogen bonding, or 

to separate molecules, giving rise to intermolecular hydrogen 

bonds. The phenomenon of hydrogen bonding has over the 

years been the subject of intensive investigations. This is 

not surprising in view of the importance of hydrogen bonds 

in chemical, physical and biological processes. Hundreds 

of papers on the subject are published every year and 

2-3 . . t" l 4 . . several textbooks ana numerous revlew ar.1c es cover1ng 

both the experimental and the theoretical aspects of 

hydrogen bonding are available. Yet i£ we consider che 

complex A-H·· ·B and enquire what inforr.Jation on the pa:ir 

interaction potential of A-H and B is available, the answer 

is that such infor~atlon is s~ill relatively scarce. The 

1 



length of the hydrogen bond, the hydrogen bond dissociation 

energy and the bond force constant, all of which are of 

primary interest in determining the potential, have proved 

to be quite elusive experimentally. One of the reasons is 

that hydrcgen bonds are normally more than an order of 

magnitude weaker than normal chemical bonds and hence 

require more refined methods of investigation. In addition, 

th~ vast majority of the work on hydrogen bonding refers to 

condensed phases in which the interaction is complicated by 

solvation or lattice interactions and where various 

molecular effects often prevent recording of high resolution 

da~a. The most fruitful investigations in as far as the 

elucidation of the int eraction potential is concerned have 

been those involving the gas phase. These are experimentally 

more difficult because of the relatively low concentration 

of associated molecules, but this is also an advantage since 

intermolecular forces other than hydrdgen bonding are 

minimised allowing the study of eff e ctively isolated 

hydrogen bonded_species. For this reason the results of 

gas-phase studies are di~ectly comparable with ab initio 

computations, which refer on the whole to isolated species, 

and provide a test of the theoretical understanding of the 

hydrogen bond. 

The main technique s available for the investigation of 

hydrogen bonding in the gas phase are p-V-T measureme nts and 

the techniques of nmr, infrared, molecular beam electric 

res onance (MBERS) and microwave spectroscopy. p-V-T 

measurements prov~de ~ route to dissociation energies 

., 
1.. 



through measurements of second viriai coefficients and the 

temperature dependence of the values derived for the 

equilibrium 

H,..,O dimer~ 

constant K . 
p 

The dissociation energies of the 

L, 

7,8 
systems 

the HCN dimer? of a number of amine-alcohol 
. . . . 9 " 

and of CC1
3

H·••NMe
2

H have been determined in 

this way. Nmr spectroscopy also yields dissociation energies, 

via the equilibrium constants, and has been applied to the 

metb.anol dimer: 0 MeOH· · •NHe
3

10 and Me20· · •HCl. 11 Infra.red 

spectroscopy has for a long time been the mainstay of gas 

phase studies of hydrogen bonding. It is irr p~inciple a 

direct source of infotmation about the force field although 

such information has not proved to be easy to derive. This 

has been caused by the necessity for.extracting the spectrum 

of the complex from among the spect~a of the monomers and by 

the occurrence of large number of combination bands wi~h the 

low frequency modes associated with the hydrogen bond which, 

together with the vibration-rot at ion struct·1re, often result 

in broad overlap bands. Nevertheless, a significant amount 

of useful information has been derived. The band associated 

with the A-H stretching mode vs in the complex is normally 

a major feature in infrared spectra of hydrogen bonded 

complexes. In the early investigations by Millen and 

12-14 coworkers of a range of complexes containing the 

o··•H-X bond, where X= For Cl, it was shown that the 

structure of the v band .could be interpreted in terms of s 

sum and difference bands with the hydrogen bond stretchirtg 

mode v
0

, leading to approximat e values for the farce constant 

of _the hydrogen bond. Subsequently, more detailed analyses 

3 



of structure in infrared spectra of some hydrogen bonded 

complexes have res11l ted in approximate values for the length 
I 

16 17 ~a · 
of the hydrogen bond, some force constants, ,~ anharmonic 

1 7 18 17 19 
constants~ ,_ and rotational constants. - Dissociation 

energies have been determined for Me 20···HF~O HCN···HCN
16

•
21 

and Me o ... nc1 22 from intenRity measurements in the infrared 
2 

spectra, and for a range of 0-H•••N complexes formed by 

water, from the rel~tionship between ~He and ~v ~ 3 The 
s 

recording of far-infrared spectra of gas-phase complexes has 

. 20 
allowed direct measurement of ~a 1n Me20· ··HF and 

22 
Me 2o· · ·HCl. In contrast to infrared spectroscopy, whicr~ h;:s 

provided little structural information, the main results of 

MBERS are accurate values for the rotational constants, which 

lead to the stru~ture. Accurate determination of dipole 

moments and of quadrupole coupling constants can also be 

made and the technique has successfully been used to study 

24 23 26 
(HF~ 2 , HF•••HCl and (H2o) 2 hydrogen bonded complexes. 

MBERS is a molecular beam technique employing an adiabatic 

expansion of the sample through a supersonic nozzle. Very 

low effective sample temperatures are obtained allowing the 

observation of very weakly bound complexes (MBERS has been 

d ~ 27 use to stuuy nurilerous van der Waals complexes ) although 

the information on the vibrational force field is limited to 

that contained by the groutid state distortion constants. 

Similar considerations apply to another technique of 

studying weakly bound gas phase complexes developed b~ 

Flygare. This employs a combination of a pulsed nozzle and 

a Fourier transform microwave spe~trorneter and has recently 

4-

beel1 Used- _._ _._ d b .c on HX . -l d d 1 . 28 
~o s~u y anum er o~ \,••• bynrogen hone comp exes. 



More conventional microwave spectroscopy can deliver 

both detailed structural information and extensive 

information on different aspects of the vibrational 

potential, and can be regarded as a bridging technique 

between infrared spectroscopy and the two molecular beam 

methods. Accurate .values can be derived for the rotational 

const~nts facilitating detailed structural calculations. 

Measurements of intensities of rotational transitions in 

vibrationally excited states allow the determination of 

vibrational energy spacings which, together with centrifugal 

distortion constants, lead to quadratic force constants in 

the p6tential (see chapter 2}. In addition,the changes in 

rotational constants between different vibrational states 

are in pr i_nci ple a source of information about force 

constants higher than the quadratic. Dipole moments and, 

in favourable cases, nuclear quadrupole coupling constants 

can also be determined. Finally, absolute intensity 

measurements enable the determination of the dissociation 

29 energy of the complex·. In principle, therefore, microwave 

spectroscopy is a most useful method of studying gas phase 

hydrogen bonded complexes, although more widespread 

application has hitherto been prevented by the experimental 

difficulties of obtaiping spectra that are strong enough 

for interpretation. Nevertheless a number of systems have 

. 30 already been studied . Costain and Sr1vastava, and more 

tl B 1] d l!\,T • 1 31 h d d • bt • • recen · y e .ott an Hl son, . ave succee e 1n o a1n1ng 

microwave spectra of a number of cyclin carboxylic acid 

dimers (and in the second case also of a .. >nide-carboxylic acid 

dimers), where there are t0o hydrogen bonds in the dimcr. 



a large enthalpy of dimerisation and a favourable 

equilibrium constant. Intramolecular hydrogen bonding in 
32 . 33 

2-fluoroethanol and 1-aziridineethanol has also been 

studied. The first successful gas phase microwave studies 

of simple hydrogen bonded dimers h,ave been carried out in 

this laboratory by Legon, Millen and coworkers and results 

. 34 35 t 36 are ava1lable for HCN•••HF, MeCN•• •HF, Bu CN···HF, 

' "7 38 39 40 
HCN···HCN ° H O···H~ CH CH O···HF and CH 2CH"CH20···HF. · 

2 _,_' 2 2 /. I I I .;:'_::j 

The aim of the present investigations has been to perform a 

detailed study of the H20···HF heterodimer and also to 

record and interpret the microwave spectra of some other 

R
2
0···HX type heterodimers. In vi ew of the difficulties in 

recording of spectra of gaseous complexes, caused by the 

uecessity for low sample pressures in order to preserve the 

resolution of microwave spectroscop~ the choice of system 

for such investigations is clearly critical. A consideration 

of the factors involved now follows. 

1.2 SUITABILITY FOR GAS PHASE MICROWAVE STUDIES 

Four main factors need to be optimised in the system 

for a successful gas phase microwave investigation: 

(i) Equilibrium constant K and enthalpy of formation of 
p 

the complex - these necessarily have to be as large as 

possible , to ensure maximum partial pressure of the 

complex. Sample p~essures of ea. 100 mTorr are 

required to realise the high resolution potential of 

microwave spectroscopy and it is desi~able that . in 

6 



( i i) 

order to obtain the largest K experiments be 
p 

carried out at the lowest possible temperatures. 

Vapour pressure - this requirement follows on from 

the previous point, since in order for low 

temperature spectroscopy to be possible it is 

necessary fo~ both monomers to have reasonably high . 

vapour pressures. 

(iii) Dipole moments - the intensity of the microwave 

spectrum is proportional to the square of the dipole 

moment and it is therefore necessary for the dipole 

moment of the complex to be a..s large as possible. It 

is noted that the dipole moments of complexes 

studied in refs 34-40 are all well above 3 D. 

(iv) Simplicity of monomer spectra~ these clearly have to · 

be as simple as possible if the normally much 

weaker spectrum of the complex is not to be 

obscured. 

I .t is also an advantage if the complex is, for example, 

a symmetric top since for the same values of (i) - (iii) 

the spectrum will be stronger than that of an asymmetric 

top owing to the degeneracy of the K-structure. In addition 

the spectrum of a symmetric top is usually much easier to 

assign. Neverthe~ess once sufficisnt experience is gained~ 

the spectra of asymmetric tops should be tackled and 

successful interpretation should prove even more rewarding 

in view of the greater information contents of such spectra . 

7 



1.3 O·· · H-F A~D O· · ·H-Cl HYDROGEN BONDS 

The O···H- F and O•• • H-Cl bonds are the most 

interesting types of O•••H-X hydrogen bonds and a survey 

of currently available gas phase data is presented in 

tables 1.1 and 1"2. For a few complexes with HCl the 

results of mat~ix isolation studies are included, either 

because of the lack of gas phase results, or in order to 

provide a comparison with the gas phase data. Tables 1.1 

and 1.2 illustrate the points made in section 1.1 as ROX' 

for example, which is one of the quantities that 

characterise the pair interaction potential, has only been 

determined in exceptional cases. Nevertheless the 

measurements of ~ , the frequency of the HX stretch in the 
(J 

complex, allow us tp make some qualitative comparisons 

between the complexes, which can be used in the selection 

of candidates for gas phase microwav~ studies. The 

difference ~~ between ~ in the complex and v in free HX s s s 

is known to be inversely related to Rox• and directly 

51 
related to ~Hf (or more closely to De or D

0 
of the 

hydrogen bond, since in cases where steric considerations 

are important and larger monomer changes configuration on 

20 
complexation, as in the case of some ether•••HF complexes ~ 

the relationship between ~~sand ~Hf breaks down) . On the 

basis of these c onsiderations and also of the points 

discussed in · the prev:! ous s ·ections, the complexes Me
2
0· • • HF 

and Me 20 · · · HC1 are seen to be t h e ~est candidates for gas 

phase studies. The enthalpies of association, vapour 

pressu~es of the monomers and dipole moments are all 

· 8 



1! 20· • • HF 

MeOH•••HF 

· EtOH• • •HF 

Pr 10H· · ·HF 

ButOH···HF 

CH2cH 20· · • HF 
L-~ 

Crl:lH 2CH 20 • • • HF 
I I 

Me 2o: · · HF 

MeOPrn· • • I!F 

Ml"OE t • • ·I!F 

MeOPri·• · HF 

Et 20···l!F 

TABLE 1.1 

Complexes containing the O···H-F hydroyen bond 

2.68 ± 0.01
38 

26 ± 

2.62739 

2.586 40 

-4320 

-3720 

-3020 

517 

- -1 v
8

fcm 

3608 ± 217 

353041 

3510
41 

348541 

346041 

346339 

342o40 

346020 

343513 

342520 

342013 

338520 

method 

0 . 089 irF 
38 

mw 

0 . 109 ir 

0.114 ir 

0.120 ir 

0.127 ir 

0.126 ir ,n:w 

0.137 ir;mw 

0.127 ir 

0.133 ir 

0.135 ir 

0.137 ir 

0.145 i:r 



Me2CO• •• HC1 

Me 20 · • •HC:l 

MeOEt:•••HCl 

Et 20· • oliCl 

MeOPrn• • •I:Cl 

Me0Pr
1

•• ·I!Cl 

H
2
o .• .I!Cl 

MeO!l•••HCl 

Me 2CO• • • HCl 

Me20 ··· HC1 

'1.3,147 

TABLE 1.2 

Complexes containing the O·· ·H-Cl hydrogen bond 

23.4 ± 0.822 

29.7 ± ·3. 411 

31.843 

- -1 v ;cm 
s 

267012,42 

2480 45 

2469 46 

"-2460b 

'1.2450b 

'\,2440b 

'\.2420b 

2663 47 

2519 48 

2392 49 

2320 50 

0 . 075 

0.141 

0.144 

0.148 

0.151 

0.:1.45 

0.161 

0 . 07?. 

0 . 123 

0.166 

0.192 

a vapour density method, see ref . 44 for detail~ 

method 

ir 
11 43,a nmr, vp, 

i 
22,45 

r, 
46 

Raman 

ir 

ir, Ar matrix 

b -1 
frequencies from ref.12 -1 00 cm , in line.with reinterpretatiO!I of the Me20···HC1 spectrum in 
r e f. L. 5 



favourable and although the microwave spectra are 

expected to be complicat~d, these should still be simpler 

than in the case of complexe~ with higher ethers and 

alcohols. Furthermore the rich microwave spec1.:rum of the 

dimethyl ether monomer can be considerably reduced at 

certain expetimental conditions (see chapter 6). Also, 

because of greater chemical importance, the complex of 

water with HF and even more so, the complex with HCl, are 

of great interest. Both of these are weaker than the 

corresponding dimethyl ether complexes but here the 

investigations should be favoured by a greater dipole 

moment and by the almost complete absence of monomsr 

backgrounds. It has therefore been decided to concentrate 

the present investigations on the complexes Me 20···HCl, 

Me 20···HF, H20···HCl and H20···HF. In spite of considerable 

experimental effort the HCl complexes could not be 

detected with present equipment and experimental 

techniques (see chapter 3) and are still to be observed. 

However, the investigations of the two HF complexes have 

been much more successful and a variety of results are 

reported. 

1.4 THE PRESENT WORl\ 

The presentation of the present work has been chosen 

to allow the reader to follow the development of information 

for each complex in a manner that is as far as possible 

uninterrupted by various digressions. For this reason the 

11 



lengthier theoretical aspects of these studies have bnen 

grouped together in chapter 2, and the general 

ex~erimental aspects in chapter 3. The results for the 

H20···HF complex are reported in chapters 4 and 5. The 
' ' ' 

subdivision has been necessary because of the volume of 

information, and has been made, so that the results 

associated with the ground state of the complex are 

reported in chapter 4, and the results associated with the 

vibrationally excited states are reported in chapter 5. 

In chapter 6 the much more limited results available for 

the complex Me2o···HF are described. Two appendices, 

reporting tables of calculated absorption coefficients for 

bcs, and tables of eigenvalues and of .some expectation 

values for the reduced quartic-quadratic oscillator are 

also included, and it is hoped that these will be fcu~d 

useful in a broader range of microwave spectroscopic 

studies. 

12 



CHAPTER 2 

Theory 

The aim of the present chapter is to develop some of the 

theory that will be used in the later chapters. All the 

molecular tops studied in this w6rk are prolate type 

asymmetric tops and the theory of rotational spectroscopy is 

discussed, therefore, with emphasis being placed on near 

prolate top behaviour. The rigid rotor approximation is 

discussed first and is then followed by a section outlini~g 

the modifications that are necessary to include the effects 

of centrifugal distortion. The third section presents a 

treatment of the Stark effSct that will be used later in the 

determination of the electric dipole moment of the H20··~HF 
hydrogen bonded complex. A discussion of · the vibrational 

probl em then follows and it is similarly slanted towards the 

applications made in the H20· · • HF complex cont a in j_ng sections 

on the harmonic oscillator in the sym..rnetry coordinate 

forQulation and on the anharmonic quartic-quadratic oscillator. 

There exist a number of ~e~ts providing detailed 

. 1-7 coverage of the fields of microwave spectroscopy and of 

l l "b . . 8-10 mo ecu ar V J ra~1ons. This chapter is not intended to 

compete with these but, where possible , it is hoped to stress 

points arising from the practical application of the various 

theories . 

13 



2.1 THE RIGID ROTOR 

The ri~id rotor approximation provides a convenient 

starting point in the treatment of the ro1ational problem. 

The molecule is assumed to be a rigid collection of atomic 

point masses where each atom i is designated by mass mi ~t 

coordinates (xoyOzO). The coordinates are relative to a 
. l l l 

molecule fixed system of axes with its origin at the centre 

o~ mass and are gathered into a vector x of length 3N, where. 

N is the number of atoms in the molecule. The be-haviour of 

such a system of masses on rotatioc is described with the aid 

' of the symmetric inertia tensor I: 

I - I I I 
XX xy xz 

I I I 
yx yy yz 

I I I 
zx zy zz 2.1 

N 

L miCs~ 2 
where: I = + y 0 ) 

a a i=l l l 
2.2 

N 
I = IS a = - L moao8o 

aS 0 1 l l l l= 

2.3 

a,S,y take the values x,y,z in rotation 

It is possible to find a similarity transformation 

R'IR such that the off-diagonal terms in I are reduced to 

zero. The remaining diagonal elements are called principal 

moments of inertia I , I , I , and cartesian axes to which 
X Y Z 

. -1 
the transformed coordinatPs R x refer are called the 

principal axes. By convention, the principal moments of 

inertia are ordered according to magnitude and are denoted 

14 



The corresponding principal axes are now named a, b 

and c. The relative magnitudes of the three principal 

moments of inertia are used as a basis for the classification 

of mo1ecular ro t ors into various types , each type giving rise 

to characteristic spectral properties. Two classes are of 

particular interest here: 

1. Symmetric tops- prolate symmetric tops where IA < IB = !c 

oblate symmetric tops where IA = T < I -B C 

2 . Asyrrmetric tops 

The two types of symmetric top are thought of as limits 

on the more general asymmetric top behaviour. The degree of 

asymmetry in an asymmetric top can be -quantified by means of 

Ray's asymme try parameter K which is defined by 

K = (2B - A - C)/(A - C) 

where : A, B and C are principal rotational constants 

relat~d to the principal moments of inertia 

2 by A = hj8n IA etc. If A is in MHz and IA 

is in amu R2 then A = 505376/IA 

K has values in the range -1 < K < 1 and the two 

limits :< = -1 and K = 1 corre spond to t he prolate symmetric 

top . and the oblate symmetric top respectively . 

2.4 
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'!'he Hamil tonlan for a rotating molecule is .simpli:iied by 

the tise of the centre of mass coordina~e system, the Born-

Oppenheimer approximation and the assumption that the molecule 

is in the electronic ground state. In this way the 

translational and the electronic terms are eliminated leaving, 

in the case of a rigid rotor, only the pure rotational terms To 

be considered. Classically, the kinetic energy of a rotating 

body can be expressed in terms of components of total angular 

mome ntum along the principal axes. In a quantum mechanical 

Hamil tonian the corresponding angular momentum operators have 

to be used. A knowledge of the matrix elements of such 

operators in the basis set of the problem is required in order 

to determine the rotational energies. "Three operators, 

corresponding to the square of the total angular momentum, one 

of its components along the molecule fixed axes, Pz say, and one of 

the components along the space fixed axes, Pz say, are found to 

commute wi_th each other. A set of eigenfunctions com..rnon to all 

three operators can therefore be found, with eigenvalues: 

2 <J,K,MjP jJ,K,M> = J(J + l) 2.5 

<J,K,MIP jJ,K,M> - K 2.6 
z 

<J,K,MIP 2 jJ,K,M> = M 2.7 

The angular momentum operators are here taken to be dimensionless 

and the eigenfunctions are labelled using the quantum nu.rnbers 

J, K and M which can take the values : 

J e, 1, 2, .... 
.:> •• •• = 

K = -J, -(J 1) .... 0 .... (J 1), J 

M = -J, -(J- 1) .... 0 .... (J- 1), J 



If the molecule is not subjected to external constraints, 

the Z axis will remain undefined and the M components will 

remain unresolved . This will result in (2J + 1) fold degeneracy 

i n each J,K energy level . For the sake of completeness however, 

t he quantum number M is still preserved in the notation for 

such cases . 

The known commutation properties of the operators P, P , 
X 

P , P and their squares allow the derivation of matrix elements 
y z 

o f f urther angular momentum operators in the jJ,K,M> basis set. 

The eleme nts required for the present treatment are collected 

in Table 2.1 . 

The rotational Hamiltonian H , for a general rigid rotor, 
r 

i s given by : 

H r 

where: PA, PB and Pc are operators for the components 

· of the total angular momentum resolved along 

2.8 

• 

2 2 2 2 
the principal axes and PA + PB + PC = P 2 . 8.1 

For a symmetric top, · two of the three angular momentum 

compdnents are equal and 2.8.1 can be used to rewrite the 

Hamiltoni a n 2 . 8 in terms q f two operators only. For a prolate 

symmetric top : 

H r = 

where: ~ has been taken to be the component of the z 

total angu la:::· momen t um alo ng the symmetry axis 

and is iden t i f ied wi t h PA for a prolate 

symmetric top . 

2.9 
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TABLE 2 . 1 

* Angular momentum matrix elements necessary ~or evaluating the 
reduced Watson Hamiltonian up to fourth power in angular momentum 

2 <J,K,MjPz!J,K,M> 

<J,K,MjP 2 jJ,K,M> 
X 

<J,K,MjP~jJ,K ±2,M> 

<J,K,M!P4 jJ,K,M> 
4 cJ,K,MjP jJ,K,M> z 

<J,K,MjP 2P~jJ,K,M> 

<J,K,MjP 2P2 ~ P2P2 jJ,K,M> 
X Z Z X 

<J,K,MIP 2(P 2 - P2)jJ,K± 2,M> 
' X y 

I 2 2 2 21 <J,K,M pp +pp IJ,K ± 2,M> 
X Z Z X 

= 

= 

= 

= 

2 <J,K,MjPyjJ,K,M> 

-<J,K,MjP2 jJ,K ± y 

J2(J + 1)2 

K4 

J(J + 1)K2 

= 

2,M> 

2 2 2 2 cJ,K,MjP P + P P jJ,K,M> 
y z . z y 

= 

= l. -. 2 ( -4 LK + K ± 

{[J(J + 1) - K(K ± l)][J(J + 1)· - ~K ± l)(K ± 2)]}~ 

* 11 sym~etric rotor representation, phase choice of King, Hainer and Cross, angular momentum 
operators dim e nsionless. 
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Since bath P 2 and 
..... 

P~ ct· I _ are 1agonal in the J ,K ,M> basi.s 
z 

set, the Hamiltonian 2.9 will also be diagonal in thi~ set. 

The rotational energies, in units of the rotational 

constants (MHz), are therefore: 

- --, E = ~J,K,MIH IJ,K,M> r r = BJ(J+1) + (A-B)K 2 2.10 

Th~ !J,K,M> basis set will henceforth be referred to as 

the syrnrnetr ic top basis set. There are ( 2J + 1) different K 

levels for each J, but only (J+1) of these are distinct in 

energy since , from 2. 10 , E J K = E J -K. The prolate top 
' , . 

transition frequencies can be obtained from 2.10 by the 

application of the appropriate selection rules (~J = 1, ~K = 0) 

and . are given by: 

V = 2B(J + 1) 2.11 

Equation 2.11 predicts a spectrum of equally spaced 

lines with a spacing of 2B. -Transitions connecting K states 

belonging to the same pair of J values will all occur at the 

same frequency. 

The rigid rotor Hamiltonian for an asyrnmetric top cannot 

be reduced further than 2.8 and will not therefore be diagonal 

in the IJ,K,M> basis set. Consultation of matrix elements in 

Table 2.1 shows that the overall energy matrix E in the 

equation: 

E I (I 2.12 

JJ' KK 1 



has a block diagonal form wh~re the blocks correspond to 

distinct val~es of J and are of order (2J + l). Each J block 

is tridiagonal with elements of ihe type EkK' EK K+ 2 and 
' . 

EK K- 2 . Since the energy matrix is not diagonal in K, this 
' 

is nb longer a 'good' quantum number and is replaced by a new 

index T, to be defined later. The unknown eigenfunctions 

jJ ) T,M ~ in the SchrBdinger equation for the asymmetric top 

H IJ T M> 
r ' ' 

where: EJ M are the asymmetric top energies 
T 

2.13 

can be expressed as linear combinations of the known symmetric 

top functions: 

IJ,T,M> = 
JT r aK IJ ,K,M> 

K . 

Only the summation over K is required in 2.14 as the 

Hamiltonian is diagonal in J. The asymn1etric top energj_es 

can be obtained by diagonalizing each J block of the E 

matrix in turn. This is equivalent to finding a 

transformation matrix A such that: 

where: 

A 'EA = A 

A .. - EJ M. = <J,T,MjH !J,T,M> 
11 T r 

A.. = 0 
lJ 

Equation 2 . 14 can be used to express the energies 

E in terms of the symmetric top functions: 
J f..tf 

T·" 

2.14 

2.15 

2.16 
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K J J 
+ (aKT)(aK~ 2 )<J,K,MiHriJ,K-2,M> 

J J 
+ (aKT)(aK!2 )<J,K,Mi~r~J~K+2,M>} 2.17 

Inspection of the left hand side of 2.15 shows that the 

elements of A'EA obtained by multiplying out the three 

matrices are identical in form to those of 2.17. Each 

column of the unity normalized eigenvector matrix A contains 
. J 
in fact the coefficients aKT necessary for setting up a singLe 

iJ,T,M> eigenfunction. A diagonalization procedure capable of 

determining the eigenvalues and the eigenvectors of E yiblds 

therefore both the asymmetric rotor energy levels and the 

associated eigenfunctions. Numerical diagonalization routines 

implemented on modern high speed computers allow such a 

calculation to be carried out relativel~ quickly. 

In order to achieve a natural transition from the 

symmetric top to the asymmetric top behaviour and to keep the 

off-diagonal elements in the J submatrices as small as possible, 

it is important to decide on the way the ordered principal 

axes a,b,c are identified with the unordered axes x,y,z. 

There are six possible ways of making such an identiftcation 

and the three in most common use consistent with the criteria 

mentioned above are: 
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K '\, -1 K 'V 0 K 'V +1 
(prolate t:rpe) (oblate type) 

-
X b c a 

y c a b 

z· a b c 

---------L----------------------------------------------·-----
The rotors investigated here are all of prolate type 

where the rigid rotor Hamiltonian 2.8 becomes: 

H 
r = 

Using the matrix elements in Table 2.1 we get: 

2.18 

. <J,K,M!H !J,K,M> = 
. 2 

!(B + C)J(J + 1) + [A - ~(B + C)]K . r 

<J,K,M!Hr!J,K±2;M> = 2.1.9 

Diagonalization of the §matrix set up with equations 

2.19 wiLl yield the required energy levels. The K degeneracy 

of the symmetric top has now been lifted and there are (2J + 1) 

distinct energy levels for each J. The index T takes the 

values -J, -(J- 1) ... 0 ... (J- 1), J. The highest level for a 

particular J is denoted by T - J, and the remaining levels are 

given successively lower T values in line with decreasing 

energy. An alternative and more common notation uses the 

designation JK K for each level. The 'pseudo quantum 
-1 +1 

numbers r K _
1 

and K +
1 

are quantum numbers of levels at the 

prolate and the oblate symmetric top limits respectively, 

which are connected oy the asymmetric top level in question 

(see Figure 2.1). The two notations EJ 
l 

related by T = K_ 1 - K+l" 

and E are 
T 

'-'K_1K+1 
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A-"" -· A=2 A!!:'!. 
B= 1 B= 1.5 D=2 
(:1 (:: 1 ( ~1 

JK J K.IK+I KJ 

. 3 3 
23 20 

32 
t 33 

313 

31 
303 E 

30 02 
1 2 

22 10 

22 
21 
20 

0 1 110-
1 1 111 1 1 
1 0 

101 

00 00 0 
-1 0 +1 

prolate tc oblate 
limit limit 

FIGURE 2.'1 Th~: effect of asymmetry on the rotational 

:energy levals and the origin of the JK K notation . 
.. +l 

The 0 R0 1 trans;tions are indicated . 
I 
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Transitions between rotational energy levels result from 

the iriterattion of the molecule fixed dipole moment with the 

space fixed electric ve6tor of the incoming microwave 

radiation. Transitions will be allowed when matrix elements 

of the direction cosines of the dipole moment components along 

molecule fixed principal axes with reference to the space fixed 

radiation axis are non-zero. In the asymme tric top the three 

dipole moment components ~a' ~b and ~c can all be non-zero 

leading ~o a large number of possible selectio~ rules. The ~a 

component is usually the dominant dipole moment component for a 

near prolate asymmetric top. The most important selection rules 

are ther~f~re of the 'a' type and changes in the quantum numbers , 

for absorption of radiation, are: 

t:,J = 1 

f:,J = 0 .6K = 0 
-1 

a = +1 ( R
0

, 1 branch) 

Asymmetric top transition patterns are, in general, 

complicated but in situations where K is close to -1 we 

would expect to approach the behaviour of the prolate 

symmetric top. It is appar ent that at the limit, selection 

rules giving rise to the aR
0 1 

branch become equivalent to 
' 

those of the symmetric top. Inspection of matrix elements in 

equations 2.19 shows that the symmetric top transition spacing 

. of 2B will become equal to (B +C), but instead of one line 

for each J transition we will now observe (2J + 1) lines due 

to the asymmetry splitting. The splitting will be greatest for 

transitions with the lowest non-zero values of K, giving rise 

t o chiracteristic line patterns centred about (J + l)(B + C) 
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Symrttetric top 

0 28 4B 68 8B 10 8 

top) '+/--. 

Asymmetric 

w J = 2+-1 
K = 1 .. 0 1 

2{B•C) 

J =3..-2 I l11 I 
1 0 2 2 . 1 

3(B•C) 

J =4~3 11 
1 .0 23 2 

~{B•C) 

. j:: 5+4 I I 1,1 I l 
' 1 0 243 2 1 

5(B•C) 

FIGURE 2.2 . a 
rotoi R

0 1 
' 

Asymmetric transition patterns 

compared vvith the symmetric top spectrum . 



(see Figure 2.2). a The liehaviour of the Q
0 

_
1 

branch K _
1 

= 1 

' 
transitions is also simplified near the prolate limit and is 

approximated by: 

v = ~(B - C)J(J + 1) 

The rigid rotor Hamiltonian does not, by definition, 

include ~ny interaction terms between the rotation and the 

2.20 

vibration. It can still be used, however, to analyse sets of 

rotati0nal transitions belonging to different vibrational states 

giving rise to effective rotational constants A , B and C 
V V V 

for each state. These can be related back to the 'real' rigid 

rotor· constants, i.e . the equilibrium rotational constants A , 
~ . e 

B and C by means of the vibration-rotation interaction 
e e 

constants a using: 

A 
V 

B 
· v 

= 

= B 
e 

c = c 
v e 

I a~(v. + !) 
i l l 

b Ia.(v. + !) 
. l l 
l 

I a?("v. + ~) 
l l 

i 

2.21 

where the summations are over all the vibrations and v. is the 
l 

b f t . t\. . th d num er o quan a 1n ~e 1 vibrational mo e. 
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~ .2 THE DISTORTED ROTOR 

Although the rigid rotor model provides a good 

approximation to the rotational problem, it does not 

normally give a good fit to the observed rotational 
. . . 

·transitions . It ignores the fact that molecular bonds 

have tinite force constants and can therefore be distorted 

on rotation. This will result in progressive changes in the 

effective molecular structures with increasing rotational 

energy, thus affecting the principal moments of inertia and 

consequently the frequencies of the microwave transitions. 

This phenomenon is termed centrifugal distortion and is 

expected to be important for hydrogen bonded compiexes since 

the hydrogen bond is relatively weak . and therefore 

particularly susceptible to distortion. 

The effects of centrifugal distortion are quantified 

by means of a number of centrifugal djstortion constants. 

These are normally obtained by fitting the observed 

~otational speetrum with an appropriate Hamiltonian, as 

described later in this section . Also since centrifugal 

distortion is force field dependent, the distortion constants 

can be calculated from the force constants, when these are 

available, or used as a cons~raint on the force field when 

it is unknown. Procedures necessary for such calculations 

will be outlined in section 2.4. 

Following the derivation of Wilson~ 2 
the Hamiltonian 

for a disto.t'table rotor may be written as: 

H = 2.22 
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where Hr is the rigid roto~- Hamil toniar. ( 2 .18) and Hd is 

the centrifugal distortion Hamiltor.ian· 

= 2.23 T p p p p 
a.Byo a. s y a 

The <'6 are centrifugal distortion constants (in MHz) 

depending directly on e+ements of the inverse force constant 

matrix (section 2.4(iii)). The summation indices a.,B,y,o can each 

take the value x, y or z in the principal axes system. 

Kivelson and Wilson
13 

have treated the effect of Hd using first 

order perturbation theory where: 

= < J' T 'M I H d I J' T ,_M> 2.24 

Examination of the symmetry properties of 2.24 shows that, 

to first order (fourth power of ahgular momentum) only even 

powers of an operator P can exist in 2. 23. The 81 T constants - a 

implied in 2.23 are then reduced, and in the case of a non-

planar asymmetric top only nine distinct non-zero constants 

remain ( < T = , and , ex a a. a = .- = T = T ) • 
a.cxa.cx' cxcxBB 88a.cx ~ P a.88a. Bcx8a. Bcxa.B 

These are further reduced to four for a planar asymmetric top. 

Application of the commutation rules for angular momentum 

opera tors to 2. 23 allows the Ham:i.l tonian to be written as: 

H' = H' + H' 
r d 

= A'P2 
+ B'P

2 + C'P2 
+ l I T I p2p2 2.25 

z X .Y 
4 aaBB a. B 

a.B 

--~-------
A,B,C and A' ,B' ,C' are reversed w.r.t. the more usual notation 
to obtain a uniformity of notation, such that: 

H = f(A,B,C,~:) 

H' = g(A',B',C',T') 



where T~~BB are linear combinations of the unprimed T 

constants and che rotational constants A' ,B' ,C' now contain 

small centrifugal distortion contributions: 

A' = A + 1 (3T 2T 2Tyzyz) 4 xyxy xzxz 

B' -· B + l.(3 
4 Tyzyz ')T ... xyxy 2Txzxz) 

C' = c + 1 
( 3T - 2T - 2T ) 4 xzxz xyxy yzyz 

2.26 

Kivelson and Wilson
13 

have used H~ to derive an expression 

for Ed which contains six quartic distortion coefficients. 

This was found to fail when used tn fit the spectra of non-

• 14 
planar asymmetric tops. Watson has subsequently shown that, 

in general, only five independent quartic constants can occur. 

15 
Re-examining the first order perturbation treatment Watson 

has found an additional · angular momentum operator commutation 

relationship reducing the quartic constants from six to five. 

Watson14 has also suggested a general procedure, employing a 

unitary transformation, for reducing a Hamiltonian of any order 

in angular momentum so that it contains only the independent 

coefficients. The prolate type reduced Watsonian Hamiltonian 

for centrifugal distortion up to P 4 (s~ffici~nt for present 

purposes) is: 

H = 

2.27 

where the ~ffective rotational constants A B, C contain 

additional centrifug~l distortion contributions: 
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A = A' + 16R6 

C')/(B' c') 

c = C' - 16R6 (A' - B')/(B' - C') 2.28 

and the distortion constarits AJ, AJK' AK;o3 and oK are related 

t o the T distortion constants by: 

AJ = DJ - 2R 
6 

AJK = DJK + 12R
6 

AK = DK - 10R
6 

8 1 
'yyyy} 

. -- T6{ 'xxxx J 

oK = -2{R5 + 2R6 (2A' - B' - C')/(B' - c')} 2.29 

where: 

DJ 
1 . 

3T 2(T 2-r xyxy)} = -{3T + + + 
32 xxxx yyyy xxyy 

DK = DJ - i{T - (•xxzz + 2-r xzxz} - (•yyzz + 2T ) } 
zzzz yzyz 

DJK = DJ - DK - 1'[ 4 zzzz 

R5 
1 2(T ... . ) = 32{'xxxx - '[ + L.T yyyy xxzz xzxz 

+ 2 (, yyzz + 2, )} 
yzyz 

1 2(T · 2-r )} 2.30 R6 = 64 { '[ xxxx + '[ + yyyy xxyy xyxy 

A big advan tage of H (2 ~ 27) is that only the elements 

HK K and HK K+ 2 occur in the symmetr i c rotor representatio n. 
' . ' -

The distortion problem can ther e fore be set up and solved by 
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matrix diagonalization in a manner analogous to that outlined 

in section 2.1 for the rigid rotor. The required matrix 

elements are, with the aid of Table 2.1: 

< J' K' M IH I J' K' M> = 

2.31 

<J,K,MIHIJ,K ± 2,M> = { i ( C - B ) + o JJ ( J + 1 ) 

+ ~oK[K2 
+ (K ± 2)

2
J}f±(J,K) 2.32 

Equations 2.31 and 2.32 have been used in two computer 

programs, ASROT and ASFIT, implemented on the laboratory PDP.ll 

computer. ASROT is a predictive program accepting a set of 

rotational constants and calculating the energy levels and 

frequencies of rotational transitions for the corresponding 

dis-rortable asymmetric top. ASFIT takes a set of assigned 

r otational transitions as data and fits them with any 

combination of the rotational constants in H using th e linear 

least squares procedure. In order for the procedure to be 

applicable the rotational problem first has to be linearized. 

This can be achieved by expressing each frequency, v., as a 
l 

Taylor series. to first order, in the rotational constants to 

be fitted : 

v. 
l 

= V~ + 
1 

M 
· ( d V. )I 
L aB~ oBj 

j=1 J 

2.33 
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where: v' is an estimate of v. obtained by 
i l 

diagonalizing the E matrix set up with a 

provisional set of rotational constants B~. 
J 

M is th9 number of constants to be fitted. 

There are N such equations where N is the number of the 

observed transitions. 

The quantities (Clv . /ClB.)' are obtained numerically by 
l J 

introducing small increments to each rotational constant B~ 
J 

in turn, then setting up and solving the new E matrix. Once 

all the derivatives are known, the ~uantities 8B~ in the set 
J 

of N linear equations 2.33 can be evaluated by the method of 

16 
least squares. It is convenient to express the equations 2.33 

in the form: 

(v. - v!) = 
l l 

M 

I ( Clvi)' 8B'. 
aB. J 

J j=l 

which in matrix notation can be expressed as 

Y . = X8 

where: y is an (N X 1) col1,1Illn vector of (v . - \) ! ) 
l 1 

X is an (N X M) matrix of the derivatives 

(<b./aB.)' 
l J 

~ is an (M X 1) column vector of the required 

quantities 8B' 
j 

2.34 

2.35 
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An estimate of the 8B ~ coefficients is given by: 
J 

= 2.36 

and an improved estimate for the rotational constants is now: 

B'!. = · Br. + oB'. 
J . j J 

2 . 37 

The step~ 2.3 4 - 2 . 37 can now be repeated until the 8Bj terms 

converge to zero. 

Standard errors on individual oB~ constants and therefore 
J 

on the B" constants are given by: 
• 

(SE) S. 
J 

e J.. 
. 2 

jj 2.38 = 

e .. 
JJ 

are diagonal elements of the variance covariance 

matrix e 
2.39 

"2 . a 1s the variance of the input dat~ and is equal to the 

sum of squares of the (supplied- estimated) differences in Y. 
1 

divided by the degrees of freedom in the problem (equal to 

N- M). In matrix notation: 

2.40 

where: t::, = 

The correlaTion coefficient betwe n two constants i and j 

is given by 

2.41 

3
., 
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2.3 TPE STARK EFFECT 

The application of an external electric field to a 

rotating molecule results, as indicated in section 2.1, in 

lifting the (2J + 1) fold degeneracy in M of the 

rotational energy levels. The eff8ct is called the Stark 

effect and is due to the interaction of the molecular 

electric dipole mom~nt with the electric vector of the 

applied field. Stark shifts in the energy levels are J,K 

and field dependent and the rotational spectrum will 

exhibit, for each field free line, a number of new lines, 

called the Stark components, shifted in frequency relative 

to the field free value . Since the shifts are also 

dependent on the dipole moment components it is possible 

to use measurements of Stark component frequencies for the 

determination of the molecular dipole moment. The 

characteristic patterns and the behaviour of the Stark 

components with the electric field can also be used for 

assigning rotational transitions . 

There are two limiting ' cases of the Stark effect, the 

first and the second order effects, where energy shifts 

are proportional to the first power and to the square of 

the applied electric field respectively . Some asymmetric 

tops will also exhibit an intermediate, mixed order Stark 

effect, appearing when a near-degeneracy occurs between 

two rotational levels. In a near prolate top such near-

degeneracies occur between J levels with the same value of 

K_ 1 . aR
0 1 

transitions linking pairs of such levels will 
' 

exhibit mixed order effects which become first order at the 

symmetric limit. 
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The interaction energy of a dipole moment ~ with field 

E is given ciassically by -~.E. The quantum mechanical 

Hamiltonian for a molecule rotating in an electric field can 

be constructed along similar lines and is: 

H = If 
0 - E L ~g~Zg 

g=a,b,c 

where: H is the field free Hamiltonian 
0 

~Zg are the direction cosines of the principal 

axes a,b,c with reference to the space fixed 

field axis Z . 

2.42 

Since Stark shifts are much smaller than the rotational 

energies it is possible to use perturbation theory to treat 

the electric field part of the Hamiltonian. The theory is to 

second order for non-degenerate levels of an asymmetric top 

and the perturbed energies are: 

where: 

= E o + 
J 

T 

E 
0 

is the field free energy. 
JT 

The [E~ 2 )J
1

s are the second order Stark corrections 

given by: 

I < J ' l ' M J ·i <li Zg I J I ' T I ' M J / I 2 

EJ
0 

- E~ 1 
T T 

2.43 

2.44 
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~· The notation L is used to indicate that the state J 
T 

is to be excluded from the summation over J' and •'. Since 

the only non-vanishing direction cosine matrix elements are 

those where J' = J, J+1 ~nd J-1 we get: 

= 

+ 

- ? 

L , _I_< J ___ ' T_l_<t>_z...s;.;;l.gc.....I_J_, T_' >_I_~· 
Eo - Eo 
J, J,. T' 

+ 

2 2 
(J + 1) - MJ I J I IJ 1' .,.'>12 < ,, ~z . + • \ 

L Eo - Eo ) 
J J+l ' T T 

4(J + 1)2(2J + 1)(2J + 3) 
T' 

The direction cosine matrix elements required in 2.45 

can be evaluated from line strengths A , since: 
g 

= 

= 4J(.J + 1) 
2J + 1 Ag(J,T; J,T') 

Extensive line strength tabulations are available
17 

2.45 

2.46 

allowing a rapid hand evaluation of 2.43 for small values of 

J. Approximation formulae are also available for the cases 

18 of low asywnetry. 



Golden and Wilson
19 

have separated out the MJ dependence 

in 2.45 to give: 

= 2 .4'/ 
A+C 

where: AJ and BJ are called the reduced Stark 
T T 

coefficients and are tabulated in ref.(19) 

a = (A - C)/ (A + C) 0 < cx.<+1 

E -1 When is expressed in V cm , ~ in Debyes and the 

rotational constants in MHz, equation 2.47 becomes: 

2 

2.48 

Once the energy levels are available, Stark shifts in 

the frequencies can be calculated by application of the 

appropriate selection rules. In the Hewlett-Packard 

spectrometer_ the vector of the applied electric field and the 

electric component of microwave radiation are parallel and 

the se le.ct ion rule for the M quan turn number is llM = 0. 

In a near-degenerate case the normal second order 

perturbation expression 2.~4 breaks down since diminishing 

terms appear in ~he denominator. The off-diagonal terms in 

Hamiltonian 2.42, evaluated ih the asymmetric rotor basis set, 

now fall into two different orders of magnitude - relatively 

small terms connecting the non-degenerate levels ~nd larger 

terms involving the near degenerate states. In such a case 
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it is possible to separate out the near degenerate sta~es by 

means of a perturbation technique introduced by Van Vleck~O 

A unitary transformation is applied to the energy matrix such 

that it is reduced to block diagonal form where each block 

contains a set of interacting levels. Elements connecting the 

blocks with other energy levels are reduced to second order 

and can· be ignored for results up to fourth order, since 

fourth order terms will appear in the second order perturbation 

expression. The near degenerate energies can now be obtained 

by diagonalizing each energy block in turn. For interaction 

between two energy levels we have to solve the determinant: 

EJ M - E £~ 
T J 

= 0 2.49 

E~ * EJ; M - E 
T' J 

where ~ is the appropriate off-diagonal element and the 

degeneracy unperturbed energies EJTMJ are evaluated by means 

of equatio~ 2.45 with the exception that the term involving 

the interacting states is omitted from the summation. The 

two solutions to 2.49 are: 

= ± 

2.50 

where for EJ M > EJ' .MJ theE+ state corresponds to EJ M 
T J T ' T J 

since the two states repel. 

The form 9f E2 1~1 2 will depend on the type of degeneracy 

in question. From (19) the expression for interaction between 

K doublets involved in a RO,l transitions of a near prolate 
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top i.s: 

= 2.51 

Again it is important to include the coefficient 

(0.50344)
2 

wjth each ]..1!£
2 

term if units of V cm-
1

, D and MHz 

are used. 

Examination of 2.50 shows that for large interaction where 

l£r,l >> IEJ M- EJ ,MI the energy shif~s reduce to first order 
T T 

with the electric field. If second order effects and the 

asymmetry splitting are ignored the resulting energy 

expression is: 

= + E~ ) ± £it; I 
T I 

2.52 

2 2 
At low interactions, where£ lsl is vanishing, 2.50 

will reduce to the non-degenerate second order expression. 

For intermediate values of £ 2 isl 2 the first and second 

order effects will mix and the full form of 2.50 has to be 

used. 
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2.4 THE HARMONIC OSCILLATOR 

The results of the microwave and the infrared 

spectroscopic investigations of hydrogen bonded complex~s 

incl~de data, such as vibrational energy spacings, 

centrifugal distortion constants and Coriolis coupling 

constants, which are dependent on the potential energy 

surface. The present section is intended to develop 

relationships between such observables and force constants 

in the potential. The relationships are going to be 

derived by means of the harmonic oscillator model and 

are going to be in terms of symmetry coordinates as these 

provide the most convenient formulation of the 

vibrational problem for the complex H
2
0•••HF. 

(i) The secular equation 

The secular equation provides the basis for treating 

the vibrational problem and it is going to be 

introduced here with emphasis being placed on the 

various coordinates involved. 

The potential energy for a polyatomic molecule can 

be written as a Taylor expansion in terms of 

dtsplacemenm from the equilibrium position: 

V = V 
0 

+ 

1 +-
3! 

1 
+ 2! 

( a
3
v ) L 3 x . a x . a x,_ xi x . xk 

ijk 1 J h e J 

2.53 
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The summations arG over 3N cartesian displacement 

~oordinates where N is the number of atoms in the molecule. 

The first two terms in 2.53 can be ignored since the 

equilibrium configuration corresponds to a minimum in the 

potential ((av;axi)e = 0) and the zero of the potential can 

be set at V . The quadratic term is sufficient to describe 
0 

the potential for small displacements and the higher terms are 

normally ignored. This forms the basis of the harmonic 

oscillator approximation where the potential is now: 

V = ! L: fijxixj 
ij 

where: f.. a
2

v = ;ax.ax. 
lJ J.. J 

The kinetic energy · of a polyatomic oscillator is given by: 

T = ' • 2 Lm.(x.) 
. l l 
l 

In matrix notation: 

2V = x' f x 

2T ·= (~)'M X 

· where: x is a (3N x 1) column vector of displacement 

coordinates with elements x
1

y 1z 1x 2y 2z 2 ... · 

M is a diagonal (3N x 3N) matrix with elements 

m
1

m
1

m
1

m
2

m2m2 .... on the diagonal 

f is in general a non-diagonal, symmetric 

fore~ constant matrix. 

2.54 

2.56 

2.57 



The force constants f .. are not easily interpretable 
1.J 

physically and it is therefore co~venient to transform to new, 

iriternal coordinates sk' such as bond stretches and valence 

angle bends which result in chemically meaningful force 

constants. The internal coordinates Rre related to cartesian 

coordinates by: 

= I: B~x. 
1 1 1 

+ l. 2 ;[B~.x.x. + .... 
.. 1J 1 J lJ 

The coefficients B~ and B~. are determined by the 
1 1J 

molecular geometry. If the atomic displacements are small, 

which is the assumption already made in reducing 2. 53, te:::-li1S · 

higher than the first order can be igriored, giving, in matrix 

notation: 

s = B X or -1 
X = B s 

.:· · 

2.59 

B is normally a rectangular matrix since the six 

rotational and translational coordinates are now separated 

out and are left out of . the s vectors. The inverse, B-
1 

can 

still be evaluated however by bringing these back to the s 

vector. Expressing 2.56 and 2.57 in terms of internal 

coordinates gives: 

2V = s' c~- 1 )' 

= s' F s 

• -1· 
= s'G s 

-1 
f B s 

2.60 

2.61 
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where: 2.62 

2.63 

It is possible to define a set of coordinates Qk' called 

normal coordinates such that the expressions for the potential 

and the kinetic energy are diagonalized, i.e.: 

2V = g '.L}Q. 

2T = (Q) IQ 

where~ Q is a column vector containing the (3N-6) 

normal coordinates 

A is a diagonal array containing the (3N-6) 

normal frequency parameters Ak related to 

the vibrational frequencies wk by Ak = 
2 2 2 

41T c wk. 

2.64 

2.65 

The normal coordinates provide the best component analysis 

of the molecular motion since atomic displacement along any 

coordinate Qk will result in simple harmonic motion. 

I f we let: 

s = ·-

then the substitution for s in 2 . 60 and 2.61 gives: 

2V 

2T 

= 

= 

g'L'!'~9 

Q'L'G- 1~~~ 

The comparison of 2.68 and 2.67 with 2 .64 and 2.65 now 

yields: 

2.66 

2.67 

2 . 68 
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L'FL = 2.69 

= I 2.70 

where I is a unit matrix. From equation 2.70: 

G = LL' 2.71 

Mul.tiplication of 2.69 by L gives, with the aid of 2.71 : 

GFL = LA 2.72 

or = 0 2.73 

Equation 2.73 is, in the harmonic approximation, the secular 

equation for the vibrational problem and the normal frequency 

parameters Ak are given by the eigenvalues of Q~, i.e. the 

solutions to the determinant: 

IQf - All = 0 2.74 

The L matrix can now be reinterpreted as the eigenvector matrix 

of GF normalized by means of equation 2.71. 

It is apparent from 2.73 that construction of the G 

matrix is a preliminary step in setting up the vibrational 

problem. The G matrix is a function of the atomic masses and 

the geometry only, and can be set up with the aid of elements 

tabulated by Decius~1 
Alternatively the inverse of 2.63 can 

be used: 

G = 2.75 

The problem now reduces to finding the B matrix and the 

t t , d f w·1 22 
s-vec or me no o 1 son can be ~sed . The computer progra~ 

I t 
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G~.~AT which employs the s-vecto:rs for the numeri~al evaluation 

of matrices B and G has been used throughout this work. 

If the molecule contains any symmetry elements it is 

possible to reduce the vibrational problem further by 

transforming to symmetry coordinates, sk. The symmetry 

coordinates are obtained by constructing linear combinations 

of the internal coordinates such that the new set carries the 

same irreducible representations of the molecular point 

group as do the normal coordinates. This is equivalent to 

the transformation.: 

s = Us = UBx 2.76 

The symmetry classification of the normal coordinates 

and ~he choice of the unitary transformation matrix Q can be 

made by means of standard group theoretical methods~· 10 

The expressions for the kinetic and the potential 

energies, in symmetry coordinates, are: 

2V = s'Fs 2.77 

2T 
• -1 . 

2.78 = §.'Q §. 

where: F = UFU' 2.79 

G = UGU' 2.80 

and the secular equation is now: 

(Qf. - "l)I: = 0 2.81 

where : L = UL 2 . 82 
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'i'he effect of the symmetry trans!orma tions 2. 77 c>.nd 2. 78 

has been to produce matrices E and Q that are block diagonal 

in form, with each block containing elements corresponding to 

symmetry coordinates belonging to the same irreducible 

representati~n. The problem of solving 2.81 now reduces to 

the diagonalization of each GF block in turn. 

An additional feature of the symmetry coordinate 

formulation is that the treatment of redundancies is now 

possible. It is sometimes convenient to set up the 

vibrational problem in a number of internal coordinates that 

is greater than the (3N-6) degrees of vibrational freedo~. 

This has the side effeet of introducing singularities in the 

G matrix which can be removed on transforming to symmetry 

coordinates. The redundant coordinates can now be defined 

explicitly and left out of the secular equation. The number 

of the internal coordinates can thus be different from the 

effective number of the symmetry coordinates, and it is 

therefore important, especially when writing computer 

programs, to keep·track of the dimensionalities of the 

matrices involved. A summary of the relevant data, for both 

the internal and the symmetry coordinate formulations of the 

vibrational problem is presented in Table 2.2. 

(ii) Vibrational frequencies 

The frequencies of normal vibrations are given by the 

eigenvalues ;..k of the secular equation 2.81. If the G 

matrix is set. up with masses and distances in units of 

amu and R respectively, and the force constants are 
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TABLE 2.2 

Summary of the matrices involved in the internal and in the 
symmetry coordi_nate formulations of the vi'.,)::ational problem 

Quantity 

Number of coordinates 

Conversion .from internal to 
sy~~etry coordinates 

Coordinate vector~ 

Conversion from cartesian 
coordinates 

Conversion from mass weighted 
cartesiac coordinates 

I1werse kinetic energy matrix 

Force constant matrix 

Eigenvectors of the secular 
equation 

C matrix 

N = numb~I of atoms in the molecule 

Internal coordinates 

Notation Dimensions 

N. 
l 

s -
B -

D -

G -
F -
L -

ea 
-

(Ni X 1) 

. 
(N. X 

l. 
3N) 

(N. ·x 
l 

3N) 

(N. X N.) 
l ' l 

(N. x N.) 
l. l. 

(N. 
l. 

X Ni) 

(N. x N.') 
1 J. 

Symmetry coordinates 

Notation Dimensions 

N 
s 

u 

8 

B 

D 

G 

F 

L 

(Ns X 3N) 

(Ns x 3N) 

(N X N ) 
s s 

(N x N ) 
s s 

(N x N ) 
s s 

Relationship 

8 • Us - . 

B • UB - -
: 

D • UD - -

G • UGU' - -
F c: UFU' - --
L .. UL - -

ea .. uc0 u• - --



expressed in units -1 -10 -1 -20 -2 of Nm , 10 · N r&d and 10 J rad 

-1 then ·the harrilonic frequencies w ,. a:re g~ ven, in cm , by: 
I\. ' 

= 130.283 l>.k 

The matrix GF is diagonal ized by ,neans of numerical 

2.83 

diagonalization routines available on most digital computers. 

Two properties of such routines are : 

(i) the eigenvalues produced are ordered according to 

magnitude 

(ii) the eigenvectors are normalized to unity. 

Since we are used to associating particular diagonal 

force constants with particular vibrational frequencies, it is 

necessary to sort the eigenvalues and the eigenvectors 

accordingly . This is especially important when fitting force 

constants or when calculating the f matrix and is carried out· 

by considering the numerically evaluated derivatives 

(a>.k/~F 11 ). The matrix~ can then be obtained by multiplying 

the sorted unity normalized eigenvectors by a set of scaling 

parameters k. : 
l 

L = 

2.84 

The k's can be fixed by ~eans of relation 2.71, and the 

comparison of the diagonal elements of G with those of LL' 

gives: 



+ = 

= 2 . 85 

or Zk = 2.86 

where : Z is a square array containing squares of 

elements of the sorted, unity normalized 

eigenvectors 

k is a column vector of squares of the scaling 

coefficients 

a is a column vector containing the diagonal 
~ 

e;lements of G 

The scaling coefficients are now given by: 

k = 2.87 

(iii) Centrifugal distortion constants 

The analysis of rotational spectra by means of the 

· reduced Watson Hamiltonian 2 . 27 yields centrifugal 

distortion constants~. These can be expressed in terms 

of the constants T (equations 2.29 and 2.30) which are 

related to sy111metry force .constants by a tra:nsforma tion 

of the formula derived by Kivelson and Wilson~ 3 

T aSyo = ' [ _i J ( - 1 [Jj l L ,.JaeF ) . . ~-
a~ ~J yu e 

ij 2 . 88 
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where: a,B,y,8 take the values x, y, z 

I etc are given by eq.2.2 evaluated in 
a a 

equilibrium principal coordinates 

i,j denote summations over symmetry coordinates 

s. 
1 

-1 
(F ) .. are elements of the inverse force 

lJ 
n-1 constant matrix ~ 

[ Ji J are the deri va ti ves 3 I ·B j 3 s. which are 
aB e a 1 

functions of the _molecular geometry only. 

The J coefficients can either b~ determined 

algebraically by the method of Kivelson and Wilson23 or can 

be calculated from matrices used for setting up the 

24 
vibrational problem, since: 

J = (x'H B)G-1 
-aB - -aB- -

where: ~aB is a row vector containing the [J!
8

J 

elements for the (3N~6) symmetry coordinates. 

H is a (3Nx3N) block diagonal array 
-aB 

containing (3 x 3) blocks of the form: 

(H ) = 
XX 

0 0 0 

0 2 0 

0 0 2 etc 

= 0 -1 0 

-1 0 0 

• 

0 0 0 etc 2.90 
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The positions of the non-zero elements in blocks 

2.90 can be deduced from equaticas 2.2 and 2.3. 

The T constants can most conveniently be expressed 

in units of the rotational rionstants (MHz). 

If the matrices~' !!_ and Q are evaluated from 

masses and distances in amu and R, respectively, the 

-1 -10 -1 force constants F . . have the units of Nm , 10 N rad 
lJ 

-20 -2 
and 10 J rad then the equation 2.88 should be 

multiplied by 2.87628 x 104 
in order for the T constants 

to be in .MHz. 

(iv) Coriolis coupling constants 

The relationships joiriing the force constants and the 

Coriolis coupling constants have been developed by _ 

25 
Meal and Polo. The first step involves solving the 

secular equation 2.81 to determine the L matrix. The 

.Coriolis matrices ~a are then given by: 

where: 

= 

= DJt D I 

_.l 

D = BM 2 

2.91 

2.93 

a 
The superscript a can take the val4es x, y, z and~ is 

a block diagonal (3N x 3N) matrix containing (3 x 3) 

blocks of the form: 

,..A 

:>I 



= 0 

0 

0 

= 0 

0 

0 

0 

-1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

(v) Normal coordinate displacement vectors 

0 

0 

-1 

0 

0 

-·1 

0 

0 

2.94 

Since normal coordinates provide the best representation 

of the molecular motion, th~ atomic displacements for 

motion along each coordinate are of some interest. 

Multiplication of each side of 2.66 by U gives: 

= Bx 

Hence: X = ~- 1LQ 2.95 

-1 
B can be eliminated by means of equa~ions 2.75 and 

2.71: 

= 
-1 -1 -1 !1 ~I(!:_') !:_ .f9 

= 
-1 -1 

~ ~· (!:_') g 2 . 96 

The car~esian components of the atomic displacement 

vectors, for unit displacement from the equilibrium 

position along the normal coordinate Qk' are therefore 

• "h h kth 1 - ~--1 I ( )-1 g1ven uy t.e eo umn OI ~ ~ ,f' . 
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2.5 THE QUAHTIC-QUADRATIC OSCILLATOR 

The oxygen atom of the water molecule possesses two 

lone electron pairs. Toge~her with the two 0-H bonds, 

these are arranged in a tetrahedral configuration wrt. the 

oxygen . To form a hydrogen bonded complex the HF molecule 

can .approach either of the two pairs giving rise to two 

equivalent tetrahedral complex geometries. The conversion 

from one tetrahedral form to the other can be achieved by 

inversion through the planar configuration, which is 

normally expected to involve overcoming an energy barrier. 

A one-dimensional section through the molecular potential 

energy hyper-surface corresponding to the inversion 

vibration would therefore be of symme.tric double minimum 

type and would no longer be described even approximately 

by the harmonic oscillator. 
..:·· 

(i) The potential 

The most successful analytical form for a double 

minimum potential is the quartic-quadratic oscillator: 

V = 4 2 
ax + bx 2.97 

where x is a linear displacement along the vibrational 

coordinate and a and b are constants. The quartic-

quadratic oscillator has been widely used for 

treatirig low frequency vibrations in small ring 
. 1)6 

molecules~ It has also been used as an inversion 

potential for ammonia
27 

and for cyanamide (NH 2CN),
28 

which has a structure similar to that of H20· • ·HF. 
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The Hamjltonian for a one-dimensional quartlc-quadratic 

oscillator is: 

where: 

H = 

P = -id/dx 
X 

~ is the reduced mass for the vibration 

V is given by eq.2.91 

If we change to a new dimensionless coordinate z 

defined by: 

z = ( 2J.l/1i2)1/6al/6x 

and also let: 

A = (~2/ 2 J.l)2/3a1/3 

B = ( 2J.l/~2)1/3a-2/3b 

the Hamiltonian 2.98 transforms to: 

H = 

= 

1'he new Hamiltonian 

potential: 

V = 

with: 

V = 
0 

2 = z m in 

2 A(p + z 
4-z .+ 

corresponds 

A(z 4 
Bz

2
) + 

AB
2 j4 

-B/2 

to the reduced 

2.99 

2.100 

2.101 

2.102 

2.103 

2.104 

2.105 



where V is the height of the central barrie~ and z . 
0 mln 

are th(~ z coordinates of the two minima. 

The Ha~iltonian 2.102 does not have solutions that are 

in closed analytical form and the problem is solved 

using approximate methods. The anharmonic eigenfunctions 

are expressed as linear combinations of some other 

functions ~ where : 
V 

i 
1/Jah = 

V 

2.106 

The energy matrix is set up in the ~v basis set and then 

diagonalized. The resulting eigenvalues and the eigen-

vectors give the anharmonic eneigy levels and the 

coefficients ci respectively. 
V 

It is possible, by making 

use of the form of 2.102, to determine the vibrational 

energy levels by, first, solving the dimensionless " 

Hamiltonian H z 
4 2 (with V= z + Bz ), then scaling up the 

solutions with the constant A. A useful tabulation of 

the solutions to H , for a range of values of B, is 
z 

given in ref.27. The . harmonic oscillator basis set is 

normally used for the functions ~ and the non-zero 
V 

matrix elements necessary for setting up H are listed 
z 

in Table 2.3. Since the energy matrix is infinite in 

v, the number of basis functions used in the calcul~tion 

has to be in excess of the number of the required 

energiAs. The first fifty harmonic oscillator functions 

are regarded as being sufficient to determine the first 

ten quartic-quadratjc levels accurately. The summation 

in 2.106 should th~refore be for v ranging from 0 to 49 . · 
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Once th8 eigenfunctions ~ h are available, the a. 
expectation values of the various powers of the z 

coordinate can be evaluated. Thus: 

<Z> .. 
11 

2 <z > 
ii 

. ! 
<z > . . 

11 

3 = <z >. . = 0 . 11 

= 

= 

v=O 

47 
i 2 

(cv) (2v + 1) + ! L 
v=O 

49 

+ i r c!c!_2{v(v - 1)}! 

v=2 

49 

! L 
v=O 

47 

(c!)
2

(2v
2 

+ 2v + 1) + i r - ~ c!c!+2 
v=O 

2 . 107 

2.108 

(2v + 3){(v + 1)(v + 2)}! 

49 

il: i i 
1){(v 1)v}! + c c 2 (2v - -

V V-
v=2 

45 

! L i i 
1) (v + 2)(v + 3)(v + 4)}t + cvcv+4{(v + 

v=O 

49 

! · r 
i i 

1)(v 2)(v 3)}! 2.109 + cc 4 £v(v - -v v-
v=4 

(ii) Treatment of rotational constants 

The expectation values 2:107 - 2.109 can be used to 

treat the effect of a double minimum potential on the 

observed rotational constants. If there are no 
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Coriolib effects, the vibration-rotation interaction is 

thought to be the result of quantum mechanical 

averaging of the molecular structure over the vibration. 

The instantaneous rotational constant B (A, B or C) gg 

can be expressed as a Taylor se!ies in the normal 

d . t 29 coor 1na es : 

3N..:.6 3N-6 3N-6 
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B gg = + I b~g Qk + 
k 

I b~IQkQl + I b~imQkQlQm + ... 
kl klm 

2.110 

where: 

= = 2.111 

The time averaged value of the rotational constant is 

obtained by replacing the coordinates Qk with the 

appropriate quantum mechanical averages. Since we are 

interested in rotational constants when only the 

. inversion vibration (Q
1 

say) is populated, expression 

2.110 can be rearranged to give, for i quanta of the 

inversion: 

<B > 
gg ii 

= + I' 
k 

bgg<Q > 
k k 00 

+ {bgg + I' bgg<Q > + 
1 k. kl k 00 

+ {bgllg + Lk 'hkll<Qk>OO + I' b <Q Q > + ... } 
kl klll k 1 00_ 

Q2 + < 1> .. 
11 

= 2.112 



r' designates a surrrnation where terms involving Q1 are 

omitted. The symmetry of the quar_tic-quadra tic 

oscillator ~equires the expectation values of the odd 

powers of the coordinate to be zero. The expansion 2.112 

converzes sufficiently quickly for terms higher than the 

quartic to be ignored, hence, in terms of the reduced 

coordinate z, we have: 

B 
V 

0 2 4 = B + B <z > + B <z > 
2 vv 4 vv 

2.113 

The coefficients B
0

, s
2 

and s
4 

are normally treated as 

empirical parameters and arE: obtained from a least 

squares fit to the observed rotational constants where 

2 
<Z > vv 

4 and <z > 
vv 

are calculated from a known function. 

If the dynamics of the double minimum vibration are 

known and contributions from the other modes can be 

ignored, it is possible to estimate the three 

coefficients from structural considerations~ 0 since, 

2 2 
from 2.112 and 2.111, s'2 "" a B/aQ etc. The conversion 

- relationships between the normal and the reduced 

coordinates now become important as the dynamics 

calculations will usually be carried out in the former. 

If A has the units of cm-
1

, B and z are dimensionless, 

. -1 o-4 -1 o-2 o 
a is 1n cm A , b is in cm A and x is in A, then 

the factor (2w/~ 2 ) in equations 2.99 - 2 . 101 can be 

replaced by 0.059304.~, where ~ is in amu . Hence : 
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TABLE 2.3 

Matrix elements, in the harmonic oscillator basis set, 

necessary for evaluating the reduced Hamiltonian for 

a one dimensional quartic~quadratic oscillator 

2 -!{v(v-1)}! <vjp iv-2> = z 

2 
<vjpzlv> = !(2v+1) 

2 -!{(v+1)(v+2)}! <vjp lv+2> = z 

2 !{v(v-1)}! <viz !v-2> = 

<vlz21v> = !(2v+1) 

<vlz2 1v+2> 
.l 

= !{(v+l)(v+2)} 2 
• 

4 .l 
<viz iv-4> = i{v(v-l)(v-2)(v-3)} 2 

I 41 .l 
<VIZ v-2> . = ~(2v-l){v(v-1)} 2 

<vlz41v> ~(2v 
2 

+2v+1) = 

4 l_ 

<vjz !v+2> = i(2v+3){(v+l)(v+2)} 2 

I 4· <v z jv+4> = 
]. 

i{(v+l)(v+2)(v+3)(v+4)}~ 
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,1/6 1j~ 
z (0.059304 - 0 = ]J I a x 

-2/3 1 '3 
A = (0.059304 l.l) a I 

B = (0.059304 l.l)1/3 -2/3 
a b 

and the corresponding reverse relations are: 

X = 

a = 

b = 

(iii) Effect on rotational spectra 

The shape of the reduced quartic-quadratic potential 

(eq.2.103) is governed by B while A acts merely as i 

2.114 

2.116 

scaling factor. Positive values of B lead to a single 

minimum potential. Negative values of B introduce a 

quadratic hump at the centre of the quartic well which 

gives rise to a double minimum. Figure 2.3 gives a few 

exatnples illustrating the range of potentials encountered 

in practice . The appearance of the central barrier is 

seen to push the levels 0 and 1, 2 and 3 etc. together, 

resulting , at the high barrier limit, in degenerate pairs 

of levels (hence the n;tation 0+-o-1 , 1+-1- ... ). The 

microwave spectrum would .reflect such behaviour in 

relative intensities of satellites belonging to the 

satellite series for the vibration in question. If 

measurements on the first two excited states are available 
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.. 

then the ratio of the first two cnergi level spacings 

(2 ~ 1/l + 0) gives an indication of the nature of ~he 

potential. The ratio should be equal to 1 for a pure 

quadratic oscillator, 1.335 for a pure quartic 

oscillator and should be greater than 1. 335 for a quartic-

quadratic oscillator possessing a double minimum. 

The quartic-quadratic potential also manifests itself in 

characteristic behaviour of rotational constants with 

' 
the quantum number for the vibration (figure 2.4). 

Single minimum potentials exhibit smooth changes in the 

rotational constants, while double minimum potentials 

introduce irregula~ities, that are dependent on the 

reduced mass for the vibration and the height of the 

1 b · I 39 h . 1 t t centra arr1er. n some cases, t e rotat1ona cons an s 

can be such that, . on the frequency scale, one of the 

. vibrational satellites lies to one side of the ground state, 

while the remaining satellites in the progression are 

on the opposite side. At the high barrier limit, as in 

silacyclobutane~ 8 
the changes in the rotational constants 

are described by a step function, as constants for the 

near degenerate vibrational pairs converge. Coriolis 
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in such cases, and it is necessary to eliminate the 

37b 38 
resulting contributions to the rotational constants ' 

if an expansion like 2 . 113 is to be employed. 



.CHAPTER 3 

Experimental Techniques 

In this chapter a brief description of the equipment and 

of the procedures used for recording the microwave spectra of 

gas phase hydrogen bonded complexes is given first. This is 

followed by more detailed descriptions of the interfacing of a 

recently acquired PDP-11 computer to, the microwave spectrometer 

and of the applications of the computer ]n the environment of 

our microwave laboratory . 

3.1 PREPARATION OF GAS PHASE COMPLEXES 

The techniques that enable the recording of microwave 

spectra of gas phase hydrogen bonded complexes have 

already been ~escribed in detail elsewhere~- 3 
and only a 

brief summary will be provided here. All measurements 

were made with a commercial Hewlett-Packard 8460A 

microwave spectrometer4 and the complexes were prepared 

in situ, in the absorption cells of the spectrometer. The 

vacuum Jines used for this purpose, illustrated in fig.3.1, . 

were constructed in this laboratGry to meet the sometimes 

conflicting demands of · gas phase microwave spectroscopy of 

associated species. For high resolution microwave 

spectroscopy, low sample pressures, typically 100 mTorr, 

are required whereas, at room temperature, considerably 
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higher partial pressures of the monomers arc necessary to 

obtain spectroscopically significant populations of typical 

hydrogen bonded dimers. It was therefore necessary to cool 

the cells to obtain an increased amount of the complex at 

reasonably 10w total sample pressures, through an increase in 

the equilibrium constant for complex formation. The sample 

cells were enclosed in metal boxes lined with polystyrene 

and cooling was achieved by spraying liquid nitrogen onto 

baffle plates within the boxes so that the cells were 

surrounded by cold nitrogen vapour. Liquid nitrogen was 

supplied from two self-pressurising dewars and a stable sample 

temperature could be maintained by means of a Cryoson 

temperature control unit. With this arrangement temperatures 

down to -90 °C could be obtained and the lower limit was 

imposed by vacuum leaks arising from differential contraction 
"'' -

of materials at the junctions between cells and the waveguide 

system. The vacuum lines in figure 3.1; on the left hand side 

of the sample cells, and on the right hand side up to v8 , 

were made entirel~ of stainless steel. This was necessitated 

by the reactivity of hydrogen fluorid e , which was used in most 

of the experiments , but also helped reduce the adsorption of 

the monomers which is always the problem with HF and H20. 

Wide bore valves and tubing were used wherever practicable to 

minimise the possibility of condensation of the complex on 

adiabatic expansion and also to increase pumping speeds at the 

conclusion of each experiment : On occasions of heavy 

contamination with impurities, a bakeout was arranged by 

wrapping heating tapes around the sample cells and parts of 

the vacuwa system. Viton o-rings and Voltalef fluorogrease 
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were used in all vacuum joints exposed to HF. Hydrogen 

fluoride was obtained from a teflon sample tube provided with 

a stainless steel valve, which was attached at v1 . The tube 

was freshly filled prior to each experiment from an HF (or 

DF) lecture bottle per~aneritly attach~d to a separate 

stainless steel vacuum line housed in a fume cupboard. For 

experiments involving hydrogen chloride a glass bulb 

containing HCl was attached at v
1 

instead of the HF sample 

tube. A glass sample tube containing the proton acceptor was 

attached at v2 . In the course of a typical experiment the 

whole vacuum system was first evacuated with the more 

efficient pumps P 1 . Valve V~ was then closed and the hydrogen 
;:) 

halide and the proton acceptor were allowed to flow into the 

sample cells by means of needle valves v
1 

and v
2

. Any 

pum~ing, if necessary, was carried out with pump P 2 . When 

investigating a new complex a series of preliminary broad band 

scans was carried out until a line beionging to some 

rotational transition of the complex was identified. The 

intensity of this line was then monitored and the mixing 

procedure was systematically varied, from a stopped flow 

(V 7 closed~ to continuous flow through the cells, until an 

optimum was determined. In practic~ the cooling procedure 

also had to be optimised for each syste~ and the methods of 

preparation of the complex were found to differ widely 

between the two systems successfully studied in this work. 

The particular details of these procedures are included in the 

experimental sections of chapters 4 and 6. At the conclusion 

of each experiment involving HF the bulk of the sample was 
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pumped out through trap T
1 

where hydrogen fluoride reacted 

with NaF pellets to form the relatively harmless NaHF?. 
. ~ 

All samples used in these studies were acquired in a 

form fre~ from impurities in the microwave spectrum and did 

not require further purification, although each sample was 

degassed prior to an experiment. The sources of the samples 

were: 

u16o 
2 

Dl60 
2 

Dl80 
2 

HF 

DF 

HCl 

distilled tap water 

99.84%, Fluorochem Ltd 

isotopic abundance unknown, found to be >50%, 

remaining from previous studies by S C Rogers of 

this laboratory 

>90%, kindly supplied by Dr J E Parkin, 

Chemistry Department, University College London· 

61.3%, kindly supplied by Professor B Silver, 

Techn1on, Haifa, Israel 

99.8%, BDH 

isotopic abundance not quoted, found to be 

>95%, Ozark Mahoning Co 

99%, BDH 

-.: 99%, Merck Scharp & Doh1ne 

99.6%, BDH 
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3,2 MICROWAVE SPECTROMETER- COMPUTER INTERFACE 

The use of dedicated computers in spectroscopy is well 

established5 and many of the more recent instruments, 

particularly those where an interferogram is recorded 

first, followed by a Fourier transform to a spectrum (as 

in some nmr, far-infrared and mid-infrared spectrometers 

and one microwave spectrometer6 ) will not function without 

a computer . A number of computerised conventional 

microwave spectrometers have been reported in the 
7-12 ' . 

literature where the researchers have concentrated 

mainly on the enhancement of weak spectra by means of 

signal averaging and digital smoothing. In the course of 

microwave studies of gas phase hydrogen bonded complexes 

we have for a long time been faced with weak spectra. The 

acquisition of a digital computer to increase the effective 

sensitivity of the spectrometer was therefore a logical 

step to take . In 1978, a DECLAB 11-03 laboratory computer 

system, based on the PDP-11 microprocessor, was purchased 

from the Digital Equipment Company (DEC). The DECLAB 

configuration acquired contains 32 kbytes (16 kwords) of 

· internal storage and two magnetic disk drives accepting 

250 kbyte floppy disks each . Programs can be written in 

FORTRAN, BASIC and in the DEC asE.,embler language called 

MACRO, although only FORTRAN was used in this work. 

Communication between DECLAB and the outside world is 

facilitated by means of a 4-channel 12-bit digital to 

analogue converter (D/A), a 16-channel 12-bit analogue to 

digital converter (A/D) and a digital input output module 
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( D I/O) capable of z e nding and of accepting 16 parall8l 

channels of digital inform~tion. DECLAB also contains a 

visual display unit (VDU) which has a limited graphics 

capability that enables spectra to be displayed on the screen. 

Copies of the screen c6ntents can be ~ade by means of a built

in electrolytic copier. A Hewlett-Packard 7044A general 

purpose analogue XY plotter was purchased to provide more 

flexible, high quality graphical output. 

In order to automate the recording of spectra with any 

scanning spectrome ter two conditions have to be met. The 

computer has to be able to set the frequency of the spectre

meter and also to record the signal from the detector, In the 

Hewlett-Packard spectrometer the frequency to which the source 

is tuned, by means of a phase lock loop, is generated 

digitally within the 8456A sweep control unit and can b~ set

to the nearest kHz. If the frequency is to be set externally 

it is therefore necessary to set eight digits in the frequency 

register of the sweep control. Each digit is to be specified 

in binary coded decimal (BCD) form and the frequency 

information is to be supplied in parallel, and should be 

accompanied by an ENCODE pulse which should be at least 100 ~s 

in length. This r e quires 32 parallel lines of digital 

information and an additional line carrying suitable pulses. 

The output of the H07-3410A synchronous detector of the 

spectrometer is normally in the range ±50 mV. Now, the A/D 

converter of the DECLAB accepts signals in the range ±5·.12 V, 

the D I/0 unit provides only 16 para l l e l lines of ou~put , and 

the digital signals are accompanied by pulses which are 
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normally of 300 ns duration. Also the logic conventions of 

the DECLAB and of the spectrometer are reversed wrt. each 

other. The mediation of an additional unit between the 

spectrometer and the computer is clearly necessary and such a 

unit was designed in cooperation wit~, and built by 

Richard Young and Steve Walker of the Electronics section of 

this Department . The' interface unit consists of two parts, . 

an analogue part and a digital part. The analogue part 

contains an amplifier with a variable gain control so that the 

amplitude of the detector signal can be adjusted to make 

maximum use of the range of the A/D converter . Overload 

protection is also provided for the converter. The digital 

part allows the setting of a single microwave frequency by 

combining two consecutive outputs from the D I/0 unit. Logic 

conversion and the generation of appropriate ENCODE 

pulses is provided . The timing of the various data transfer· 

steps is quite critical and more detailed description of 

interface operation and circuit diagrams can be found in 

ref.13. The connections between the computer and the 

spectrometer are illustrated schematically in figure 3.2. 

Once the interfacing was completed the scanning strategies 

were no longer limited by the preprcgra~~ed modes of operation 

of the sweep control unit and were only limited by the time 

required to reset the spectrometer to a new frequency (up to 

13 ms in R-band). Three programs were ~ritten to provide 

routine testing of the interface:
4 

but these were r~rely used 

as the interface proved very reliable in operation. 
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I am gratefu~ to Howard Harrington of Hewlett-Packard 

for supplying the details of operation of the 8456A sweep 

control unit. 

3. 3 PROGRAMS PERFORMING ACQUISITION AND PROCESSING OF 
SPECTROSCOPIC DATA15 

A family of programs has been developed to carry out 

the recording of microwave spectra under computer control 

and also the processing of stored spectra in a variety of 

ways. This programming approach was practicable because 

of the fast transfer rate of programs from permanent 

stora~e on floppy disks to the internal store of the 

computer and possessed a number of advantages over writing 

one large program to perform all the tasks. Since the 

entire internal store could be devoted to the execution of -

only one particular task, the programs could be written 

relatively quickl~without undue concern for the optimisation 

of storage spac~ and large spectral buffers could be used 

if d~sired. In this work detailed spectra enclosed within 

relatively narrow frequency ranges were only required and 

the programs were therefore written to operate on fairly 

short standardised data files containing 512 and 1024 points 

per spectrum (the particular v~lues for the numbers of 

points were chosen for reasons of compatibility with the 

graphics unit of the VDU). 

3,3,1 Spectra l acquisition programs 

Since enhancement of weak spectra was of primary interest 

these programs normally acquirA data by means of signal 
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~veraging, Two different averaging strategies have been 

employed, T~e program SCAN records the spectrum by addition 

of multiple scans over the whole spectral region under 

inves~igation and takes only one reading of signal 

intensity at each frequency datum at a time. The program 

SKAN on the other hand carries out one slow pass over the 

frequency region averaging for a considerable time at each 

data point in turn. In principle SCAN should be the more 

efficient of the two programs as correlation between noise 

at successive data points should be lower . This is 

equivalent to saying that the elimination of the low 

·frequency components of the noise should be more efficient. 

·unfortunately our spectrometer has for some time been 

exhibiting noise characteristics associated with the phase 

lock control loop of the microwave source that seriou~ly 

limit the usefulness of SCAN. Very sharp, large amplitude 

spikes correlated with switching to a new microwave 

frequency are sometimes produced on the baseline . The rate 

of occurrence of these transients increases with the rate 

of switching of the microwave frequency and with the size 

of the switching step. At times it is also frequency 

dependent. The spikes are of considerably larger amplitude 

than the constant wavelength noise oi the source and owing 

to the short duration show up most seriously at the low 

time constants that are necessary for the efficient 

operation of multiple scanning programs. For these . reasons, 

the single pass scanning program, which could be adjusted to 

a hybrid form of averaging involving a contribution from 

the time constant circuit of the analogue detecto~ was 
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found to give better results in practice. A facility to 

interrupt the scanning was built into SKAN enabling the 

operator to rescan any regions where the source misbehaved. 

This in a way defeats one of the aims of signal averaging 

whereby it is expected to have long periods of data acquisition 

without operator control. Unfortunately in the case of our 

spectrometer an improvement in the baseline spikes, or more 

specifically in the readiness with which searches in the 

phase lock loop are transmitted onto the baseline, will have 

to be reached fir3t. There is some reaso~ for hope that this 

can be achieved since it is known that two similar spectra-

meters, at Reading University and at Sussex University, do 

not suffer from this problem. 

A number of tests have been carried out to determine and I I . . 
to compare the sensitivity of the analogue and of the digital 

methods of recording spectra. The intensities of various 

transitions of OCS were used for the calibrations and it was 

noted with some surprise that although such tests have been 

. 7-9 
employed for some ti~e, ·no reliable tables of OCS 

intensities were available. This situation is now remedied 

and in Appendix I tables of calculated maximum absorption 

coefficients a (293 K) for rotational transitions in 
max ! 

various vibrational states and isotopic species of OCS in I I 
natural abundance, are reported . The inforrnation is for the 

J = 2 + 1 and J = 3 + 2 rotational transitions and 

tabulations are made according to the magnitude of a and 
max 

according to'frequency of the transition. The accuracy of 

the calculations is seen to be good on the basis of comparison 



with the available experimental values for a (table I .1). max 

and in practice tables I . 2 - I . 5 were found to give very 

re l iable predictions of relative intensities of lines in the 

spectrum of OCS . The sensitivity of the spectrometer was 

investigated systematically by starting with the line 

belonging to the ground state J = 3 + 2 transition in 

18 12 34 -8 -1 0 C S at 33359 , 7 MHz (a = 1 . 23 x 10 cm , recommended max 

as a sensitivity test by Hewlett - Packard), and then recording 

progressively weaker lines, selected with the aid of 

Appendix I. The weakest line recorded so far belongs to the 

J = 3 + 2 transition in the (01
1
0) ~ibrational state of 

180 12c34s . ~ 8 1 -10 -1 . 
· Wl th a O.L rv x 0 cm . In f1gure 3. 3 an max 

analogue and a ctigital scan of the transition are compared. 

The two scans involve broadly comparable total scanning times 

and the S/N ratios are also seen to be comparable . However 

the spectrum acquired with the computer- is more useful since 

the noise frequency is much higher and the true line contour 

is easier to discern, even by visual inspection. Since the 

digital scan is stored on disk,a variety of digital 

techniques can be used at a later stage to extract the 

information of particular interest to the spectroscopist. 

Smoothing of the spectrum by means of a digital filter for 

example (bottom trace in fig . 3 . 3) allows more accurate 

fueasurements of the transition frequency and of the line 

width . In addition, for instrumental reasons it is not 

possible to acquire a better analogue spectrum, while the 

quality of the digital spectrum can be improved by longer 

averaging and the enhancement in the S/N ratio should be 

7 6 
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FIGURE 3.3 18o12c3L.s in natural abundance, J=3+-2 

( 0 11 0) rotational transition ( cx.max = 8 x 10-10 cm-1) 

33404 33403 33402 MHz 
I I I I I I I I I . I I I I I I I I I I I I ' ' I 

Stark t'ield: 2000 V ce -l 

6emple pressure: 6o mTorr 

Analogue recording 

gain: -70 dBe 

ti~~ constant: ~0 s 

Ecanning speed: 0,002 MHz s-1 

~ota1 sc~ing time: 21 min 

Digital recording 

averaging ti~e per pt.: 4 s 

total scanni:>g ti:ne: 34 min 

::o c! data points: 512 

Digit at! y smoothed 

spectrum 
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proportional to the square root of the number of readings at 

each point . Digital averaging over narrow spectral regions 

has been used with success in the investigations of line 

16 17 
contours in the spectra of D2 O· · ·DF and H2 O···HF (chapter 4) 

whilst aver~ging over broader regions has not yet been 

explored in detail. Finally, it should be noted that in 

digital recording of spectra the optimisation of some 

instrumental parameters is critical. In common with analogue 

recording the time constant of the recording circuit should 

be sufficiently low so that line shape distortion is avoided. 

The spacing of data points relative to the linewidths of the 

transitions under investigation should also be chosen with 

care, so that the spectrum reconstructed from measurements at 

discrete frequency intervals will be a good approximation to 

the true spectrum. These considerations are discussed at 

length in ref . 16. 

3.3.2 Display programs 

A number of. display programs have been written to 

produce graphical records of spectra held as files on magnetic 

disks. The spectra can be displayed on the VDU or plotted on 

the XY-plotter and typical plotter output of a spectrum 

consisting of 1024 data points is reproduced in fig.3 . 4 . It 

is possible to display the spectra with frequency increasing 

in either direction and the intensities at individual data 

points can also be inspected. 
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FIGURE 3.4 Example of standardised XV- plotter out"put for a spectrum consisting of 

1024 data points . 
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3.3.3 DigitaZ amoothi ng p~ogram s 

The data points in any digitally recorded spectrum will 

be correlated by a linear combination of the noise function 

and the i_ntensi ty distribution functions for the transitions 

that contribute to the spectrum . We are normally interested 

in the parameters of each distribution function, such as 

maximum intensity, the frequency at maximum intensity and the . 

width of halfheight (HWHH or FWHH), rather than in the readings 

at the individual data points . Since the number of data points 

is normally well in excess of the number of parameters we want 

to extract from the spectrum a certain over- redundancy is 

present. If the frequency of the noise is well removed from 

th~ frequency of the spectral functio~ and the noise 

distribution is random, it is possible to use digital techniques 

to filter out the noise function. 
.,!( ·-· 

17 
The least squares smoothing method of Savitzky and Golay 

has been most widely used in the past. The smoothing is 

perf6rmed by moving a smoothing interval of a certain number 

of points across the spectrum, in steps of one data point at a 

time. At each step, a polynomial function is fitted by a least 

squares method to the data points included in the smoothing 

interval, and the value of the function at the central point is 

transferred to the smoothed curve. The procedure is equivalent 

to taking a linear combination of the data points in the 

smoothing interval by means of . a suitable set of weighting 

coefficient~ so that 

* y. 
1 

= 
m 

c y . s 1+S s =-m 
3,1 
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* Y and Y are data points in the original and in the smoothed 

spectrum respectively and the smoothing interval extends from 

-m to m enclosing 2m + 1 points . The smoothing coefficients 

cs have been tabulated in ref . 17 for various types of 

smoothing polynomials and values for m from 2 to 12 . Closed 

formulae for the smoothing coefficients are also availab~e: 8 

and coefficients for the cubic polynomial, which gives best 

7 
results in smoothing of microwave spectra, are given by 

c = s (2m + 1)(2m - 1)(2m + 3) 

Least squares smoothing produces a reduction in noise 

proportional to the square root of the number of points in 

the smoothing interval ~ Unlike electronic filters based on 

3.2 

the RC circuit it does not introduce any asymmetry into line 

contours since the operation in the tim~ domain has been 

replaced by operation in the frequenc y domain and points 

behind and in fro~t of the smoothed point are given equal 

weights . Another advantage of digital smoothing is that many 

trial runs can be carried out off-line, on one set of data to 

determine optimum smoothing conditions, while with electrotiic 

smoothing the whole experiment has to be repeated . C~re has 

to be taken in choosing the length of the smoo~hing interval 

since, although digital smoothing will not introduce 

asymmetry·, line shape distortion can occur if the interval is 

tbo long compar e d with t h e width of th e lines in the spectrum . 
.. 1Q 

Edwards and Wilson ~ have investigated this problem and found 

8 1 
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that the interval should not be longer than 1.4 times the HWHH 

(half width at half height) of the narrowest line in the 

spectrum. Computer program SMOOTH which performs least 

squares smoothing with due regard to these considerations has 

been writtea and has been found to give satisfactory results. 

The filter coefficients in equation 3.1 can be chosen in 

some other way and an alternative digital smoothing program 

embodying the Nearly Equal Ripple (NER) filter of ref.20 has 

also been written. The design of this filter is based on the 

consideration of the Fourier series expansions for the 

functioris describing the noise and the signal and the filter 

can attenuate the high frequency terms in the expansion beyond 

a preselected frequency. The filter is configured for each 

application by an appropriate choice of values for three 
.t ~ -· 

filtering parameters A, 8 and 8 and the reader is referred to 

refo20 for further details. In practice it has been found 

that in cases where the frequencies of occurrence of the 

noise and of the spectrum were well separated (as in 

recordings of contours of single lines) the NER filter 

performed considerably better than the least squares filter. 

An example of the use of the NER filter is provided in fig.3.3 

where the smoothing was carried out by a double application of 

a filter with a 93 point long smoothing interval. 

3.3.A Frequendy measurement programs 

The primary function of the recording of microwave 

spectra is to determine the frequencies of the rotational 

transitions o Three different progrM1S have been written to 



car:J;"y this out depending en the complexity of the contour of 

the line to be measured. 

In cases where the individual line contours are well 

defined and symmetrical the measureme11t is reduced to 

determining the frequency at maximum intensity. This can be 

done with the program PTFREQ which displays the spectrum on 

the VDU and contains a movable marker facility so that the 

frequency of any point can be read off. 

In cases where an overlap of contours of two closely 

spaced lines takes place, it is possible to use a simple 

21 
graphical technique introduced by Hurlock and Hanratty to 

det~rmine the frequencies of the two components. The method 

uses the property that in a close overlap between two line.s, the 

outer shoulder of the sum curve at the stronger component 

should give a good approximation to the half contour of the 

isolated component . If this shoulder is then drawn on the 

other side of the peak corresponding to the strong component 

and the difference from the overlap curve evaluated, the 

weaker component of the overlap should appear on the difference 

curve. The program INFREQ performs this on the VDU and an 

example of its use, for pressure broadened lines of propyne,is 

presented in fig . 3.5. The spectrum is inverted abcut a 

vertical line, movable along the horizontal axis, which is set 

at the frequency of the stronger component of the overlap. 

The exact position of the inversion line can be chosen by 

monitoring the shape of the difference curve between the two 

images of the weaker line, which undergoes characteristic 
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FIGURE 3.5 Illustration of frequency measurement 

contour inversion : propyne, ground 

rotational tiansitions . 
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21 
changes , Once the inversion position is established the 

frequency of the weaker component can be read off by means of 

21 a mo~able marker . Hurlock and Hanratty find that their 

method is reliable down to peak separations of less than 

1 FWHH and in fig.3 . 5 t~e fr~quencies ~re seen to be within a 

few dat~ points of the frequencies estimated from the latest 
. . 22 

rotational constants for propyne . In addition, the contour 

inversion technique works equally well for an overlap between 

a field free line and a Stark lobe . 

In cases of more complicated overlap contours 

deconvclution programs have to be used. Deconvolution 

procedures do not enjoy a particularly good reputation as in 

many cases general automatic curve fitting programs have been 

let loose on complicated curve shapes and rather too much 

trust was placed in the results . A manual curve fitting ' 

program called VISFIT, where the fitting is carried out under 

direct operator control has therefore been developed. Up to 

five Lorentzian components can be fitted and the accuracy of 

the fit is monitored on the VDU by means of a difference curve 

between the observed spectrum and the fitted ·spectrum, and a 

numerical ' goodness of fit parameter' (see figure 4.4 for an 

example) . A movable baseline facility .is provided to allow 

for any differences between the baseline of the display and 

the true baseline of the spectrum. The fitting procedure is 

not operator intensive as the assumption of equal halfwidths 

for ill the lines in the spectrum can usually be made . The 

results obtained with VISFIT have been accurate enough for 

present purposes although the logical next step is to 
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FIGURE 3.6 Deconvolution of the dimethyl ether 110 +-1 01 (00) transitions . 
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incorporate a least squares fitting procedure to refine the 

results of th~ manual fit~ 3 The results obtained with VISFIT 

can be output to the XY-plotter, which has been programmed to 

draw the original spectrum, the fitted spectrum and the 

individual Lorentzian components. f~n example of such output 

is provided in figure 3.6,where the results of fitting the 

pressure broudened contour of the dimethyl ether 1 10 ~ 1 01 (00) 

transition are displayed. The frequencies of the fitted 

components are in good agreement with the most recent 
. ....4 

measurements~ and indicate that the frequencies at peak 

intensities of the two smaller peaks in the overlap are not 

• a good measure of the transition frequency. 

25 
3. 4 Cm1PUTATI ONAL PROGRAfv1S . 

Research in microwave spectroscopy requires frequent 

running of certain types of computational programs. The 

analysis of spectra of asymmetric top molecules, for example, 

requires three basic programs: a predictive p~ogram to 

calculate the rotational constants for a molecule from a 

candidate structure, another program to predict the spectrum 

on the basi.s of the rotational constants, and a program to fit 

the observed spectrum in terms of constants in a suitable 

Hamiltonian. Three such programs, PMIFST, ASROT and ASFIT 

have now been implemented on the labora.tory computer 

eliminating the turnaround problems associated with the 

College comput~r. PMIFST performs the calculation of rotational 

87 

constants and principal Goordina~es from the molecular structure. 
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CART-type structural definitions are used and the specified 

structure can be checked by means of plots of projections 

onto the principal planes,drawn on the XY-plotter. ASROT 

and ASFIT are predictive and fitting asymmetric rotor 

programs respectively·. Both use Watson 's reduced 

Hamiltonian and the techniques described in chapter 2. The 

predictions are limited to aRO,l transitions with J up to 

10, but the fitting program accepts transitions with all 

common selection rules, up to J = 20. The three programs 

have been written entirely in FORTRAN, without undue 

optimisation,and are about 10 times slower than the College 

IBM 3.60/65 computer, which is acceptable for ~mr purposes. 

A family of programs carrying out various calculations 

on the harmoniG vibrational potential, according to the 

methods of section 2.4, has also been written and the " 

programs are described further in se~tion 5.6. 

26 
3.5 UTILITY PROGRAMS 

A number of what are here called utility programs have 

been written,with the main aim of enhancing and speeding up 

the presentation of graphical data. The three most useful 

programs in this series are GRAPH, STICK and SPESIM. GRAPH 

allows the plotting of pairs of x-y values in the form of 

standardised annotated graphs. In fact it is much more 

convenient to use this program than to plot graphs by hand 

and most of the plots reproduced in chapters 4 and 5 have 
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been produced with GRAPH . The program STICK plots stick 

d-iagrams and has been used to produce figure 4.11 , SPESIM 

has been written to create simulated spectra by addition of. 

Lorentzian profiles and has been used in the production cf 

figure 4 . 12 . STICK and SPESIM can b2 used in conjunction 

with PMIFST and ASROT to ~ackle a variety of spectroscopic 

problems and,apart from this work,some applications of these 

programs will be found in refs 2 and 27. 

Summarising, we note than even though signal averaging 

has not yet been particularly successful, the advantages of 

digital processing of spectra, of graphical presentation of 

various types of information on the XY -plotter, and of 

transferring of most of the computations from the main 

College compute~ have more than justified the acquisition of 

the DECLAB system. The present programming effort can be 

regarded as having established a sound software basis to 

support the investigations carried out in our laboratory and 

a computer controlled spectrometer opens the way for types 

of investigations that are not possible with traditional 

operation. Spectral subtraction, for example, can be used to 

bring out some lines of interest from among a rich background 

spectrum " In another application, a library of microwave 

spectra of common impurities could be set up, and techniques 

similar to those used in computerised mass spectrometry could 

be employed to identif~ and thereby help eliminate,the 

impurities which invariably appear in the course of work 

involving HF. 
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CHAPTER 4 

The hydrogen bonded complex formed between 
water and hydrogen fluoride: vibrational ground state 

ABSTRACT 

This chapter presents the first part of the results of 

microwave spectroscopic investigations on the water-hydrogen 

fluoride heterodimer. Rotational spectra for six isotopic 

species of the complex are reported, transitions belonging to 

the vibrational ground state are assigned and the rotational 

constants are derived. Observatiofi of nuclear spin statistical 

weights in the spectra leads to the conclusion that the dimer 

H20···HF is either planar wi~h c2v symmetry or pyramidal with 

C symmetry but with a low barrier to inversion of s 

configuration at the oxygen. The observed rotational constants 

are used to determine r -values for the heavy atom distance 
. 0 . 

O•••F, the value for H~60···HF being 2.662 R. The value of the 

electric dipole moment in the vibrational ground state of 

H~6o··~HF is determ~ned from measurements on second order and 

near-first order mixed Stark effects and is found to be 4.073 ± 

0.007 D. The possibility of observable nuclear quadrupole 

splittings in H~ 70···HF is inves{igated and the results are 

found to be consistent with a planar or near-planar geometry 

for the complex. 
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4. 1 I NTRODUCr I ON 

Water is an essential constituent of all living 

organisms. When compared with similar triatomic molecules, 

it is found to exhibit unique physical properties, in that 

it has an anomalously high melting and boiling point, 

unusual density variation with temperature and a great 

facility for sustaining ionic reactions. These properties 

are attributed to the formation of hydrogen bonds in which 

water can act both as a proton donor and a proton acceptor. 

Numerous methods of investigation have been used to obtain 

info~mation about hydrogen bondi~g in the liquid and the 

1 
solid phases of water. Recently, molecular beam electric 

resonance spectroscopy has provided detailed structural 

information on the gas phase water dimer~ Heterodimers 

involving a molecule of water and one other molecule, , 

providing information on the interaction of water with 

other systems have also been investigated. The principal 

method has been infrared spectroscopy of matrix isolated 

. 3 
species (e.g. H20·· · HCl ). One gas phase infrared 

investigation of water complexes with ammonia, some amines 

d .d . 4 . an pyr1 1nes has also been carried out. The heterod1mer 

between water and hydrogen fluoride is one of the simplest 

hydrogen bonded complexes where water acts as a proton 

acceptor and for this reason is of considerable chemical 

interest. The dimer H
2
0···HF has been the subject of a 

number of ab initio calcula~ions~-S but -only one incidental 

matrix study10has been available prior to, and the results 

11 
of one gas phase infrared study have been published 
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concurrently with, the first gas phase microwave work. These 

initial microwave investigations have been carried out in 

12-14 this laboratory by John Bevan and Stephen Rogers and 

have centred mainly on the normal isotopic species of the 

.complex, achieving partial assignment of the speetrum and 

producing some information on the vibrational energy levels 

and the eleetric dipole moment . The work reported here 

improves, and considerably extends, these results with the 

aim of answering some of the questions of .chemical interest 

regarding the complex . Most of these coneern the properti~s 

of the complex itself, such as the structure- whether c2v 

or C , the dipole moment, and the vibrational potential 
s 

surfaee . There is also .considerable interest in differenees 

between the properties of the .complex and the sum of the 

properties of the isolated monomers, such as the enhancement 
' . 

of the dipole moment and changes in the monomer geometries, 

Answers to some of these questions will be provided in this 

chapter, but others can only be arrived at by combining the 

ground state information with that available for the 

excited vibrational states and will be presented in 

chapter 5. 

4.2 SUITABILITY FOR GAS PHASE MICROWAVE INVESTIGATIONS 

The system water-hydrogen fluoride fulfils most of the 

conditions, outlined in .chapter 1 necessary for successful 

microwave spectroscopic detection of the gas phase hetero-

dimer . . 1" 15 The monomers , with the except1on of some water 1nes, 

do not produce any background absorptions in the frequency 
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region covered by our spectrometer (12.4- 40.0 GHz). Both 

h . bl 1 . d. 1 16 ' 17 monomers ave apprec1a e e ectr1c 1po e moments 

(~1.8 D each) which, for the most stable geometry predicted 

by ab initio calculations, are additive producing, together 

with the expected dipole moment enhancement, a value in 

excess of 4 D for the electric dipole moment of the complex. 

The enthalpy of formation of the complex ~H; has been 

d d . 11 11 ( ) -1 etermine exper1menta y to be - 26 ± 5 kJ mol , a value 

comparable with that for HCN···HF, 18 which is a complex that 

has proved amenable to studies by gas phase microwave 

18-22 
spectroscopy. Vapour pressures of the monomers are 

also relatively high, allowing significant cooling of the 

sample to incr ease the equilibrium constant K for complex 
p 

formation. The lower temperature limit is in this case 

imposed by the vapour pressure of water, which drops to 

30 
23 

mTorr (~m Hg) at 223 K. 

4.3 EXPERIMENTAL 

4.3.1 Preparation of the complex 

The complex was prepared by mixing the monomers in situ, 

by means of spectrometer vacuum lines described in 

chapter 3. The alternative, off site preparation of the 

complex, by mixing the monomers in an infrared absorption 

cell, while monitoring the intensity of the modified HF 

stretching band~ 4 was abandoned . This was due to changes in 

composition experienced when mixtures were transferred to the 



microwave spectrometer. Such behaviour was attributed to 

high adsorption rates of both . water and hydrogen fluoride on 

stainless steel, necessitating presaturation of spectrometer 

vacuum lines, to match the composition of the 'infrared' 

mixtures. There was also the possibility of adiabatic 

cooling causing condensation of the sample during the 

transfer. A straightforward flow method was not used as it 

was · wasteful of the samples, an important consideration when 

working with isotopically enriched species. After 

considerable trial and error a limited flow method was 

developed, that required minimal quantities of the samples, 

allowed for the various adsorption effects and enabled most 

of the mixing to be carried out at room temperature. The 

limited amount of liquid nitrogen available for each 

experiment could thus be used largely for the acquisition 

of spectroscopic data. Details of this mixing method now 

follow. 

Both samples were attached to the mixing T-piece and 

the spectrometer was pumped out with the more efficient 

left-hand side pumping system P1 (see figure 3.1). Pumps 

P
1 

were then isolated with valve v
5 

and the absorption cells 

were flushed with water vapour by opening needle valve V" 
L. 

and pumping slowly with pump P 2 . Valve v
7 

was closed after 

a few minutes, but water continued to be admitted into the 

cells until a stable pressure of 500 mTorr was reached. 

Hydrogen fluoride was then slowly flowed in through needle 

valve v1 until a total stable pressure of 1.8- 2 Torr was 

obtained. The intensity of a strong rotational transition 
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o~ · the cornpJ e x was monitored continuously (at a Stark field 

-1 . 
bf 400 V cm ) and was seen to reach a maximum at ~2 Torr . 

Gradual cooling of the absorption cells was then initiated 

and the microwave signal showed a further increase. When a 

~aximum was reached and the signal began to decrease valves 

v
7 

and v8 were partially opened to allow slow pumping on the 

sample with P
2

. Previous complex iatensity was quickly 

restored and usually exceeded. Pumping was terminated when 

no further signal increase was possible and cooling was 

resumed. Cooling, alternating with periods of slow pumping 

16 on the mixture, was continued until, for H
2 

O···HF say, the 

starting sample pressure of 2 Torr at room temperature was 

reduced to lOO - 150 mTorr at 220 K. This usually took 

about 30 minutes to complete and required no further 

addition of the monomers following the initial presatu~atio?· 

Reproducible dimer spectra were obtained, with the strongest 

lines . for the common isotopic species reaching peak 

absorptions of 10~7 cm-
1 . The reason for the success of 

this method of producing the complex is associated with 

lower vapour pressure and higher adsorption rate of water 

when compa~ed ·with the same properties in hydrogen fluoride. 

On cooling, the initial optimum monomer ratio for complex 

formation (determined experimentally to be 1:2 to 1:3 

H
2
0:HF, ref . ll and results . of p~eliminary gas phase infrared 

and microwa~e investigations) would be altered by water 

condensation towards an increased proportion of hydrogen 

fluoride. Slow pumping at such point would then preferentially 

remove the more volatile constituent (hydrogen fluoride), 

thereby restoring the monomer ratio in the sample back to the . 

optimum . 
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The experimental arrangement indicated in figure 3.1 

was used throughout this work, with the exception of 

studies involving H~7o where the trap at T1 was replaced with 

a removable trap provided with glass taps isolating both 

the inlet and the outlet. The trap was used without NaF 

so that the HF was allowed to etch the glass. With this 

arrangement most of the isotopically enriched water appeared. 

to be recovered and could possibly be used in further 

experiments. 

The mixing procedure adopted for studies involving the 

HD
1

·
6

o isotopic species was different from that described 

above. Long equilibration times with associated possibility 

of isotope exchange were felt to be inadvisable here as a 

high, non-equilibrium proportion of a particular mixed 

isotopic species was required. A sample of water containing 

equal proportions of protium and deuterium was prepared by 

mixing equal volumes of H~6o and n;6o and adding a drop of 

concentrated HCl. This was flowed together with HF at the 

observing temperature for · the HD 16o···HF complex (typically 

243 K) until line intensities for the complex were maximised. 

The flow could then be stopped and complex intensity 

remained fairly stable. 

4. 3 .2 Measurements 

Transition frequencies were usually determined by 

averaging the up and down scans of a line. In some cases, 

especially in H; 70···HF, high resolution scans were 
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acquired with the computer and the appropriate frequency 

measurement programs were used (see chapter 3 for details). 

In cases of close overlaps between lines, the computer 

scans were analyzed by means of the deconvolution program 

VISFIT. 

Determination of the dipole moment was carried out with 

the aid of calibrations of the applied electric field by 

means of Stark components in the J = 2 ~ 1 transition of 

24 
propyne (~ = 0 . 7840 D ). The J = 2 ~ 1 K = 0 M= 1 

component was used for calibrations at high electric field 

strengths and the two J = 2 + 1 K = 1 M = 1 components were 

used for low electric field strengths. It was necessary to 

carry out the calibrations at the temperature of the complex 

as the difference between values of the cell constant at 

room temperature and at 230 K say,· was found to be well in 

excess of the experimental error. The equipment used in this 

work showed significant non-linearities in performance at 

low electric field strengths. These were attributed to a 

residual electric field in the teflon insulation of the 

Stark electrodes and to adjustment problems in the Stark 

modulators. Such effects were corrected for by carrying 

out propyne calibrations at the same voltage settings used 

for measurements on the complex and evaluating the effective 

field strength for each setting in turn. 
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4.4 .ROTATIONAL SPECTRA 

4.4.1 The nature of the rotational spectrum 

5 
Kollman and Allen have examined, by means of ab 

initio calculations, four possible models for a dimer 

involving water and hydrogen fluoride (Table 4.1). Model I 

(planar, c2v symmetry) involves water as a proton acceptor, 

11 and III (linear HF•• •HOH and bifurcated structures 

respectively) have fluorine in this role, while in IV 

(cyclic structure) both water and hydrogen fluoride act in 

the dual role of acceptor and donor. In each case, the 

geometry resulting from the ab initio calculation predicts 

that the dimer is an asymmetric rotor near the prolate 

symmetric limit. The rotational constants (B + C) 

calculated for complexes of H;6o w.i th HF and D~6o wi ~h DF 

are included in the table. The comparison of these values 

with those deriued from even a provisional analysis of the 

rotational spectrum of a gaseous mixture of water and 

hydrogen fluoride is expected to indicate which of the 

models I - IV is appropriate. 

Th · f h · of H
1
2

6o and e m1crowave spectrum o t e m1xture HF 

shows two groups of transitions in the range 12.4 - 40 GHz, 

one group near to 14.4 GHz and the other at ~28.8 GHz. 

If these transitions are part of the spectrum of a light 

asymmetric top with high prolate symmetry, they can only 

be assigned as corresponding to the J = 1 + 0 and J = 2 + 1 

rotational transitions respectively. The comparison of 

the resulting (B +C) value of 14.4 GHz ·.vith the 
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Structure 

ROF 

Stabilisation 
energy/kJ mol -1 

H16o + IIF 
2 

(B + C)calc/GHz 

o16o +DF· 2 

(B + C)calc/GHz 

TABLE 4.1 

Comparl'son of ab 1nl t to calculat1ons5 wt th prel1m1nary gas phase ml crowave resuas 

2.12 R 

~.: ..... c:>-C::l 

39 

13.83 

12.44 

Il 

3.os R 

~········~ 

H~60 + HF: 

0~60 + DF: 

13 

11.09 

10.12 

(B + C)obs • 14 . 4 GHz 

(B + C)obs • 13.1 Gllz 

Ill 

3.ts R 

<····· ······-o-o ········ ... 
11 

10.65 

9.75 

IV 

2.98 R 

~·····7P ·········= -0 

13 

11.90 

10.93 



4.4.2 

calculations shown in Table 4 , 1 indicates that the 

observed dimer is most probably of type I. This conclusion 

is confirmed by the appearance of equally spaced bands, 

centred at about 13.1, 26.2 and 39.3 GHz respectively, in 

16 
the spectrum of the isotopic species o

2 
O···DF. The bands 

correspond to the J = 1 + 0, J = 2 + 1 and J = 3 + 2 

tr~nsitions respectively yielding (B +C)~ 13.1 GHz. No 

distinction is possible between I and its C analogue 
s 

having a pyramidal configuration at the oxygen on the 

basis of (B + C) alone. The following sections proceed to 

describe the assignment of the ~igh resolution spectra of 

the complex which enable B and C to be determined 

separately. 

Isotopic species H;
6
0···HF 

17 18 
H O···HF and H O···HF 2 2 

The J = 2 + 1 region of H;
6
o···HF is reproduced in 

figure 4.1 for both high and low value~ of the applied 

electric field. For a near symmetric prolate rotor, the 

high field spectrum should exhibit a strong symmetric 

triplet corresponding to the 2
12 

+ 111 , 2
02 

+ 1
01 

and 

2
11 

+ 1
10 

rotational transitions in the vibrational ground 

state. The line strengths predict relative intensities of 

1.5 : 2:1.5 for the three transitio~s respectively, but no 

triplet with such relative intensities is evident in the 

spectrum . The low field spectrum can be of help here as 

considerable simplifications, relative to the high field 

spectrum, are observed. The only aRO 
1 

transitions of a , 

100 
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29.0 

FIGURE 4.1 Spectra of the J=2-1 transitions of 

H2 
160 ... HF recorded at high and low values 

of the modulating electric field . 
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near prolate symmetric top expected to be modulated at 

-1 
< 50 V cm are those connecting the energy levels with 

non-zero values .of K_ 1 . The near degeneracies present 

· between pairs of such levels lead to mixed order Stark 

. h"f 25 energy s ~ ts that result in large (tens of MHz) shifts 

in frequencies of the appropriate Stark components , even at 

. low values of the electric field. The frequency shifts 

for second order Stark components are very small at such 

fields and consequently transitions connecting energy 

levels with K_ 1 = 0 where only second order effects take 

place, are not modulated. Hence the central component of 

the triplet of J = 2 + 1 transitions for each vibrational 

state is expected to disappear at low fields leaving a 1 : 1 

doublet. Each component of the doublet would exhibit one 

Stark lobe CIMI = 1) displaced towards the centre. The low 

102 

field spectrum in figure 4.1 shows a number of such doublets, 

the strongest consisting of the lines at 28673.42 and 

28920 . 45 MHz . These two lines are assigned to the ground 

state 2
12 

+ 1
11

. and 2
11 

+ 1
01 

transitions respectively. 

The weaker pairs are expected to belong to corresponding 

transitions in excited vibrational states. The high field 

spectrum shows a prominent line at 28804.87 MHz which falls 

near the centre of the strongest doublet and has the two 

second order Stark components expected for a 202 + 101 

transition . Its intensity relative to the two K_ 1 = 1 

lines, however , is significantly lower than that expected 

for the associated K_
1 

= 0 line from the transition 

strengths alone. Such intensity distribution can still be 



explained by invoking the presence of nuclear spin 
. ?6 

statistical weight effects~ 

Unequal nuclear spin statistical weights are present 

in molecules where structurally equtvalent nuclei are 

exchangable by means of some symmetry operation of the 

molecular point group. Such effects are possible for the 

16 
planar H2 O· ·· HF structure I (C 2v) as the two hydrogens in 

the water part of the complex are exchangable by means of 

a rotation about the c
2 

axis through O· ·· H-F. Since 

hydrogen has a spin of ~ Fermi-Dirac statistics will 

operate. In this case the total wavefunction ' which can 

be written as a product of the electronic, vibrational, 

rotational and nuclear spin wavefunctions 

is required to be antisymmetric wrt. the symmetry operation 

producing atom exchange. The nuclear spin functions ~ for 
n 

two equivalent protons divide into three symmetric and one 

antisymmetric functions . The symmetry classification of 

the rotational wavefunctions ~ for an asymmetric rotor 
. r 

is made according to behaviour on notation about the three 

principal axes. Here, the a principal axis coincides with 

the c2 axis, hence the rotational functions for even 

values of K_ 1 are symmetric and those for odd K_ 1 are anti-
. . 

symmetric with respect to proton exchange. Both ~e and 1/lv 

are symmetr i c for the vibronic · ground state. It is possibl e 

th.erefore to form a total of three antisymmetric functions 

103 



'¥ for odd_K_
1 

and only one such antisymmetric function for 

even K_
1

. Thus the ground state J = 2 + 1 transitions of 

H~6 0··· HF should carry nuclear spin statistical weights of 

3: 1 in favour of the two K _
1 

= 1 transtions resulting, 

- together with the transition strengths in relative 

intensities of 4.5:2:4.5 for the triplet. This is consistent 

with the intensities ' observed for the three lines considered 

in the preceding discussion. A further consequence of 

nuclear spin statistical weight effects is that rotational 

transitions in vibrational states •.vhere the symmetry of 1/J 
V 

wrt . rotation about the c2 axis is opposite to that in the 

ground state will carry reversed spin weights. The relative 

intensities of 1:5:6 : 1.5 for the 2
1 1 

+ 1
10

, 2
02 

+ 1
01 

and 

2
12 

+ 1
11 

transitions respectively, would now be 8Xpected . 

Two examples of such transitions are clear in figure 4.1 . 

The lines at 29033.28 and 28872.46 MHz both exhibit the 

properties of 2
02 

+ 1
01 

transitions but it is apparent that 

the· K_
1 

= 1 pairs associated with each of these lines must 

be considerably weaker in intensity. The transition at 

29033.28 MHz is in fact stronger than all the assigned 

ground· state transitions but this does not affect the 

assignment as relative intensities of up to 6 : 4.5 between 

an excited state K = 0 line with reversed weighting and 
- 1 

the ground state K = 1 lines are allowed . The analysis 
-1 

made in the J = 2 + 1 region is confirmed by the J = 1 + 0 

transitions where the ground · state 1
o1 

+ 0oo transition is 

third highest in intensity and follows those of the two 

excited states with reversed weights. The frequencies of 



Transition 

1 • . 
01 0

oo 

212 ~ 111 

2o2 ~ 1
o1 

211 • 1
10 

313 .. 2
12 

322 .. 221 

3 21 ~ 220 

3o3 •· 2 o2 

3 12 ~ 211 

TABLE 4.2 

Frequencles/MHz of rotational transitions tn tile vtbratlonal ground state 
for six Isotonic species of the water-hydrogen fluoride dlmer 

16 
H2 0•• •IIF 

17 
H

2 
0· • •HF 16 

0 2 0· • ·HF 

14403 . 11 ± 0 . 10 13724 ± 4 

28673.42 ± 0.15 27962 . 7 ± 0.5 27321.7 :t 0.5 27236.5 t 1.5 25985.65 ± 1.0 

28804.87 t 0.15 28086.7 :t 0.5 27440.3 :1: 0.5 2'/408. 3 :t 1.0 26185.70 t 0.5 

28920.45 ± 0 . 15 28196 . 9 :t 0.5 27545.7 ± 0.5 27567.8 t 1.5 26373.05 :t 1.0 

38977.8 t 1.0 

392~2.2 ± 0 . 5 

392~2.2 :t 0.5 

3!!275.2 1 0.5 

395[;6 . ~l :t 1.0 

.··/' 

37720 t 10 

37720 :t 10 

37485.5 :t 10 

0 
V1 

------------~------------------------------------------



the assigned ground state transitions are reproduced in 

table 4.2 and the assignment of transitions in the excited 

vibrational states is discussed in detail in chapter 5. 

17 
The rotational sp~ctra observed .. for the H2 O···HF 

(figure 4.8) and the H;80···HF isotopic species of the 
. 16 

complex are very similar to those for the 0 specie8. The 

arguments leading to the assignment of the ground state 

transitions have in each case been identical to those 

carried out for the common isotopic species and the 

resulting frequencies are correspondingly recorded in 

table. 4.2. 

4.4.3 Isotopic species n;60··•DF and n; 80···DF 

16 
The microwave spectrum observed for D

2 
O···DF, in -the 

frequency region 12.4 - 40 GHz, consists of three bands, 

centred at about 13.1, 26.2 and 39.3 GHz respectiveli. The 

band falling between 38 and 40 GHz which contains the 

J = 3 + 2 transitions of the complex was the first to be 

investigated. Scans of the band taken at both high and low 

strengths of the applied electric field are reproduced in 

figure 4.2. Five rotational transitions are expected for 

each vibrational state forming the pattern indicated in 

figure 2.2. This consists of a pair of K_
1 

= 1 transitions 

separated by ~3(B- C), ~traddling a pair of K = 2 
-1 

106 

transitions and a K_ 1 = 0 transition centred at about 3(B +C). 

The splitting of the K_
1 

= 2 transitions is much smaller 

than that for K_ 1 = 1's and might not be resolvable in rotors 
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of low asymmetry. The observation of nuclear spin 

statistical weight effects in H
16

0···HF leads us to 
2 

16 anticipate the presence of similar effects in D2 O···DF. 

Since the nuclear spin of deuterium is 1 Bose-Einstein 

statistics will be in operation and the total wavefunction 

~ for the rotor is required to be symmetric wrt. to inversion 

about the c2 axis. Arguments similar to those performed for 

H~60· · ·HF lead to statistical weights in the vibrational 

ground state of 2:1 in favour of transitions with even K_
1

. 

Thus relative intensities of 2 . 67:6:6.66:2.67, for 

transitions with K_ 1 = 1 : 0 : 2 x (2):1 are predicted by 

combining nuclear spin statistical weights with the 

transition strengths . The statistical weights are expected 

to be reversed for vibratiom'!-l states where 1/Jv is anti

synmetric to rotation about the c2 axis resulting in 

relative intensities of5.33:3:3.33:5.33 for the quartet of 

J = 3 + 2 transitions . The ground st~te K_
1 

= 0 and the two 

unresolved K = 2 transitions should therefore form the 
-1 

strongest lines in the spectrum, even for vanishing energy 

spacings. The lines at 39275 . 2 MHz and at 39242.2 MHz are 

108 

two clear candidates for such transitions and the consideration 

of their Stark behaviour leads the former to be assigned to 

the 3
03 

+ 2
02 

transition and the latter to the K_ 1 = 2 

transitions. Model calculations employing some of the results 

from H~ 60·· · HF predict (B-C) to be ~190 MHz for the D~60···DF 

complex. The line at 38977.8 MHz is thus the best candidate 

for assignment to the 3
13 

+ 212 transition. The region where 

the ground state 3
12 

+ _211 transition ~s expected to fall 



contains three prominent lines at 39535.7, 39556.3 and 

39569.1 MHz. The line at 39556.3 MHz is chosen as it 

exhibits the correct Stark behaviour and its intensity is 

closest to that observed for the 3
13 

+ 2
12 

transition. 

This assignment is confirmed by the spectra of the J = 2 + 1 

region, reproduced in figure 4.3. The three ground state 

J = 2 + 1 transitions are expected to carry relative 

intensities of 1.5:4:1.5 and the transition with K_
1 

= 0 

should be the strongest line in the spectrum. The 

assignment of the 2
02 

+ 1
01 

and the 2
12 

+ 1
11 

transitions 

is straightforward, leaving 2
11 

+' 1
10 

to be assigned. The 

line near 26380 MHz is the only reasonable candidate but it 

appears to be much stronger than expected. The high 

resolution scan of this region (figure 4.4) shows an overlap 

of a number of lines. The two most prominent components, 

at 26373.05 and 26379.60 MHz both exhibit fast IMI = 1 Stark 

components shifted to low frequency but only the former is 

consistent with the remainder of the ground state assignment. 

It should be noted that both J = 3 + 2 and J = 2 + 1 

regions of D~60···DF show two prominent lines to hjgh 

frequency of the ground state. These belong to K = 1 -1 

transitions in a low lying vibrational state with reversed 

nuclear spin statistical weights which is consistent with 

16 the observation of a similar state in H
2 

O···HF. 

The J = 1 + 0 transiti;ns of D~60···DF lie in a 

frequency region where the spectrometer performs 

particularly badly and, therefore, although the spectrum 

1 0 9 



FIGURE 4.3 Spectra of the 
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bas been observed, no reliable frequency measurements 

could be made. 

The frequencies of lines assigned to transitions in 

the ground state of D~ 60···DF, and the frequencies 

available from partial analysis of a very similar, but 

much weaker spectr~m 
18 

of D2 O···DF are recorded in 

table 4.2. 

16 
4.4.4 Isotopic species HD O· · · HF 

Only the J = 2 + 1 transitions of HD160···HF have 

been observed and the spectrum, recorded at high electric 

field strength,. is reproduced in figure 4. 5. The nuclear 

spin statistical weights are now expected to be absent 

since the two atoms off the O·· · H-F axis are now non-

equivalent. The relative intensities of rotational 

t~ansitions in each vibrational state should thus reflect 

otily the values of the respective transition strengths 

(1.5 and 2 for transitions with K_
1 

= 1 and 0 respectively). 

Although the S/N ratio in the observed spectrum is rather 

poor the assignment of the ground state and the strongest 

vibrational satellite is readily made and is indicated in 

figure 4.5. Microwave spectra of the J = 2 + 1 region in 

two other isotopic species of the complex, H~ 60· ·· HF and 

16 n
2 

O••• DF, are also included in figure 4.5. The 

comparison of the three spectra provides a striking 

illustration of the effects of nuclear spin statistical 

weights en the intensities of rotational tranBitions. 

1 1 ,., 
I L 



FIGURE ~.5 Nuclear spin statistical weight effects In J = 2-1 transitions in three isotopic 

species of the water -hydrogen fluoride hydrogen bonded complex • 
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4.5 ·ROTATIONAL CONSTANTS 

Up to four rotational constan~s: B, C, ~J and ~JK . 

can be determined from the frequencies in table 4.2. The 

constant A associated with rotation about the axis 

through or near the O···H-F axis cannot be determined 

owing to the low degree of asymmetry in the complex and 

the availability of only the lowest J, aRO 
1 

branch 
' 

transitions. The numerical values for the various 

rotational constants are reported in table 4.3. The 

constants (B +C) and (B -C), which provide a more 

direct measure of the deviations from the prolate 
• 

symmetric top, are also included. 

The rotational constants have been determined via 

two different methods. 
16 

In the case of the D
2 

O···DF 

isotopic species the number of the measured transitions 

is .sufficient to allow a least squares fit of the 

reduced Watsonian Hamiltonian . The number of transitions 

·. available for each of the other isotopic species does not 

exceed four. The fitting program is not applicable in 

such cases since the number of the degrees of freedom is 

zero and, although the magnitudes of the constants can be 

determined, no estimate of the uncertainties can be made. 

The very nearly prolate character of the complex allowed 

the frequencies of the first fcur aR
0 1 branch 

' 
transitions ' to be expressed in terms of the relevant 

rotational constants. Various linear combinations of such 

expressions have then been used to determine the 
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TABLE 4.3 

Observed ground state rotational and centrifugal constants/MHz for slx lsotoplc spectes of the water-hydrogen fluoride dtmer 

!J + c 14403.34 t 0 . 14 14044.2 t 0 . 4 13721.0 ± 0.4 13705.() ± 0.5 13093.22 t 0.30 12583 .t 6 

B - C 123.52 t 0.11 117:1 t 0.4 112.0 ± 0.4 165.7 t 1 . 1 193.10 ± 0.30 171 t 6 

B 7263.43 t 0.10 7080.6 t 0.4 6916.5 ± 0.4 6935.3 t 0.6 6643.16 t 0.21 6377 t 4 

c: 7139.91 t 0.10 6963.5 t 0.4 6804.5 t 0.4 6769 . 7 t 0.6 6450 . 06 t 0.21 6206 .t 4 

AJ 0.056 t · 0 . 010 (0.05). (0.05). (0.05). 0.037 t 0.011 

AJK 1. 98 ± 0.05 1.75 :1: 0.15 1.66 :I: 0.15 1.54 :I: 0.36 ] • 408 1 0.029 

• assumed values 

V1 



rotational constants in cases where only the minimal 

number of ~ransitions has been available. ThP derivation 

of the closed formulae now follows . 

27 
The perturbation tr.eatment of. Watson provides a 

convenient starting expression for the energies of a 

distorted prolate type asymmetric top: 

E = E 
r 

4 d <P > 
K z 

4 . 1 

E is the energy of the corresponding rigid rotor and for 
. r ro 

a prQlate top it can be written in terms of Wang's 

asymmetry parameter b :
28 

p 

= 

where : 

,r--

~(B + C)J(J + 1) + {A ~(B + C)}WJ (b) 
T p 

= 
2 . 2 

K 1 + C1 b + C~bp + . .. . . 
- p " 

= (C - B)/(2A - B - C) 

The constants c
1

, c
2 

etc for low J can be derived by 

solving the ex~ct expressions for w
3 

given in ref.29. 
2 4 T 

<P > and <P > are the expectation values of the two z z 
operators in the asyminetric ro~or basis set. Near the 

limit of b = 0: 
p 

2 K2 I (1 n)C bn <P > = -z -1 . n=l n P 

K2 2 3 ? 
= C2 bp 2C3 bp 1._.. 

-1 + + ., 

4 . 2 

4.3 

4.4 

1 '1 6 



{ 1>2 .2 
<~ > f z -

The expressions for the frequencies of the four 

transitions of interest are now derivahle by means of 

equations 4 . 1 - 4 . 5 and are : 

v3 = 2(B + C) - 32dJ 

+ 1 . 5b (1 - 0. 75 b 
2 

1.125b
4

)(B + p p . p 

18b
2

(1 
p 

2 
2.25bp)dJK 

.-
9b

4
d p K 

v4 = 3B + C - 32d - 4dJK J 

The expression for the 2
02 

+ 1 01 transition can be 

reduced further to 

v 3 = 2(B + C) - 32dJ 

- C) 

..c - · 

16 
as in H O··· HF for example (A~ 430000 MHz, (B +C) 

2 

1 1 .., 
• I 

4.5 

4 . 6 

4 . 6 . 1 

~ 14400 MHz, (B - C) "J 120 MHz, b ~ -0.00015), the terms 
p 

omitted from 4.6 . 1 contribute less than 0 . 03 MHz to the 

transition frequency . The expressions for the desired 

rotational constants are now: 



1 
\13) (B + C) = 6( Sv 1 -

(B - C) = ! ( \) 4 - \) ) 
2 

. dJ 
1 

v3) = 24( 2v1 -

dJK = t{v
3 - !(v4 + v2)} 4.7 

If v 1 is not available, dJ has to be assumed and 

(B + C) = ! \) 3 + 16 ( dJ) . 
ass. 

4.8 

The differences between the d constants and the 6 constants 

in Watson's first order perturbation expression and the 

reduced Hamiltonian respective!~ a~e vanishing near the 

symmetric limit and the distinction is therefore dropped 

here. 

4.6 STRUCTURAL INT~RPRETATION OF ROTATIONAL CONSTANTS 

The rotational constants summarised in table 4.3 do 

·not allow direct determination of the complete geometry for 

H
2
0•••HF . However, the O·•·F distance, which is the 

structural parameter of greatest interest, can be 

determined fairly readily. The conventional picture of the 

valence electron distribution in divalent oxygens leads to 

two lone pairs and two bond pairs tetrahedrally disposed 

around the _ central nucleus . Hence a pyramidal equilibrium 

configuration might be expected for the complex. The 

11 a 



observation of nuclear spin statistics in the spectra 

suggests that the barrier to inversion between the two 

tetrahedral configurations is either low or zero. A 

reasonable approach therefore is to assume a planar complex 

with monomer geometries unchanged on dimer formation. The 

most likely change is in the H~F distance (a lengthening) but 

this is not expected to significantly affect the rotational 

con~tants. For reasonable values of the O···F distance the 

H in H-F is very close to the centre of mass of the complex 

(<0.5 R) resulting in only a small contribution to the 

mo~ents of inertia. Additionally:previous gas phase 

30 
microwave studies of N·· • H-F bonds of comparable strength 

and an estimate from crystallographic studies of the O···H-0 

bonct31 indicate that the H-F lengthening in H20···HF is not 

expected to exceed 0.05 ~. 

The r
0 

value for O···F which best reproduces both B 

and C for each isotopic species is shown in table 4.4 

together with the differences AB, AC, A(B + C) and A(B - C) 

between the observed and the calculated constants. Ground 

state structures of the monomers were used (H 20: r
0

H = 

0 " 0 0 
0.9650 A, HOH = 104.78 ; liDO: rOH =rOD= 0.9640 A, 

" 0 0 0 
HDO = 104.46 ; D20: rOD = 0.9631 A, DOD = 104.65 , from 

data in ref.15; rHF = 0.9257 R, rDF = 0.9234 R ref.32) and 

r (O···F) was varied until Band C were fitted according 
0 

to the least squares criterion. For the species n16
o···HF 

2 
17 18 16 H
2 

O···HF, H
2 

O···HF and HD O···HF such an approach is 

entirely satisfactory while for isotopic species involving 

D16o and D18o this is not so. With the present assumption 
2 2 

11 9 



TABLE 4.4 

r0 <0 .. ·F> values for the water-hydrogen fluoride dlmer 

r (0• • ·F)/'f:l 2.662 2 . 663 0 . \ 2.663 2.655 2.650 

• 
· AD/MHzb 1.35 2.8 1.30 4.83 20.03 

ACj!AHz -1.28 -0.6 -1.10 -2.00 24.06 

A ( B + C} /MHz 0.07 3.45 0.20 3.03 44.09 

A(B - C)fJ,Illz 2.63 2.22 2.40 6.83 -4.03 

Acalc/GI:za 429.0 429.0 429.0 295.4 215.9 

. 1 
~h 

a least squares fit to a planar dimer, unchanged monomer r
0 

geometries are assumed 
b 

AB • Bob• - Bcale etc 
0 predieted from the least squares fit 

2.650 

5 

16 

21 

-5 

215.9 

.... 
N 
0 



of unchanged monomer geometries the B and C constan~s 

16 
observed for n2 O···DF are reproduced by a structure with 

r (O ••• F) = 2.649 Rand~= 14 . 5° (~is the angle be~ween 
0 

A 

the O•••D-F axis and the DOD plane, the simultaneous fit of 

r (O·· · F) and~ to Band C was made with the method of 
0 

ref.33). In view of the assumptions made this result should 

be treated cautiously but is not inconsistent with our 

expectations for the case where the top of the barrier to 

inversion is in the vicinity of the ground state . 

Substitution of deuterium for protium in the complex would 

lower the zero point energy pushing the ground state deeper 

into the double minimum potential and giving greater weight 

in the quantum mechanical average to non-planar 

configurations . The question of planarity of the complex 

will be examined in greater detail in chapter 5. 

Conclusions about the effect on the O· ·· F distance of 

substitution of deuterium for protium in the hydrogen bond 

are difficult to draw because of the zero point effects 
. . 

alluded to above. Nevertheless it is noted that along the 

series H
2
0···HF, HDO···HF and D20· • •DF the distance O···F 

decreases in almost two equal steps. Since in the case of 

all hydrogen bonded dimers studied in the gas phase by 

thl. s t h . . 14 ' 30 l h t d. t . th ec n1que t1e eavy a om r
0 

1s ance 1s e same 

in the protium and deuterium bond, it seems not unlikely 

that this is true here also . Hence the r
0

(0 ··· F) changes 

are most likely to be a property of substitution of D for H 

in the H
2

0 part of the dimer. 
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The information contained in the rotational constants 

of table 4.3 can be utilised in an alternative way towards 

the evaluation of a partial substitution structure for the 

complex. If the assumption of planar c2v geometry and zero 
' ' .. 16 

· inertial defect is made, the Band C constants for H2 O···HF 

17 18 16 ' 
H2 O···HF or H2 O···HF and HD O···HF allow the substitution 

structure for the H20 part of the complex to be evaluated by 

means of Kraitchman's equations for single atom isotopic 

34 substitution in a planar asymmetric top. Furthermore the 

coordinates for the HF part can be determined by solving 

the simultaneous equations set up. with ljn . z~ =I =!band 
l l z 

I:m.z . . = 0 (where the z axis is the symmetry axis and the 
l l 

molecule lies in the xz plane). The coordinates and the 

structural parameters resulting from this approach are 

summarized below: 

0 

z/ A: 

1.325 

0.215 

1 2 2 

0 

I 2.681 A 
Substitution I 

I 

• 0 

• • 1.571 A 
structure I 

11 
I 

I 

L I 
-1.357 

l -1.826 

0 I I 
xjA -0.788 0.788 



The usefulness of these coordinates is hea~ily 

·qualified by the presence of t~e zero point effects 

mentioned earlier, as even for HD16G···HF the assumption of 

planarity is not as good as for H
2
0···HF (see table 4.4) and 

the results clearly cannot be extended to the fully 

deuterated species. However, the changes apparent in the 

monomer geometries (cf. r 0H = 0.965 ~. HOH = 104.8° in free. 

rHF = 0.926 R in free HF) may be significant, at least as 

far as the direction of change is concerned and are of 

interest as such data are usually rather hard to come by. 

4.7 ELECTRIC DIPOLE MOMENT 

If the water-hydrogen fluoride complex has the planar 

c
2

v structure of type I (table 4 . 1) or the analogous b~nt . 

C structure, then the ~ electric dipole moment component 
s a 

is . expected to be the dominant component. Of the two other 

co~ponents, symmetry requires ~b to be zero and ~c can be 

non-zero only in the bent Cs structure. 

The J = 2 + 1 ground ~tate transitions in the 

16 H
2 

O· · ·HF complex were the easiest to work with at low 

sample pressures and were therefore selected for dipole 

moment measurements. There are six Stark components 

associated with these transitions, of which four: 

202 + 101 IMI = 0 and 1, 212 + 111 !MI = 0 and 211 + 1 10 

IMI = 0 are expected to follow pure second order 

behaviour. The two remaining components: 2
12 

+ 1
10 

IMI = 1 and 2
11 

+ 110 IMI = 1 are expected to show mixed 

12 3 

HO 
2 



order behaviour owing to the presence of near-degeneracies 

between rotational levels with K_
1 

= 1 . All six components 

are clearly visible in figure · 4 . 1 and exhibit frequency 

shifts of tens of MHz at a field of 1000 V cm- 1 

Three of the four second orde r components have been 

measured and the fr e quency shifts are in all three cases 

found to be linear functions of the square of the strength 

of the applied electric field (figure 4.6). Second order 

Stark coefficients for the three components were calculated 

35 with the computer program STARK . Some of the coefficients 

wer e checked by hand using the relationships in section 2.3. 

The ~ contribution is ignored as, for a reasonable range c 

of asymmetries for the complex, a ~ value of 2 Debyes 
c 

would contribute less than 0.5% to the frequency shifts. 

The three plots in figure 4.6 are found to yield consistent 

values of ~a' recorded in table 4.6 . 

Measurements on the two mixed order components have 

also been carried out and the results are tabulated in 

table 4.5. The observed frequency shifts are plotted 

against the strength of the applied electric field in 

figure 4.7 . The reiationship is seen to be linear except 

at very low electr ic ·field strengths where pronounced 

curvature is apparent. Such behaviour is characteristic of 

Stark components with !M! f 0 in transitions joining pairs 

of near- degenerate K-doublet · levels (as in F
2
cs 36 

for 

examp l e ) where Stark shifts are dom::nated by a first order 
.. 

term in the electric field . The relationships between 
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TABLE 4.5 

Observed frequency shifts for the fast Stark effects 
ln the ground state J = 2 + 1 transition of H~60···HF 

-1 
en: 

49.3 

68.1 

87.3 

106.9 

125.3 

147.3 

168.6 

189.4 

209.9 

230.9 

251.7 

272.6 

293.2 

e 
IJa/D 

t.•} /MHz 

-18.5d 

-31.1 

-45.3 

-60.5 

-79.3d 

-95.4 

-133.7d 

-149.5 

-166.9 

-184.7 

-202.0 

-220.5 

1 

-1.0 19.ld 

-0.8 31.3 

-0.3 45.0 

0.4 60.2 

-2.9 78.6d 

-0.1 96.6 

110.9d 

-2.1 

-0.3 150.7 

0.3 166.9d 

0.3 186.4 

0.5 

-0.7 222.4 

4;109 4.087 

1 

1.6 

1.0 

-0.1 

-0.9 

0.7 

0.9 

-3.4 

0.3 

-1.9 

-0.6 

-0.3 

a electric field strength determined individually for each point from 
frequency shifts in the J = 2 + 1 K = 1 M = 1 Stark component of 
pro;;>yne 

b typically ±1 MHz 

c t.vobs-calc for best fit with the mixed order expressions in eq.4.9-4.12 

d 
omitted from the fit 

e estimated uncertainty ±0.03 D 
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TABLE 4,6 

summary -of electric diPole moment measurements In the ground state of H~60· ·· HF 

Stark component 
gradient of calculated second 

2 order Stark 
£ .v.t'lv coefficienta 

"• 

/10- 4 MHz v-2 2 /10-G MHz D- 2 v-2 2 cm cm /D 

2 tt'+ 1
10 IMI • 0 0.3575 ± 0.0023 2.1700 4.059 1 0 . 013 

-202 + 1ot lW I • 1 0 . 3603 :1: 0.0024 2.1787 4.067 t 0.014 

212 • 111 lwl . 0 0 . 3648 :1: 0.0023 2. 1887 4.083 :1: 0.013 

212 + 111 lwl .. 1 4.09 1 0.03b 

211 ... 110 1111 .. 1 4.11 :1: 0 . 03b 

weighted mean 4.073 t 0 . 007 

a program STARK, r otational constants from Table 4.3 

b "a determined by means of a least squares !it of the mixed order expressions in eq.4.9-4.12 to the observed frequency sbtfta 



$tark frequency shifts and the applied electric field are 

·now of more complicated anal~tical form than for pure 

second order effects. The rotational constants in table 

4.3 and the treatment of near degeneracies in section 2.3 

yield the expressions required in the present case, which 

are: 

IMI - 1: = 

~29 

4.9 

IMI = 1: = 4.10 

t,1 = 10-6 2c-2 1.4483 x ~ac. 4.11 

= 

4.12 

-1 
The units MHz, V cm and Debye are used for frequency 

shifts !!,v, electric field strength E and for ~a 

respectively . The ~ contribution was found to be 
c 

negligible and is ignored. Equations 4 . 9 - 4.12 were used 

to reproduce the observed Stark shifts by varying ~ until 
a 

the best fit, according to the least squares criterion, was 

obtained. The accuracy of the final fit can be judged from 

the figures in table 4.5. The two resulting values for ~a 

are compared with those derived from the sAconcl order 



components in table 4.6. The weighted mean of all five 

dipole moment measurements gives ~a= 4.073 ± 0.007 for the 

vibrational groupd state in H~ 60···HF. The ~c component, 

although it may be non-zero, cannot be determined from the 

present measurements. 

·The value of ~a observed for H20···HF is the 

resultant of the geometry of the complex and of the 

magnitude of the dipole moment enhancement ~~. The quantity 

~~ denotes the excess of the dipole moment of the complex 

over the vector sum of the monomer dipole moments. The 

value of ~ 11 is of considerable interest as it provides 

information on changes in charge distribution on hydrogen 

bond formation which, for weak complexes, are thought to 

arise mainly from the polarizability effects~ 7 For the 

planar c
2

v H20···HF complex the known values for the monomer 

dipole moments ( ~ H
2

0 = 1. 8546 n16
, 1-1 HF = 1. 8265 n17

) lead 

to ~11 = 0.39 D. For the bent C structure only the ~11 s a 

component of the enhancement is determinable and would, 

for example, be equal to .0.83 D if the bend angle ~ 

0 between the H
2
o plane and the O···H-F axis was equal to 40 . 

These values can be compared with ~~ = 0.94 D in 
a 

(CH2 ) 20···HF (~ = 70°)
30 

which on the basis of ~vs is 

expected to be a stronger complex than H20···HF. At this 

point it is appropriate to mention that 11 = 3.82 ± 0.02 n14 
a 

has been determined for the lowest lying excited state of 

the complex. This . is considerably different from the 

ground state .. value of 4.073 i 0.007 D and indicates that 

the quantum mechanical· average over at least one normal 

1 30 



4.8 

coordinate is non-trivial. As this affects the 

deductions to be made from ~a' further discussion of the 

electric dipole moment in H20···HF is deferred until 

chapter 5, when information on the excited ·states becomes 

available. 

17 . 
NUCLEAR QUADRUPOLE COUPLING IN H2 O···HF 

17 
Only the J = 2 + 1 region of H2 O···HF has been 

investigated and the observed microwave spectrum is 

reproduced in figure 4.8. The observed transition 

pattern is identical with that for H~60···HF (figure 4.1) 

although it is less clear owing to the presence of lines 

associated with the V = 1 region of the latter 
0 

17 
(see chapter 5). The 0 nucleus has a spin of 5/2 and a 

relatively small quadrupole moment producing hyperfine 

splittings of a few MHz in the microwave spectrum of 

H;
7o. 38 

Comparable splittings might be expected in the 

spectra of H~ 70···HF and as the narrowest halfwidths 

attainable here are close to 1 MHz some quadrupole 

structure should be observable. The presence of such 

effects is not clear from figure 4.8 but the comparison of 

line shapes and line widths for the same rotational 

t. . t . . h 16o d 1 7o . f h 1 rans1 1on 1n t e ap spec1es o t e comp ex 

reveals some differences. The 17o 211 + 1
10 

transition is 

significantly broader and displays considerable asymmetry 

to high frequency. Similar behaviour is observed for the 

1 31 
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FIGURE 4. 8 The J = 2+-1 rota tionCll transitions of 
17 H2 0 ... HF (approx. 30% enrichment ) . 
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FIGURE 4. 9 Comparison of line shapes for 

the ground state 2 11 -1 10 transition in 

H2
16o ... HF and H2

17o ... HF. 
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17 . 0.2
12 

+ 1
11 

transition (figure 4.12) although the 

asymmetry is to low frequency in this case. The half-

widths of the 2
02 

+ 1
01 

transitions in the two complexes 

are identical and are lower than those for the two 17o 
.. 

K_ 1 = 1 transitions (the ~ 02 + 101 transition in vS(o) = 1 

state is reproduced in figure 4.12 as the corresponding 

ground state transition is badly overlapped). A discussion 

of the observed line shapes in terms of the likely 
17o 

quadrupole splittings now follows. 

The coupling between the nucl~ar quadrupole moment Q 

and ·the molecular electronic potential V, through the 

field gradient leads to quadrupole energy contributions EQ 

to the rotational energy levels. The quadrupole energies 

in a near symmetric top can be expressed in terms of Ray's 

t t d . by~. 9 asymme ry parame er K, an are g1ven 

= 1 1) { X [J(J + 1) + E(K) - (K + 1) 2lE(K)J 
J(J + aa · aK 

aE(K) 
+ 2 X bb a K 

1 34 

+ x [ J ( J + 1) - E ( K) + ( K - 1) a E < K) J } y (J I F) 
cc a K ' ' 

where: . x , xbb and x are nuclear quadrupole coupling aa cc · 

constants (usually in MHz) and Xaa = eQqaa = 
2 

eQa ~ etc. 
a a 

I is the nuclear spin quantum number 

4.13 
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F i$ the total angular momentum quantum number with 

values F = I + J, I + J 1. ... II - Jl 

Y(J,I,F) is Casimir's function tabulated in ref.40 

E(K) is the reduced rotational energy which is a 

function of K only. 

The values of aE(K)/3K, for low J, can be determined from 

the exact expressions available for E( K). The applicability 

of Laplace's equation v2 
V= 0 at ~he interacting nucleus 

yields the supplementary relation 

4.14 

Expressioris for the frequencies of hyperfine components 

in J = 2 + 1 transitions of a near-symmetric top are rrow 

derivable from 4.13- 4.14 and, for K < -0.99 and I = 5/2, 

are: · 

= 

= 

'J :::: 
Q 

-x { Y ( 2 , 5/2 , F ' ) -
a a 

Y(1,5/2,F)} 

where vQ is the frequency difference between a hyperfine 

component and the hypothetical quadrupole unsplit 

transition. Application of ~he selection rules for F: 

4.15 

6F = 0, ±1 to 4.15 yields, when combined with the 

appropriate relative intensities~0 
the hyperfine splitting 



patterns expected for a given set of X· 

The nuclear quadrupole coupling constants for the 
17

0 

nucleus in the water molecule are available from 

17 38 17 41 investigations on H 0 and HD 0 and are x = 10 . 175, 2 X 

x = -8 . 891, x = -1 . 283 , all in MHz (the molecule lies in 
y z 

A 

the ·yz plane and the z axis bisects the HOH angle). The 

changes in these constants on complexation, if any, are 

expected to be most pronounced for x and x as, in the 
• X Z 

valence picture, the lone pairs lie in the xz plane . 

However, as hydrogen bonding is a long range interaction 

rel~tive to a normal bond and x's depend on ljr3 (where r 

is the distance between the quadrupole nucleus and an 

electron in a molecular orbital) such changes are probably 

going to be small. This is supported by the ab initio 

calculation of List~r and Palmierfwhere deuterium 

quadrupole constants for DF change by 10% on complexation 

with water. As a first approximation therefore it is 

reasonable to predict the splittings in H;7o · ··HF from the 

17 unchanged quadrupole constants for H2 0, transformed to the 

principal axes of the complex . The two cartesian systems 

involved are indicated in figure 4 . 10 and the 

transformation is achieved b~ means of : 

2 2 
Xa.a = Xx cos e + X cos e 

xa y ya 

2 2 
xbb = XX cos e + x cos e· b xb y y 

= 
2 2 . 

x cos e + x cos e 
X XC y ye 

cos2 e + xz za 

cos2 e + xz zb 

2 + x cos e z zc 

where e is the angle between the axes a and x etc . xa 

4.16 
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FIGURE 4.11 Nuclear quadrupole splitting patterns in the J = 2+-1 transition of 

17 H2 0 ... HF , calculated for four values of the out·of·plane bend angle 4>. 
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FIGURE · 4.12 Ob~erved and calculated line shapes for J = 2-1 transitions in 17 H2 O ... HF. 

The calculation · is for nuclear quadrupole splittings in a planar complex with HWHH = 1.25 MHz ~ 

:: .· 
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The discussions made in the previous sections still 

leave the value of the out-of-plane bend angle ~ somewhat 

uncertain. Nuclear quadrupole splitting patterns expected 

for a range of values of ~ have accordingly been calculated 

and are r~produced in figure 4.11. The most immediate 

conclusion to be drawn from figure 4.11 is that when only 

the overlap contour of each splitting pattern is visible 

and~ is less than 50 - 60°, the width of the K_ 1 = 0 line 

should be significantly less than the widths of the two 

140 

K_ 1 = 1 lines . Asymmetries in the contours of the K_ 1 - 1's, 

of the type actually observed, are also predicted, and are 

m6st pronounced for the planar complex, diminishing with 

increasing~· Thus a qualitative comparison of the 

calculations with experiment leads to the conclusion that 

the ground state structure of H~7o .. ·HF is either planar 

or slightly bent. A quantitative comparison between the 

calculated and the experimentally observed line contours is 

made in figure 4.12 and is not particularly good. This 

could be due, for example, to the presence of some 

additional lines near the K_1 = 1's or to changes in x's 

on complexaton. Unfortunately the present experimental 

data does not allow these points to be explored further. 

The quality of the experimental information for the 

ground state of H~70•••HF could be improved considerably 

if spectra could be obtained by either the molecular beam 

electric resonance spectroscopy or the pulsed Fourier 

transform microwave spectroseopy (see chapter 1). Line 

widths in both of these methods are usually significantly 



lower than here and the effective sample temperatures of 

< 10 K eliminate any interference from lines in excited 

vibrational states . 

141 



CHAPTER 5 

The hydrogen bonded complex formed between 
water and hydrogen fluoride: excited vibrational states 

ABSTRACT 

All vibrational satellites with up to two quanta in the 

low frequency modes veio)' vB(i) and v
0 

are assigned in the 

normal isotopic species. Less extensive assignments are also 

presented for four other isotopic species. The changes in 

rotational constants are found to be harmonic only for the 

progression in vB(i) and reasons for the observed behaviour of 

rotational constants in the remaining satellites are suggested. 

Extensive microwave relative intensity and electric dipole 

moment measurements are reported and the most important results 

142 

are vB(i) = 157 ± 10 
-1 

-1 
cm -

V 176 15 = + -
-1 

(v8(o) 1 0) = cm = -
' a 

64 ± 10 cm (vB(o) 267 35 -1 
J.l(vs(o) 1) = ± cm = = ' 

= 2 - 0) 

3.802 ± 0.007 D and J.l(VB(i) = 1) = 4.074 ± 0.016 D, all for 

H2
16o. ·· •HF. R t t. l t t l l . d o a 1ona cons an s, energy eve spac1ngs an 

dipole moments associated with the vB(o) mode are rationalised 

by means of a double minimum quartic-quadratic potential with a 

-1 +_ 80, central barrier of 1.5 ± 0.8 kJ mol and minima at 45.5 

and of a dipole moment enhancement of 0.72 ± 0.06 D. Harmonic 

potential calculations are used to derive candidate force 

fields for the remaining modes. DJ is shown to be dependent 

primarily on v
0 

and the experimental values for DJ and v
0 

are 

demonstrated to be consistent. 1 The model of Cummjngs and Wood 

for the modes v and v is reinvestigated and more accurate s a · 

expressions for the effective reduced masses J.l and J.l are s a 

,.· . . 



derived. Finally the constants B (or (B+C)/2), a
0

, DJ' 

v
0 

and De are found to be reliably co~nected by the 

relationships arising from the diatomic Morse potential 

approximation to hydrogen bonded dimers and the model is 

utilised as an aid in assigning the spectra of some 

cyanide complexes. 

5. 1 INTRODUCTION 

The chapter has been divided into two parts. Part I 

summarises the available experimental information and 

reports the values derived for the rotational constants, 

dipole moments and vibrational energy spacings . Part" II 

proceeds to interpret these results in terms of the 

vibrational potential for t he complex. The applicability 

of the double minimum potential to vB(o) is discussed 

first, and is followed . by some harmonic potential 

calculations, reinvestigation of the ~ummings and Wood 

model and the Morse approximation . 
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PART I - EXPERIMENTAL INFORMATION 

5.2 SPECTRAL ASSIGNMENT AND ROTATIONAL CONSTANTS 

The heterodimer formed from one molecule of water and 

bne molecule of hydrogen fluoride has 3 x 5 - 6 = 9 degrees 

of vibrational freedom. Four of these correspond to 

vibrational modes in the isolated monomers which are 

expected to show relatively small changes on complexation. 

The four modes are the symmetric stretch, the bend and the 

asymmetric stretch in th~ water nionomer, and the stretch in 

the HF monomer, denoted by v l (H
2
0), v ~/H20), v 3 (H 2o) and vs 

respectively. All these modes are of high energy with 

- -1 vibrational wavenumbers v in excess of 1500 cm The 

remaining five modes are all associated with the hydrogen 

bond and arise from the loss of three degrees of 

translational freedom and two degrees of rotational freedom 

on complexation. The general form of such modes is known2 

and for the planar H
2
0···HF complex th~se are expected to 

consist of the hydrogen bond stretch v , two synchronous 
0 

bends v
6

, where atoms at the two ends of the H•••B bond 

both move in the same direction, and two asynchronous bends 

vB where the two atoms move in opposite directions. Each 

p~ir of bends consists of a bend in the plane of the complex 

and of a bend out of the plane of the complex and the 

notation v 3(i)' v 6(~) and vB(i) and vB(o) is used 

accordingly. The approximate form of these modes is 

indicated in figure 5.1, although their exact nature can be 

determined only when the vibrational force field is known 
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FIGURE 5.1 Approximate displacer.i~nts for the five vibrational 

modes in the H2o .. . HF heterodimer that involve the hydrogen 

bond . 

-I -1 V cm ,ref.10 

-fD eO-
v~(o) 145 :!: 50 

. v~(l) 170 :!: 50 

666 :!: 30 

696 :!: 30 

a - estimated 



(see Part II). The synchronous bending modes are usually 

centred on the base end of the hydrogen bond (hence the 

alternative nomenclature-bends at the water oxygen atom) and, 

where known, are significantly lower in energy than the 

asynchronous bending modes, with vibrational frequencies of 

. -1 -1 -
the order of lOO cm compared with more than 500 cm for the 

3-6 
latter. T!1e hydrogen bond stretching mode v in complexes 

(J 

involving HF has previously been observed to be in the region 

lOO - 200 -1 3-5 7-9 cm ' The results of gas phase investigations 

of the H
2
0···HF complex (ref.lO and fig.5.1) fall into this 

pattern and indicate that in the rotational spectrum the 

satellites associated with the ~B(o)' vB(i) and v
0 

vibrational modes will be the most prominent as the vibrational 

-1 
wavenumbers for all of these modes are less than 200 cm , 

-1 
whereas those for the other six modes are all above 600 cm 

It is useful at this point to state our antic~pations 

regarding the appearance of spectral patterns resulting from 

rotational transitions in various low-lying excited 

vibrational states. As the complex is nearly prolate the 

changes in rotational constants relative to those of the 

ground state are expected to be most pronounced for the B + C 

constant. Excitation of the hydrogen bond stretching mode 

v is expected to result in longer effective structures of 
(J 

the complex giving rise to larger effective moments of inertia 

and lower rotational constants. Rotational transitions in 
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excited states of this mode should therefore be displaced to lower 



microwave frequency relative to the ground state. Conversely 

the effective structures in the two low frequency bending 

modes are expected to result in more compact arrangements of 

atoms around the centre of mass leading to smaller moments 

of inertia ~nd vibrational satellites .lying to high frequency 

of the ground state. The observation of nuclear spin 

statistical weight effects in the ground state of the complex 

leads us to expect the presence of such effects in the excited 

states. Since the two bending modes vS(o) and vS(i) are 

antisymmetric wrt. the c
2 

axis in a planar complex the 

arguments of section 4.4.2 predict an alternation in nuclear 

spirt weights with quantum number in either vibration. In 

contrast, the statistical weights in the satellite 

progression belonging to the hydrogen bond stretching . 
vibration should remaln unchanged and equal to those in the 

ground state as the mode is symmetric wrt. the c
2 

axis. 

5.2.1 Low frequency bending modes vS(o) 

16 H O•••HF 2 ~ 

1? 18 H2 O•• •HF and H O•••HF 
2 

and " VS(i) 

The discussion of section 5.2 predicts that rotational 

transitions belonging to excited states of vS(o) or vS(i) 

will be displaced to high frequency :from the comparable 

transitions in the ground state and in the first quantum 

will carry reversed nuclear spin statistical weights relative 

to the ground state. The K_
1 

= 0 transitions will thus have 

statistical weights of 3 and the K_
1 

= 1 transitions 

statistical weights of 1. Examination of microwave spectra 
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FIGURE 5.2 High resolution, tow Stark field spectrum of H2
16o ... HF In the vicinity · 

of the ground state J • 2- 1 transitions . 
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FIGURE 5.3 The calculated tow Stark field spectrum of the J= 2-1 region of 16 H2 O •.• HF. 

The intensities are for vibrational spacings ( In parenthesis) derived from rr.icrowave relative 

intensity measurements and are for 223 K . 
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of the J = 2 + 1 region of H~6o···HF (figure 4.1) reveals two 

sets of transitions fulfilling these criteria . On the basis 

of Stark behaviour, the two strong lines at 28872.46 MHz and 

at 29033.28 MHz are both assignable to 2
02 

+ 1
01 

transitions 

and both appear to have intensities enhanced by statistical 

weight effects as the associated K_
1 

= 1 transitions are 

difficult to discern from fig.4.1 suggesting that relative 

intensities are lower than expected from the transition 

strengths alone. A more detailed low voltage scan of the 

J = 2 + 1 region of H~60···HF is reproduced in fig.5.2 and 

allows the assignment to be taken further. The criteria of 

matching Stark effects (K_
1 

= 1 IMI = 1 components moving 

towards the centre of each J = 2 + 1 triplet), of matching 

intensities and of (B - C) and DJK remaining in the order of 

magnitude observed in the ground state are used for 

assigning the missing K_
1 

= 1 pairs. The two lines at 

28930.5 and 29121 . 8 MHz are thus found to be associated with 

the transition at 29033.28 MHz and the lines at 28761.7 and 

28968.0 MHz complete the triplet with the central component 

at 28872.46 MHz. The possibility that the two triplets 

arise from transitions in successive states in any one of the 

bending vibrations can be excluded since both carry the same 

statistical weights. Such weights can also be obtained with 

· any three quanta of the bends or with one quantum of a bend 

and one quantum of the stretch v but this again cannot be 
0 

the case for the satellites in question as even approximate 

estimates of Bol tzmann factors indicate energies of 

significantly less than 200 cm-l for the two vibrational 

levels. The only reasonable assignment is therefore of 

1 50 



1 d 1 T t . . . t . f _,h 1 0 v ( . ) = an v (") = . ~e 1nves~1ga 10n o 1 omas and s o . e 1 

the results available for analogous molecules (ketene 

11 . 12 . 13-15 
CH

2
co, d1azomethane CH2 N

2 
and cyanam1de ) suggest 

that the out-of-plane wagging vibration involving the off 

axis hydrogens (v ( ) in H20· · ·HF) ~s the lowest frequency a o · · 

mode in an H
2

XYZ molecule. The strongest satellite, that 

centred on the line at 29033.28 MHz, is therefore assigned 

to vB(o) = 1 and the weaker triplet, based on the transition 

at 28872.46 MHz must then belong to vB(i) = 1. The microwave 

spectrum of the J = 1 + 0 region of the complex is also 

available and is consistent with the analysis proposed so 

far. The frequencies of the assigned transitions and the 

derived rotational constants are swnmarised in tables 5.1 and 

5.2 for vB(o) and in table 5.3 for vB(i)" The assignment of 

corresponding satellites in the spectra of isotopically 
~ --·· 

substituted species H~70···HF and H~ 8o~··HF has been carried 

out on identical 11.nes and the results are recorded together 

. 16 
with those for H

2 
O···HF. 

With refinement of the experimental technique, the 

S/N ratio and line widths in the more recent spectra of 

H16o •.. HF have imnroved sufficiently to enable the 2 -

observation of satellites belonging to states with two quanta 

in the low frequency bending vibrations. There are three 

such states: vB(o) = 2, (vB(o) = 1, vB(i) = 1) and vB(i) = 2, 

in the order of increasing energy . All three states are · 

expected to carry the statistical weights of the grourid state 

and, initially, an assignment where rotational constants 

behave in the harmonic fashion, described by equation 2.21, 
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, ,. 
• .. 

1o1 + 

212 + 

2o2 + 

211 ... 

313 ... 

322 •· 

321 + 

3o3 + 

312 + 

TABLE 5.1 

Observed rotational transition frequenctes/MIIz in the first quantum of. the low frequency 
out-of-Plane bend <ve<o> = 1) for five isotoPic species 

. of the water-nydrogen fluoride heterodlmer 

H
16o• • •HF 2 

16 
D

2 
Q, • ·DF 

0
oo 

14516.8 ± 0.5 13819.5 ± 3 

111 28930.5 ± 0.5 27533.8 ± 1.0 26302.7 ± 

1o1 29033.28 ± 0.30 28298.98 :!: 0.30 27638.0 :!: 0.5 27683.5 ± 1.0 26478.0 :!: 

110 29121.8 ± 0.5 27822.5 ± 1.0 26644.9 ± 

2 12 
39454.8 :!: 

2 21 
39692.8a 

2 20 
39693.2a 

2o2 
39714.4 ± 

211 39964.5 :1: 

1.0 

1.5 

1.0 

1.0 

1.0 

1.0 

a predicted from a Ut to the remaining transitions. No transitions are observed at these frequencies -
see text for discussion; 



TABLE 5.2 

Dertved rotattGnol and centrifugal constants/~iz In the first QUantum of the low frequency out-of-plane 
bend <v~<o> • 1> for five Isotopic species of the water-hydrogen fluoride heterodlmer 

16 
11

17 0· • •HF 11
180• • •HF HD16o. • •HF 

16 . 
11

2 
0· , ·IIF 

2 2 D2 Q. ··DF 

B + C 14517.54 ± 0.20 14150.29 1 0.20 13819.8 ± 0.35 13842.6 1 0.6 13239.61 j; 0.34 

8 - c 95.65 1 0.65 144.4 t 0.7 170.27 t 0.34 

8 7306,52 ± 0.34 6993.5 t 0.5 6704.94 t 0.24 

c 7210.87 ± 0.34 6849.1 ± 0.5 6534.67 1 0.24 

ll. a. 
J 

(0.056) (0.05) (0.05) (0.05) (0.037) 

li.JK 1. 76 1 0.12 1.34 :1: 0.31 0.92 t: 0.17 

(B+C)v - (8+C)
0 

114.05 ± 0.24 106.2 ± 0.5 98.8 t 0.5 137.6 t 0.8 146.39 t 0.45 

(ll-C)v - (B-C)
0 

-27.87 t 0.66 -21.3 t 1.3 -22.83 t 0.45 

8 - 8 43.09 ± 0.35 58.2 t 0.8 61.16 t 0.32 
V 0 

c c 70.96 1 0 . 35 70.4 t 0.8 84.61 1 0.32 
V 0 

a AJ Is ussumed, ground state valuo ie ueed where available. 

....a. 
lJl 
IJJ 



TI\BLE 5.3 

Observed rototlonol tronsltlon freQuencles/MHz ond dertved rototlonol constonts/MHz for satellites 
belonging to t'he low freQuency ln-plone bending vlbrotlon <v~<n> ln three 1sotop1c species of the 

water-hydrogen fluoride heterodlmer 

1o1 ... 0
oo 14437.0 t 

212 ... 111 28761.7 t 

2o2 ... 1
o1 28872 . 46 t 

211 .. 1
10 

28968.0 t 

B+Ca 14437.10 ;!: 

B-C 103.2 t 

B 7270.2 ·± 

c 7167.0 ± 

AJK 1. 90 t 

(B+C)v - (8+C)
0 

33.76 t 

(8-C)v - (B+C)
0 

-20.3 ± 

8 - B 
V 0 

6.8 :1; 

c - c 27.1 ± 

" 0 

a 
4 J • 0, 056 lolll:t; assumed 

b .iJK a 1.9 t 0.2 Mllz assumed 

1.0 

0.5 

0.30 

1.5 

0.30 

0.8 

0.4 

0.4 

0.21 

0.33 

0.8 

0.4 

0.4 

28872 ± 3 

29026.5 ± 1.0 

14<179.3 ± l.Ob 

77.3 :1; 1.6 

7278.3 ± 1.0 

7201.0 ± 1.0 

76.0 ± 1.0 

-46.2 ± 1.6 

. \ 

14.9 t 0,9 

61.1 ± 0.9 

1117 0• • •HF 
2 

VB(i) ~ 1 

28149.0 t 0.5 

14075.4 ± 0.4 

31.2 t 0.4 

1:!745.5 t 4 

27·l!!IL3 :1: 1.0 

13750.0 ± 0.6 

29.1 :t' 0.6 

_ .... 
l11 
~ 



is looked for. An assignment satisfying these conditions 

is only possible for the state vS(i) = 2, where the lines at 

28872 MHz and 29026.5 MHz have Stark components and 

intensities appropriate to the 2
12 

+ 1
11 

and 2
11 

+ 1
10 

· transition~, respectively. The 2 0 ~ + 1
01 

transition is not . 

assigned as it is expected to be 56% weaker and, at the high 

fi'eld conditions necessary for its observation, is obscured 

by the profusion of strong Stark components in the same 

region. The rotational constants for vS(i) = 2 have been 

derived by assuming that ~JK remains invariant with the 

vibrational quantum number (Table 5.3) and are seen to exhibit 

a small departure from linear variation with vS(i)" If this 

does not arise from some perturbation in the energy levels 

but is only a property of the potential for vS(i) and if the 

changes in rotational constants can be described by 

then aB = ~6.7 ~ 0.6, yB = 0 . 3 ± 0.5, aC = -25.4 ± 0.6 and 

y = 1 . 7 ± 0 . 5, all in MHz, c 

5.1 

1-5 5 

Rotational ~ransitions in the two remaining states -with two 

quanta in the low frequency bending vibrations (vS(o) = 2 

and (v ( ) = 1, v
6 

.. , = 1)) are in each case expected to be 
S o tlJ. 

stronger than those in v (') = 2. Also, with the exception 
6 ]_ 

of satellites associated with v = 1, which are well removed 
a 

from the spectral region of fig.5 . 2 (see figure 5.4 and 

section 5.2.2) these transitions are expected to account for 

the strongest unassigned lines in the spectrum . If changes 

in the rotational ljOnstants were harmonic and described by 



equation 2 . 21, such transttions would all be expected to fall 

between 29.01 and 29.33 GHz. This clearly is not the case as 

the observed J = 2 + 1 transitions terminate at 29.17 GHz. 

However, two satellites, A and B (figure 5.2), which have the 

Boltzmann factors and the statistical weights required for 

vS(o) = 2 and (vB(o) = 1, vB(i) = 1) can be assigned in 

figure 5.2 and the results are reported in tables 5.5 and 5.6. 

Relative inten~ity measurements (section 5.4) confirm that A 

1 56 

and B correspond to the pair vs(o) = 2 and (vB(o) · = 1, vS(i) = 1) 

but the question as to which is which cannot yet be answered due 

to the highly anharmonic energy level spacing apparent in 

vs(o) and the unexpected variation in the rotational constants. 

Such effects could be caused by a number of different 

spectroscopic phenomena, such as Fermi resonance, Coriolis 

resonance and anharmonicity in the potential for one of the 

vibrations (for example a double minimum potential for vB(o))'. 

A more detailed discussion is only ~ossible on the basis of 

an ap~ropriate calculation and this will be presented in later 

sections of this chapter. 

16 
H>D 0 • • • HF 

The spectrum of HD160···HF differs from those of the 

other isotopic species in that the nuclear spin statistical 

weights are removed by the presence of the off axis deuterium 

atom. Only one strong vibrational satellite, to high 

frequency from the ground state, is identifiable from the 

available spectra and is indicated in figure 4.5. This 



satellite is the strongest in the spectrum and is assigned to 

vS(o) = 1. The observed transition frequencies and the 

derived rotational constants ar~ reported in tables 5 . 1 and 

5 . 2 . 

16 '• 
D . O • • " DF 

2 

As has already been noted in section 4 . 4 . 3, both the 

J = 3 + 2 region of D~6o· ·· DF (figure 4 . 2) and the J = 2 + 1 

region (figure 4.3) each contain a pair of strong lines, at 

39454. 8 and 39964 . 5 MHz, and at 26302 . 7 and 26644 . 9 MHz 

respectively, which can be assigned to the K_
1 

= 1 

t r ansitions in a low-lying vibrational state carrying 

statistical weights that are reversed relative to the ground 

r 
state . The two pairs .of transitions are clearly connected as 

both lead to the same (B-C) values, and as these are the 

strongest such pairs in the two spectra, they are assigned to 

the vS(o) = 1 vibrational state . Of the remaining transitions, 

the assignment of . lines at 39714 . 4 and 26478 . 0 MHz as 

~03 + 202 and 202 + 101 transitioris in vS(o} = 1 is readily 

carried out on the basis of Stark behaviour . The six lines 

assigned so far allow the constants B , C and 6JK to be fitted 

to an accuracy comp a rable with that for the ground state 

(table 5 . 2) . According to these constants the remaining 

t . t. ( 3 ') d 3 2 ) h 1 d b th f 11 t rans1 1ons , 
21 

+ _
20 

an 
22 

+ 
21 

s.ou_ o . a a , or 

very near 39693 MHz . The low voltage spectruin in figure 4 . 2, 

however , contains no appreciable lines in this region and in 

. fact the line at 39764 . 9 which is 72 ~lliz away is the nearest 
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candidate for these K_1 = 2 transition~. As the assignment 

carried out so far does not appear to be in question, we must 

conciude that the v
8

(o) = 1 J = 3 + 2 K_
1 

= 2 transitions and 

the connected eigenvalues are perturbed from the values 

predicted by the distorted rotor model. If the potential 

sectio~ for the vB(o) mode is of a double minimum type then 

such a selective perturbation could arise through a mechanism 

proposed by Lide~ 6 
This possibility is discussed in detail 

in Part II. 

The assignment of any ~ other transitions in vibrational 

states connected with the vB(o) or vB(i) vibration in 

D~ 60···DF has not been possible owing to the poor S/N ratio 

in the J = 2 + 1 region and the greatly increased complexity 

of the spectrum in the J = 3 + 2 region. 

Inspection of rotational constants _derived for both the 

vB(o) = 1 and vB(i) = 1 states in various isotopic species of 

the complex (tables 5.2 and 5.3) confirms the consistency of 

' the assignment as, for example, the changes along the series 

H160···HF H170···HF 
2 ' 2 

and H;80···HF are in equal steps. The 

changes in constants 16 16 from H
2 

O···HF, through HD O···HF to 

16 
D2 O···DF also fall into a pattern, although now not a linear 

one. It is of interest to note that ~JK constants in excited 

vibrational states, where available, do not appear to differ 

significantly from the ground state values (are slightly 

smaller). This contrasts wit~ the results of investigations 

of the complexes of 6xirane and of oxetane with HF, 17 whe~e 

the AJK value shows considerable variations between the 
\. 

vibrational states, both in magnitude and in sign. 
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5.2.2 Low frequency stretching mode v 
r; 

Predictions of section 5.2 regarding the satellites 

in the v progression lead us tc expect all such 
r; 

transitions to fall to low frequency relative to the 

ground state and 'to carry the st8.tistical weights of the · 

ground state. Thus, unless one of the bending frequencies 

is less than half vcr' we would expect the K_ 1 = 1 

transitions in v = 1 to be stronger than all the other . cr 

excited state K_1 = 1 transitions. A pair of transitions 

consistent with these expectations, at 28179.2 and 

28397.2 MHz, is clearly visible in the low field spectrum 

16 of H2 0·· ·HF (figure 4.1) and is assigned accordingly. 

A high resolution, high field scan of the same region is 

presented in figure 5.4. It now becomes apparent that · 

there are going to be problems with the assignment of the 

vcr = 1 202 + 161 transition as there is clearly no line 

of the required intensity near the centre of the K_ 1 = 1 

.. -9 .~ 

1 doublet. Three lines, at 28281.8, 28253 . 7 and 28130.2 MHz, 

alr of which show the Stark behaviour expected for a 

2
02 

+ 1
01 

transition are in fact visible, but the line 

at 28281.8 MHz which is nearest the centre of the 

vcr = 1 K_ 1 = 1 pair is much too strong to be the K_
1 

= 0 

transition in the same state. Careful relative intensity 

measurements reveal that 6nly the line at 28253.7 MHz is 

of the intensity expected for the vcr = 1 2
02 

+ 101 

l transition, completing the assignmen~ of v = 1 (table 5.4). 
cr 

The pattern of J = 2 + 1 transitions in v = 1 is unusua~ 
cr 
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FIGURE 5. 4 Rotational transitions in . the J = 2-1 

Y = 1 region of er 
16 H2 O .. . HF. 

V 0 "'1 • V t! (o): 1 

---r-··· 
"o=1, vslil=1 
-·--r--

28.4 

Stark field 

gain 

time constant 

recorder range 

scan speed 

temperature 

pressure 

28.0 

500 V cm -1 

-53 dBm 

1 5 

100 mV 

0.5 MHz s -1 

-48°C 

145 IJID·Hg 

GHz 

i 

i 



TABLE 5.4 

Observed rotational transition freauencles/MHz and derived rotational constants/MHz for satellites belonging to 
the hydrogen bond stretchln9 vibration <va> In three Isotopic species of the water-hydrogen fluoride· heterodlmer 

2 .. 
12 111 

2o2 ... 1o1 • 
211 ... 110 

322 ... 221 

321. + 220 
I 

8 + c 

8 - c 

8 

8 

( 8+C)v - (8,. C) 
0 

(8-C)v - (8-C)
0 

8v - 8o 

c - c 
V 0 

V • 1 
0 

28179 . 2 t 0 . 5 

28253 . 7 t 0 . 5 

28397 . 2 ± 0 . 5 

14127 .1b 

109.0° 

7118 . 4 

7009.4 

-275 . 6 

- 14 . 5 

-145.0 

-130 . 5 

- 2 

27605,7 t 3.0 

27414,3 t 3.0 

'1.13755d 

95.7 

'1.6925 

'-6830 

-648 . 3 

- 27.8 

-338.4 

- 309.0 

V 
0 - 1 

26800 ± 5 

27005 ± 5 

'1.16451d 

102 . 5 

'1.6777 

'1.6674 

-270 

9.5 

-140.0 

- 131 .0 

a t entu ti v~ uss ignmcnt 

b derived from the 202 + 101 transition which is assumed to be unpel' turbed 

" equal perturbation assumed tor the two K_
1 

• 1 transitions 

d dtot••rmln••<l from th<' mid-point of t he two K_
1 

• 1 tr·unsitions 

V 
0 

.. 1 

38564. ·1 1 1 

'1.12867 

-226 

V 
0 

37687 t ~ 

-518 



as, in the distorted rotor mcdel, .6 JK of -8.6 MHz is 

required tc account for the departure of the K == 0 from the 
-1 

mean of the two K == 1's. Such value for .6JK appears 
-1 

unlikely in view of the results available for the other 

vibrational states and it is necessary to conclude that the 

v == 1 triplet is perturbed. Supporting evidence is provided 
0 

by further analysis oi the transition pattern in figure 5.4. 

If all satellites behaved in a harmonic manner this pattern 

should mirror the pattern observed in the vicinity of the 

ground state. Rotational transitions in (v
0 

== 1, vS(o) = 1) 

and in (v
0 

= 1, vB(i) = 1) would thus all be expected to fall 

to high frequency from v
0 

= 1 1 with shifts of "'110 MHz and 

'V35 1lliz respectively. It is evident from figure 5.4 that this 

is not the case . . Relative intensity measurements (section 5.4) 

lead to the assignment of the line at 28281.8 MHz to the 

2
02 

~ 101 transition in (v
0 

= 1, vB(o) = 1) and the line at · 

28130.2 MHz to the corresponding transition in (v = 1, 
v 0 

vB(i) = 1) - table~ 5.5 and 5.6. The intensities of both 

transitions are enhanced by the reversal of statistical weights 

wrt. v
0 

= 1. Both satellites are also seen to fall 

approximatBly 100 MHz lower in frequency than expected for 

harmonic spacings. The data in table 5.6 show that the 

differences in the (B+C) rotational constant between (v = 1, 
0 

vS(o) = 1) and (v
0 

= 1, vB(i) = 1) are very similar to those 

between vs(o) = 1 and vB(i) = 1. Any perturbations affecting 

the two combination levels would thus be requiren to r~sult 

in equal changes in (B+C) for both states. This is unlikely 

and a more likely ~xplanation is that relative positions of 

satellites in the v = 1 region are a further manifestation 
a 
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of a perturbation affecting the v = 1 state . It should be 
(J 

noted however that any such discussion is necessarily 

qualified by our lack of experience regarding the coupling of 
J 

two low frequency, and possibly highly anharmonic vibrations. 

Rotational transitions in a state with two quanta in the 

hydrog~n bond stretching vibration have also been observed 

and are reported in table 5.4. These are displaced further 

from the ground state than expected for a harmonic progression. 

If the departure from linearity with v is to be described in 
(J 

terms ~f equation 5.1, ay which is equal to ~10% of the a is 

requir~d, although such deduction8 have to be viewed in the 

light of assumptions made in deriving the rotational constants 

(footnotes b-d, table 5.4) . 

18 
The assignment of · v = 1 transitions in H O· ··HF has 

(J 2 < . 

been carried out fdllowing arguments identical to those for 

16 
H2 O···HF and the results are included in table 5.4. 

16 . 
D 0 • • • DF 

2 

For reasons of poor S/N ratio and spectral complexity at 

the high Stark field conditions, the re~orted assignment is 

based entirely on the low field spectrum of the J = 3 + 2 

region of D~60 · ·~DF (figure 4.2). At these conditions the 

unresolved K_
1 

= 2 doublet is expected to form the strongest 

line in each state that carries the spin statistics of the 

ground state. Two such transitions, well displaced to low 

frequency from the ground state, are visible and are assigned 

to the v = 1 and v = 2 vibrational states of n16
o···DF 

c (J 2 
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J 

5.2.3 

(table 5.4). The approximate values derivable for (B+C) 

point to irregularities in variation of rotational 

constants with v of nature similar to the behaviour a 

observed in H16o ... HF. 
2 

Vibrational satellites in H
16

0···HF 2 . 

Transition frequencies and the derived rotational 

constants, for all assigned vibrational satellites in 

'- H~60···HF are summarised in tables 5 . 5 and 5.6. In 

· addition to the satellites already discussed, a weak line 

at .28781.8 MHz displaying the Stark behaviour of a 

2
0
1 + 1

01 
transition has been observed. The intensity 

of this line is too high for it to be the K_
1 

= 0 

transition belonging to either the satellite A or B. The 

line is therefore assigned to an additional satellite C, 

say, and as the associated K = 1 transitions have not 
-1 

been observed, this satellite must carry reversed 

statistical weights. 

It can be seen from tables 5.5 and 5.6 that all 

satellites with one or two quanta in the low frequency 

vibrations have been assigned, and C is a candidate for 

a satellite corresponding to three quanta. The assignment 

is consistent as far as the statistical weights, relative 

intensities, Stark behaviour and directions of 

displacements from the ground state are concerned. 

Additional visual support is provided by a computer 

generated low voltage spectrum of H~60···HF (figure 5.3) 
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TABLE 5.5 

Observed rotational transition frequencles/MHz In various vibrational states of the heterodtmer H~6o···llF 

-~ -, 

ground state 14403.11 ± 0.15 28673.42 ± 0.15 28804.87 ± 0.15 28920.45 ± 0.1.5 

vll (o) - 1 14516.8 ± 0.5 28930.5 ± 0.5 29033.28 ± 0.-30 29121.8 ± 0.5 

\'a (1) = 1 14437.0 ± 0 28761.7 - ± 0.5 28872.46 ± 0.30 - 28968.0 ± 1.5 

V fl ( 1) "' 2 28872 :t 3 29026.5 ± LO 

A 28981.0 ± 0.5 ';:>)164. 0 :t 0.5 
, _ 

8 28637 . 4 ± 0.5 28791.1 ± 0.5 

c 287&,1.8 :t 0.5 

V - 1 28179 . 2 :1: 0.5 28253.7 :1: 0.5 . 28397 ._2 ± 0.5 a 
V • 2 27605.7 :1: 3.0 27414.3 :1: 3.0 a 

I . vo . - 1, V8(o) 
• 1 · 14140.5 :1: 1.0 28281.8 :1: 0.5 

V' • 1, vll(i) a 
• 1 28130 . 2 :t 0.5 



Derived rotational and centrifugal constonts/MHz 

ground 
state V6(o) • v6(1) • 1 v8(i) • 2 

8 + c I HO~. 34 14517.54 IH.l7.10 1·147!1.3 

B - C 123.52 !15 . 65 103.2 77.3 

B 7Za3.43 730o.S2 7270 . 2 7278.3 

(,' 7139.91 7210 . 87 7167.0 7201.0 

AJ 0.056 (0.056)
0 

(0.05) (0.05) 

n.JK I. 98 I. 76 I. 90 (1.9) 

O•Clv - (BtC)
0 

0 114.05 33.76 76 . 0 

(B·C)
11 

- lB-C)
0 

0 -27.87 -20 . 3 -46.2 

8 - B 0 H.09 6.8 14.9 
V 0 

.c - c 0 70 . 96 27.1 C. I. 1 
V 0 

a d~temined fro• the •Id-point of the two K_
1 

• 1 transitions 

b •~~ footnotes to table 5.4 

c brackets dcno'~ an assumed value 

,) 

TABLE 5.6 

In various vibrational states of the heterodtmer H~6o···HF 

V . 1, v,. J. a 
A 8 c V • V • 2 ve(oj • 1 VB( I) 

. 
a a 

'1/ !{of-1.. '~forA ,'~V•'"A. 

"14536a "'14357<1 14391.7 14127.7b •v 1375Sa 14141.7 14065.9 

91. s 76 . 9 109.0b 95.7 

'lo7314 "7217 7118 . 4 "-6925 

"'7222 '-7140 7009 . 4 "'6830 

(0.05) (0.05) (O.OS) (0. 05) 

133 -46 -11.6 -275.6 -648 -261:6 -337 . 4 

-32.0 -46.7 ~14.5 -27 . 8 

51 -46 -145.0 -338 

82 0 -130.5 -310 



embodying all these points which has been calculated for 

the experimental conditions of the spectrum in figure 5.2. 

However, with the exception of the progression in vS(i) = 1, 

the cihanges in rotational constants are highly non-additive 

and will be discussed further later on in this chapter. 

5 . 3 ELECTRIC DIPOLE MOMENTS 

Measurements of dipole moments in excited vibrational 

st~tes of the complex have been stimulated by the large 

diffeience between the dipole moment in the ground state of 

H~60;··HF (4.073 ± 0.007 D, table 4.6) and the dipole 

18 
moment of 3 . 82 ± 0.02 D reported by. S. C. Rogers for the 

state v ( ) = 1. . s 0 
Further second order Stark components 

in vS(o) = 1; belonging to the 2
02 

+ 1
01 

transition, have 

therefore been investigated and the _results are reported 

in figure 5.5 and table 5.7. These confirm the previous 

measurement and yield the mean value of 3.802 ± 0 . 007 D 

for ~ in v ( ) = 1. In contrast, ~ of 4 : 074 ± 0.016 D a S o a . 

has been determined for vS(i) = 1 from the 202 + 101 !MI = 1 

component (figure 5.5, table 5.7). This is identical to 

the value in the ground state. Dipole moments in two more 

states, v = 1 and A, have also been measured . For reasons 
(J 

of poor S/N ratio at the necessarily low sample pressures, 

only the fast Stark components could be used and the 

observed frequency shifts are recorded in table 5.8. The 

values for ~ have been derived by fitting the frequency a 

~6ifts with the appropriate mixed order formulae, evaluated 
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FIGURE 5.5 Observed frequency shifts for second 

order Stark components in two excited states of 
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TABLE 5.7 

Summary of dipole moment measurements In various vibrational states of the water-hydrogen fluoride heterodtmer 

Transition 

16 11
2 

0•, ·!IF ; 

;:round state 

v~(o) • 1 202 • t 01 1MI • 0 

202 • loliMI • 1 

101 • o00 1MI • o 

v~(i) • 1 2 •· 
O:J 1otiMI • I 

B 211 .. ltoiMI - 1 
V - 1 2 12 .. 111 1 MI "' 1 a 

16 
0 2 0" •OF: 

IP·ound state 

a sec Table 4.6 

Gradient of Calculated second 
c2.v.llv order Stark 

coefficient 

/10- 4 
Mll~ v-2 2 /10-6 0-?. Mll~ v-2 cm 

-0.3860 1 0.0031 -2.6604 

0.3122 1 0.0015 2.1616 

0.3608 ± 0,002'3 2.1737 

J mixed order components 

-0.466 1 0.011 -2.9497 

b S.C . lt<.>gers, PhD Thesis, University of Londoll (1078) 

2 cm 

~a 

/D 

4.073 1 0.007a 

3.809 1 0.016 

3.796 t 0.009 

3.82 1 0.02b 

3.802 .t 0.007 

4.074 t 0.016 

3 . 76 1 0 . 04c 

3.91 1 0 . 04° 

3.97 1 0.05 

c ~~~ values determined by a nomerical fit of mixed order expressions to the observed frequency shifts 



TABLE 5.8 
Observed frequency shifts for fast Stark components 

In two exclt~d vibrational state~ . of H~6o · ··HF 

/V cm-1 

45.4 

66 . 5 

85 . 9 

106.3 

126.5 

146.9 

187.6 

. 197.3 

207 . 8 

2'48.5 

268.9 

289 . 0 

307 . 9 

329 . 3 

349 . 9 

368 . 8 

t.v/MHz 

- 18.8 

33.8 

- 47.2 

S5 . 9 

-135.3 

-190 . 0 

-204 . 3 

-221 . 9c 

-234 . 8 

-248 . 0 

-259 . 4c 

3.76 

-0.5 

-0.4 

1.1 

0 . 5 

0 . 5 

-0.4 

0 . 1 

-3 . 8 

- 1.3 

0.1 

2.7 

± 0 . 04 

6vfMHz ~b/MHZ 

15.4 0.0 

29 . 3 -0 . 1 

45.2 1.2 

59.3 -0 . 9 

76.7 0.0 

93.9 0 . 2 

125 . 7c -2 . 1 

145 . 5 0.9 

177.2 -1.2 

195.2 0.0 

3.91 ± 0.04 

a field value d e termined individually at each point to overcome 
instrument~! non- linearities. 

b ~ = t.v b - t.v 1 for the best fit with the appropriate mixed 
order ~x~ressi8~ c 

c omitted from the fit 
d dipole moment resulting in a best fit to the experimental data, see 

text for qualifications . 

. ~ ~ -.-

. .... 

1 70 



171 

frpm the rotational constants in table 5.6 (see section 4.7) . 

The ~a derived for A is very nea~ the value for vS(o) = 1, 

while that for v = 1 is, rather unexpectedly, lower than in 
0 

the ground state. The assumption that the mixed order 

behaviour arises entirely from K-doubling has been made in 

these calculations. This may not hold if the concerned energy 

levels are affected by accidental degeneracy with energy 

levels in some other vibrational states, as suggested by the 

rotational constants. The excited state mixed order results 

are therefore to be treated with caution . 

The wide variation in dipole moment between the 
16 . 

vibrational states of H
2 

Q ••• HF posed a question of whether 

any such changes take place on isotopic substitution. A 

single ~ measurement is available for the ground state in . a 
16 ~ · 

D2 O•••DF (figure 5.5, table 5.7) and indicates a difference 

from the corresponding value in H~60···EF which is outside 

the .experimental error. 

A model, based on a double minimum function for vS(o)' 

that accounts 

vS(o) = 1, and 

Part II. 

for the changes in ~ between v ( ) = 0 
a 8 o 

and 

16 16 -
R O···HF and D O···DF is proposed in 2 . 2 



5.4 RELATIVE INTENSITY MEASUREMENTS 

The measurements have been carried out using the 

peak~height method of Esbitt and Wilson
19 

where the two 

lines to be compared are recorded at the same gain and 

overall crystal current. The energy difference ~E, between 

two.different vibrational states in an asymmetric top is 

related to the intensities of rotational transitions in the 

two states by : 

-1 
~E(cm ) = -kT ln { 

2 
· ~T 

.LJ 

2 
ll H 

where : subscripts L and H refer to the lower and the 

higher level respectively 

k = 

~ = 

\) = 

s = 

g = 

h = 

T = 

-1 -1 
0.69497 cm K 

dipole moment component involved in the transition 

frequency of the rotational transition 

transition strength 

statistical weight of lower rotational level 

measured peak hei8ht 

temperature (K) 

The actual relative intensity measurements were preceded 

by a series of preliminary experiments to determine the 

optimum Stark voltage for each line. The lowest sample 

pressure consistent with reasonable S/N ratio 

5.2 

(approximately 100 mTorr) was used to minimise the effects · 
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of overlaps. Since rotational transitions in the complex could 

not be saturated with the available microwave power, additional 

experiments were carried out to explore the effect of the 

crystal current on the derived energy spacings. This was 

found to be negligible, although best results were obtained 

at the maximum current allowed by the source (150 - 250 ~A in 

R-band). It was found that owing to problems with the Stark 

modulators and the two Stark cells, the K = 1 transitions of 
-1 

near symmetric tops resulted in greater line widths than the 

K = 0 transitions. The overall integrated intensity appeared 
-1 

to be preserved as the increase in halfwidth was compensated 

by a decrease in peak height. For this reason only the pairs 

of lines with the same value of K_
1 

were used in the 

measurements. Peak heights were determined by computer 

averaging the detector signal at the peak frequency . 

Averaging times of one hundred times the detector time 

constant T (typically 1s) were employed and readings were 

taken every !T . In order to determine the baseline for each 

peak the sample was pumped out and averaging was repeated at 

the cell temperature, Stark voltage, microwave frequency and 

microwave power used previously for measuring the peak height. 

The results of microwave relative intensity measuremenLS 

carried out in this work are summarised, and compared with 

previous determinations, in table 5.9 . For states where ~E 

was derived f~om relative intensities in only one pair of 

transitions, the quoted uncertainties reflect only the 

propagated uncertainties in the averaging and may not account 

for any contributions arising from line overlaps . Somewhat 

1 7 3 



TfiBLE 5,9 

Sunnorv of microwave relative tntenstty measurements tn the water-hydrogen fluoride heterodtmer 

V 

this work 

v8 (o) • 1 64 :1: lOa,d 16 . 
U2 0· • ·HF: 

v8(1) • 1 157 :1: lOa 

V • 1 176 t 1,a,d .. a 

v8(o) • 1, V • 1" 230 t 15b 
a 

V 8 ( i) • 1, V • 1" 342 :1: 25° a 
satellite A 267 t 35b,d 

satellite B 228. t 15a,d 

16 
D2 0• • •DF: v8(o) • 1 32 t 15 

a experimental dipole moment used in the calculation 

b dipole mom£•nt assumed equal to that in vll(o) • 1 

c dipole moment assumed equal to thllt in the ground 

d average of measurements on more than one pair 

~ note that E(vB(o) • 1) + E(v
0 

• 1) • ~40 1 18 

E(vB(i) • 1) + E(v
0 

1) 333 t 18 

of 

state 

trnnsttions 

(E -
V 

·E
0

)fcm-l 

ref.18 ref .10 

94 :1: 24 . 145 t 50 

180 t 60 170 t 50 

198 1 66 

310 t 78 



gre~ter confidence can be placed on results arising from 

measurements on more than one pair of transitions. Notwith-

standing such qualifications the present results provide the 

most accurate determination of the vibrational energy 

spacings in 320···HF. It is also gratifying to note that the 

results for states with two quanta in the low-lying 

vibrations are consistent with those cont~ining one quantum 

(se~ footnote e, table 5.9). Additionally the sum of 

E(vB(o) = 1) and E(vB(i) = 1), which is 221 ± 14 cm-
1

, 

indicates that, on energy grounds, satellite B rather than A 

is the best candidate for (vB(o) = 1, vB(i) = 1). The 

agre·ement of the present results with those of other workers 

is good (perhaps not surprisingly, in view of the large 

experimental errors in refs 10 and 18), with the exception of 

the state vB(o) = 1 which is found to be lower in energy 

than has been suggested previously . In addition, since the 

only possible assignment for v
8

(o) = 2 is of either A or B, 

the energy level distribution in the potential for v ( ) must 8 0 . 
' 

be highly anharmonic. The vS(o) = 2 - 1 spacing is here 

observed to be well in excess of v
8

(o) = 1 - 0, which is 

characteristic of a potential with a central barrier. This 

would account for the overestimate of v
8

(o) = 1 - 0 in the 

results of Thornas7° which were derived with the assumption of 

harmonic potential for vB(o)" A quantitative treatment of the 

effects of the double minimum potential on the observables in 

H20···HF and the derivation of· the likely potential are 

presented in the next section. 
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The data in table 5.9 allow an estimate of the positions 

of the lowest lying energy levels in H~60···HF (figure 5.6). 

. -1 
The high value of the rotational constant A (~14 cm ) 

results. in a considerable spread of rotational levels with 

176 

different K_
1 

and only the levels up to K_
1 

= 2 are illustrated . 

The results of section 5 . 5 have been anticipated and state A 

is identified with vS(o) = 2 and B with (vS(o) = 1, vS(i) = 1) . 

With this assignment it is necessary to acount for the J = 2 + 1 

K_ 1 = 1 transitions in (vS(o) = 1, vS(i) = 1) falling well to 

low frequency from the position predicted for harmonic 

behaviour. The anomalous pattern in the v = 1 J = 2 + 1 
0 

transitions is also still to be explained. If these two 

effects are the result of perturbations arising from near-

degeneracies of energy level~ belonging to different 

vibrational modes, figure 5.6 can be used to select the most 

likely candidates. If we classify the vibrational modes · -

according to irreducible representations of the - C2v point 

group , then v
0 

is of A1 , vS(i) is of B1 , and vs(o) is of B2 

symmetry. It is now possible to determine the symmetry 

classification of the individual vibrational states and it 

becomes apparent from figure 5 . 6 that (vS(o) = 1, vS(i) = 1) 

and v = 1 are unlikely to be affected by Fermi resonance~ 8 

0 

It is therefore necessary to look for Coriolis perturbations 

and the candidates can be selected by means of the Jahn rule
29 

and, in the first instance, the condition that, for harmonic 

elgenfunctions , significant perturbations will arise only 

30 
between the states (Vk , v 1 ) and (vk+1 , v 1- 1). In addit i on, 

owing to the large value of the rotational constant A the 

perturbations are expected to be essentially limited to one 



FIGURE 5.6 Energy levels in H
2

16o ... HF up to 

400 cm-1 and K_1 = 2. 
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particular pair of levels rather than being more widely 

distributed over the rotatio~al manifolds for the two inter-

acting vibrational states. Also, from the Hamiltonian in 

ref.30, the difference in K_
1 

between the perturbing levels is 

expected to be 0 or ±1. With these points in mind, the most 

likely perturbation affecting the V = 1 J = 2 +- 1. transitions 
(J 

is that' between V = 1 K = 1 and 
V 8 ( i) = 1 K = 2 levels. 

-1 -1 (J 

The two vibrations are coupled by rotation about the c 

principal axis and, since the vS(i) = 1 J = 2 +- 1 pattern 

appears to be unperturbed, the lowest K_1 in vS(i) = 1 that 

can be involved in a perturbation is equal to 2 . For the 

~ .7__ <vs(o) = 

~?.. (V 8 ( 0) 

1, v8 (~) = 1) state we flnd that it can couple with 

= 1, v = 1) through the c principal axis and with 
(J 

A~ vB(o) = 2 through the a axis. Coriolis coupling between 

(vs(o) = 1, vS(i) = 1) . K_ 1 = 1 and v
0 

= 1 K_ 1 = 2 cannot be 

excluded either as vS(o) is anharmonic and harmonic 

expectations no longer apply . As the energy levels in 

- 1 figure 5.9 are accurate to at best 10 cm , it is evident that 

the transition patterns in (vS(o) = 1, v
8
(i) = 1) and v 

(J 
= 1 

can, at least qualitatively, be explained in terms of Coriolis 

interactions . Further details of these interactions are 

unfortunately outside the scope of this work and will have to 

await either the assignment of higher J transitions or a more 

accurate vibrational energy level determination. 
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5.5 

PART I I VIBRATIONAL POTENTIAi_ CALCULATIONS 

DOUBLE MINI M Ut~ POTENTIAL FOR V~(o) 

For reasons outlined in section 2 . 5 the experimental 

information associated with the low frequ e ncy out-of-plan~ 

bending mode v ( ) should be interpretable in terms of a 
(3 0 . 

symmetric double minimum potential for this vibration. The 
) 

calculations presented here are all based on the two 

parameter reduced quartic-quadratic potential, also 

discussed in section 2 . 5. Three different types of data 

are at our disposal . These are, in order of accuracy, the 

rotational const~nts, the dipole moments and the vibrational 

energy spacings. Rather unfortunately, the energy spacirigs. 

which are the easiest to use for fixing the potential 

function (only two are required) are the least accurately 

determined. In H~60· ·· HF only the vB(o) = 1- 0 and two 

candidates for v ( ) = 2 are available . 
. B o 

We also have 

v~(o) = 1- 0 for the D~6o ... nF species, but the low 

179 

accuracy o.f the determination seriously linits its usefulness. 

In addition there is the observation of a perturbation 

affecting the v ( ) = 1 J = 3 + 2 K = 2 transitions in 
. B o -1 

16 n2 O···DF , which can be used to fix some of the energy 

levels . The number of ~he available rotational constants 

alone, is too small to allow a unique determination of the 

potential function. It is neverth2less possible to calculate 

the relative changes in the rotational constants between 

the ground state and the fir s t two excited states from a 

trial function . This makes possible the assignment of 



v = 2 in H2
160···HF and narrows the range of the likely 

S(o) 

functions. The available dipole moment values are a 

function of the dipole moment enhancement and this reduces 

the number of degrees of freedom available for any 

calculation. It is also necessary to account for the 

striking difference in ua between vS(o) = 0 and vS(o) = 1 

l·n .H
2
160···HF . Th . t d 1 . d d d e appropr1a e mo e 1s propose an teste 

in section 5.5.3 and the dipole moment information is 

found to impose an additional constraint on the potential 

function. Thus, even though any one type of data contains 

a small number of elements, it is hoped that consideration 

of all the available information, weighted according to 

experimental uncertainty and model reliability, provides 

the means for a reasonably accurate determination of the 

potential function. 

5.5.1 Vibrational energy levels 

Calculations carried out in this and in the two 

following sections involve, as a first step, the mapping 

of each observable of interest onto the range of quartic 

· quadratic potentials. Interpolation at the experimentally 

deteimined values for the observables can then be used to 

fix the potential. In this type of calculation a table of 

eigenvalues of the potential is of great help as various 

sets of data can be rapidl¥ tested without the necessity 

for running the relatively large computer programs for the 

problem. Laane20 has published a table of eigenvalues of 

V= z 4 + Bz2 , for B ~hanging in steps of 0.5. A more 
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accurate table,, with B varied in steps of 0 . 1 ~ but liml ted 

to 0 < B < - 10 (which should still encompass the majority 

of cases of interest to microwave spectroscopists) is 

reported in Appendix II . Related table of expectation 

values of z 2 and z 4 has also been compiled (Appendix II, 

table II. ~) and this e.nables the calculations involving the 

rotational constants and the dipole moment (sections 5 . 5 . 2 

and 5.5.3) to be computer independent. 

The difference in energy between the levels with 

vS(o) = 2 and vS(o) = 0 (vS(o) will hereafter be referred to 

as v) has been plotted in figure 5,7 as a function of the 

parameter B (in the potential V= A(z 4 + Bz2 )), for six values 

of v = 1 - 0 . If both v = 1 - 0 and y = 2 - 0 spacings are 

known, the potential is fixed uniquely, as the value of B 

can be read off from figure 5.7, and A can then be determined 

from table II.1 . Figure 5.7 is applicable to any molecule 

with .a quartic-quadratic potential, but the range of values 

has been restricted to the immediate vicinity of the values 

16 expected for H2 O···HF . From sections 5.2.1 and 5 . 4 one of 

two satellites, A or B , corresponds to v = 2. The range of 

solutions for the potential is, for each case, indicated by 

the appropriate shaded area in figure 5.7 . The size of each 

area corresponds to the measurement error on the energy 

spacing for each v = 2 candidate, combined with the error on 

1 8 1 

v = 1 - 0 (64 ± 10 cm- 1 ) .. Irrespective of the final assignment, 

the range of possible solutions is already seen to · be 

n~rrowed to -3 . 5 < B < -2. 
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The information available for ~~60···DF is going to be 

considered now, starting with the perturbation in the v = 1 

J = 3 + 2 transitions. 
16 

In a calculation for cyanamide, Lide-

has shown that if the wagging vibration of the NH
2 

group 

(equivalent to vB(o) in H20·· •HF) is described by a symmetric 

double minimum potential, strong perturbations can take place 

between the levels v = 0, J, K_ 1 and v = 1, J, K_ 1 - 1. The 

perturbation will be of comparable magnitude, but of 

opposing signs for the two components of each interacting pai~ 

1 a 3 

and will occur if the vibrational energy spacing E
1 

- E
0 

is 

near EJT(O)- EJT,(l). A perturbation of this type has been 

idehtified between the v = 0, K_1 = 2 and v = 1, K_
1 

= 1 levels 

in ND 2CN.
13

•
15 

If similar effects take place in D~60···DF, the 

lowest levels in the v = 0 state that can be involved, are 

those with K_
1 

= 3, since the observed v = 0, K_
1 

= 0, 1 and 

2 transitions are fitted with the usual Hamiltonian. · The 

perturbations in v = 1, K_ 1 = 0 and 1 levels, if any, must 

therefore be smaller than the experimental errors on the 

frequencies and lead again to the conclusion that a 

perturbation affecting the v = 1, K_ 1 = 2 levels is required. 

As v = 0 J = 2 K = 3 is not allowed, the perturbation 
' ' -1 

= 2. must be between v = 0, J = 3, K_
1 

= 3 and v = 1, J = 3, K_ 1 

In figure 5.8 the energy levels in the two vibrational states 

have been lined up for maximum perturbation. The necessary 

rotational energies have been calculated from the experimental 

values for (B + C) and the values for A estimated from the 
V V 

effective structure for each state. It is apparent from 

. -1 
figure 5.8 that E1 - E0 of 34.4 cm is required for maximum 

perturba~ion. The range of values for E
1 

- E
0 

that will still 



FIGURE 5.8 Energy · level · di~gro.m for .. maximum selective 

perturbation of the v~(o)= 1 J = 3-2 K_1= 2 transitions 

46 
in 02

1 0 ... OF. 

-1 Ao = 6.31 cm 
-1 A1:S.58 cm 

-1 IB+CI0 = 0.39 cm 
-1 (B•CI 1 = 0.40 cm 

K-t 

60 3 

50 

- 40 -I 
E 
0 - 30 

lLJ 2 

20 

10 
1 

0 0 

·. · .. 

J J K., 

3 ·-------.---~--- 3- 2 z-

3-
2- 1 
1-

3-
2~ 0 

A7 
3 
2 

fiE= 34.4 

;;;~~--3 -2 
--1 

~;;;;;;;;;;;;;;; - 3 - ~1-----------------
, 0 

v~(o) = 0 vf3(o) = 1 

184 



. 18 5 

re~ult in appreciable perturbations is much more difficult 

to determine as the evaluation of integrals over the 

vibrational wavefunctions of the double minimum potential is 

. dl6 requ1re . Nevertheless, in the case of ND
2

CN, 
13,15 

where 

the perturbed transitions (J = 2) are shifted by 13 MHz, the 

v = 1 - 0 spacing estimated in an analogous manner is accurate 

to a few wavenumbers. The frequency shift in n;60···DF 

(J = 3) is not less than 70 MHz and, even in view of the 

unknown integrals and the J, K dependence, E
1 

- E
0 

is thought 

to be determined to at least a comparable accuracy. Thus, if 

the uncertainty for cyanamide is assumed, the examination of 

the perturbation in the rotational transitions yields 

-1 34.4 ± 5 cm for E
1 

- E
0

. This is considerably more 

. -1 
accurate than the relative intensity measurement (32 ± 15 cm ), 

although the two results are consistent. 

16 
In order to utilise the n2 O···DF v = 1- 0 spacing in the 

determination of the potential, it is important to choose a mode 

of calculation that will enable us to judge the consistency 

of this result with the data for H~60···HF. The calculations 

are most conveniently carried out in terms of the reduced 

quartic-quadratic potential, and this will be different for 

each isotopic species, although the potential in the 

displacement coordinate (2.97) should remain invariant on 

isotopic substitution. From equations 2.114 and 2.115 the 

change in the reduced potential from H~60···HF to D~60···DF 

is given by 

AD = 2/3 
(1JH/uD) AH 

BD = -1/3 
( J.lH/J.lD) BH 5.3 
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where subscript H refers to R160···HF 
2 ' 

and D to n16
0···DF 2 . 

~ is the reduced mass for the motion. For the purpose of a 

one · dimensional potential, the large amplitude \) 

8(0) 

oscillation in H20···HF is best defined in curvilinear 

fashion, as a pivoting ·of the HOH pla'ne about the oxygen 

atom wrt. the OHF axis. The .motion can be. described in terms 

of two alternative coordinates. These are~' the angular 

displacement of the HOH plane from the OHF axis and x, the 

distance from the planar configuration along an arc traced 

out by the midpoint of H
1 

- H
2

. 

I~ 

angle <I> 

arc x 

·····0-0 
I 
cg. of HF 

The reduced mass appropriate to the above definition 

of vB(o) is, after ref.15, given by: 

8 
-1 1 r~1cos(2 ) 2 1 1 

~ = { ~ } + -- + 
4MH MHF r 4MH X 1 2 

8 2rHcos(~)cos 1 rHcos(-) 2 ~ 
+ Mo 

{ ( 2 ) + + 1} 
rx r 

X 

Substitution of the effective structural parameters 

determined in section 4.6 yields: 

5.4 
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i. ~. 

16 -1 
H2 Q. • • HF: ~ = 0.5644 + 0.0282 cos <P 

16 -1 0. 316.6 0.0287 D2 0• • •DF: l.l = + cos ~ 5.5 

The small dependence of the reduced mass on the out-of-

plane bend angle is ignored in the present calculations. The 

potentials considered later in this section all give rise 

to equilibrium struct~res with ~ ranging from 30° to 50°, 

therefore ,~, = 40° · d · 5 4 · · = 1. 71 amu ·and ~ 1s assume 1n . g1v1ng l.lH ~ 

lln = 2.95 amu. 

Since most of the experimental information is for the 

normal species, it is useful to relate the observed 

16 
D2 o .. -DF V = 1 - 0 spacing to the reduced potential for 

16 H2 O···HF. One possible way of doing this is to plot the 

predicted for n~ 60···DF against pairs of values of 

= 1- 0 for H~60···llF (figure 5.9). If v = 1 -~0 is 

V = 1 0 

B and v 

known for both isotopic species it is possible to use the 

plots in figure 5.9 to fix the potential. The point of 

intersection of the values for the two spacings yields BH 

from the abscissa, allowing the determination of AH from v = 1 - 0 

16 
for H O···HF by means of table II.1. It should be added 2. 

that the calculations necessary to produce figure 5.9 have 

all been carried out with equations 5.3 and table II.1. 

V = 

Figure 5.9 reveals that for low barriers the ratio of 

1- 0 in H
16

0···HF to v = 1- 0 in n160···DF changes 
2 2 

slowly with BH, requiring more accurate experimental data for 

fixing the potential than is the case in figure 5.7. It is 

clear that the microwave relative intensity result for 

1 8 " I 0 



16 1 
v = 1- 0 in D2 O···DF (32 ± 15 cm-) is not very useful 

here, but if the estimate from the Lide perturbation were 

more accurate by an order of magnitude, say, then BH would 

be fixed to -3 < B < -1.4. This is consistent with BH 

derived from v = 1 0 and v = 2 - 0 in H
16

0···HF and the 2 

range of solutions for BH is now reduced to -3 < BH < -2 , 

if only the overlap region between the two determinations 

is considered. 

5. 5 . 2 Rotational constants 

The observed rotational constants for the vs(o) 

. · H16o HF . t f 1 " 0 1 progreSSIOn 1n 
2 

• • • ' COnSlS 0 Va UeS IOr V = , V = 

and of two candidates for v = 2 . A procedure enabling the 

assignment of v = 2 . and a further reduction in the range 
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of solutions for the potential is now going to be introduced. 

Equation 2.113 allows the effective rotational constants 

in the progression with vS(o) to be expanded in ~erms of 

quantum mechanical averages of even powers of the reduced 

coordinate z. The quartic term is usually found to be 

small and can therefore be ignored, allowing each rotational 

constant to be approximated by 

B 
V 

= 5.6 

If rotational constants for three vibrational states 

are available, the adjustable paraE1eters B0 and s 2 can be 

eliminated by forming the ra~io 



TABLE 5.10 

Com~artson of the observed nattern of rotational constants 1n first three 
vlbrotlonal states !n a ouartlc-ouodratlc potential with the pattern calculated from the potential 

Rotational Rb ·Reduced potential 
Molecule na Ref 

constant obs calc . -1 
A/cm B 

trimethylene oxide" c 1.394 1.443 28 . 15 -1.47 21 

1-chloro-bicyclo B 0.325 0.427 14.16 -3.65 22 
[2.2 . 2]octaue 

1-fluoro-bicyclo B -0.547 -0.370 15.16 -4 . 15 22 
[2 . 2 . 2]octane 

cyclopentened B -25.8 -23.8 24.3 -6.18 23 
c -20.0 

a Robs = (B2 - B0 )/(B1 - B0 ), where B is the appropriate rotational constant 

b R • (<z2
> - <z2

> )/(<z2
> - <z2

>
00

), evaluated with table 11.2 calc 22 00 11 
0 expansions for A and B contain very large quartic contributions and Rcalc breaks down 

d A0 and A1 are so close that the experiment~! error introduces a very large uncertainty in Robs 



B2-B0 
2 2 < 7,. >22 - <z >oo 

R = = 5.7 2 2 
Bl-BO <z >11 - <Z > 

00 

which is a function of the expectation values only. The 

ratio R can be regarded as a test for harmonicity in the 

progression with v, as R = 2 indicates harmonic behaviour, 

and R < 2 points to the type of anharmonicity expected for 

a double minimum function. A further property of R is 

that it is expected to be the same for all rotational 

constants. 2 Also since the averages <Z >vv are dependent 

only on parameter B in the reduced potential, it should be 

possible to estimate B from the ratio R b determined from 
0 s 
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the values observed for the first three rotational constants. 

The prediction of such properties arouses considerable 

interest in how does equation 5.7 fare in actual 

spectroscopic practice. In table 5.10, four molecules with 

known potentials, spanning the range of commonly occurring 

double minimum potentials, are examined. The correspondence 

between R b and R 1 is seen to be good indicating that, 
o s ea c 

when used with proper care (see footnotes c and d, table 

5 . 10) the effective rotational constants in the first three 

vibrational states can provide a reasonable handle on the 

potential function. 

of B from R b , table 
0 s 

2 of R 1 i.e. (<z > 2 ~ ea c _ 

In order to facilitate the extraction 

II . 2 has been used to produce a plot 

2 2 2 - <z _·>
00

/(<
2 

> 11 - <z >
00

) against B, 

reproduced in figur e 5.10 . 
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16 . 
The values for Robs in H2 O···HF calcul~ted for various 

rotational constants on the assumption that, first 

satellite A and then satellite B is vs(o) = 2 are: 

Satellite A Satellite 

RB where B = B + c 1.17 -0.41 
obs 

B - c 1.15 1. 67 

B 1.17 -1.08 

c 1.16 0.00 

These results are quite striking as the four value~ 

for satellite A. are essentially eq~al and consistent with 

expectations from equation 5.7, whiie the values for 

satellite B exhibit considerable variation . Furthermore, 

figure 5.10 yields BH of -2.55 from R b for satellite A . 
. 0 s 

This value is in the middle of the range of solutions for 

BH arrived at in the previous section . Satellite A, 

therefore, has to be assigned to vS(o) = 2 and satellite B 

must then correspond to (vs(o) = 1, vS(i) = 1), which is 

consistent with the rather more tentative assignment in 

B 

section 5.4. Since satellite B now drops out of the picture 

for vS(o)' it is clear from figure 5.7 that the upper bound 

on BH is lowered, narrowing the range of solutions to 

-3 < BH < -2.3 for calculations based purely on v = 1 - 0 

and v = 2 - 0 intervals. 
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5. 5. 3 Electric dipole moment 

The dipole moment can be related to the potential 

function by first setting up a classical model based on 

bond moments and the dynamics of the motion: 

()--c) ..... 

The total dipole moment can be thought of as a vector 

sum of the monomer bond momeni..s J.lHF' J.lH 
0 

and the 
2 

enhancement ~J.l which is treated as the bond moment of the 

hydrogen bond. Since J.la is the dipole moment component 

that is accessible to our investigations, the treatment 

for J.1 is now going to be set up. If the a principal 
a 

axis does not deviate significantly from the OHF axis on 

wagging motion of the H20 unit then: 

cos 4> can be 

]1 = 11 HF a 

.].1 
a = 

expanded 

+ 1-lH 0 
2 

+ 

as a power series in 

J.lH 0 
<) 

J.lH 0 
. 2 2 

~]1 - <t>'-' + 24 2 

5.8 

4> ' giving: 

4>4 5.9 

Equation 5.9 can be quantised by taking the quantum 

mechanical average of both sides over the eigenfunctions 

for the potential which. together with the substitution 

of 1.8546 D for 11 H
2

0 and 1.E265 D for J.1HF
24 

yields: 

<'I > • a vv = 
2 4 

3.6811 + <AJ.l>vv - 0.9273 <4> >vv + 0.0773 <4 >vv 

5.10 
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The . effective enhancement <6~> will here be assumed 
vv 

to be invariant with v (i.e. <6~> = 6~, at least for v = 0 
vv 

and 1). An assumption of this type would clearly be 

unsatisfactory for 
\) ' (J 

as <6~> is expected to decrease with 
. vv 

an increase in the length of the hydrogen bond. In ve(o) 

howeve·r, the atoms are expected to follow curvilinear paths 

and changes in bond lengths, if any, should be negligible. 

In addition, the gross electron distribution around the part 

of the oxygen atom facing the HF is expected to be near 

spherical. The interaction between the electron clouds of 

H
2
o and HF should therefore remain.fairly insensitive to the 

motion in vs(o) and consequently the assumption of invariant 

6~ is felt to be a good one for this mode. 

The angular displacement coordinate ~ is related to the 

displacement distance x (section 5.5.1) by: 

5.11 

and from equation 2.115 the relationship between ~ and the 

reduced coordinate z is therefore 

= 5. 1?. 

It is now possible, with equations 5.10, 5.12 and 

table II.2, to calculate the effective dipole moment in each 

eigenstate of the reduced potential. A primary function of 

such calculation for H~ 60···HF will be to account for the 

large difference between <~a>OO and <~a> 11 . The replacement 

16 
~with z in 5.10 by means of 5.12 evaluated for H2 O···HF 

1 9 5 



yields: 

<11 > .. a vv = -1 2 3.6811 + 6u - 26.42 A. <z > 
vv 

-2 4 + 62.79 A <z > 
vv 

5.13 

A trial function, V(z) = 50.4(z4 - 2.5 z 2 ) say, taken 

from the range of solutions in section 5.52 and 6u of 0.94 D, 

taken from oxirane···HF result in u
0 

= 4.27 D and u
1 

= 3.99 D. 

This shows that the model is capable of predicting the 

observed changes in the dipole moments. Also since the 

enhancement 6u is an adjustable parameter it can be fixed by 

fitting the measured moments with 5.13. 

A short digression will be made at this point. Tyler 

15 
et al have reported the dipole moments for v = 0 and v = 1 

in cyanamide, which are 4.32 ± 0.08 D and 4.27 ± 0 . 08 D_ 

respectively. The two moments, if different, are very similar 

and it is of interest to see how the treatment proposed above 

will work for cyanimide. The bond moments ~HN = 1.31 D, 

J.lC=N = 3.60 D, J.lCN = 0.40 n25 
and the angle HNH = 113.52°,

15 

lead to: 

= 3.60 - 0.40 + 2 x 1.31 cos(56.76)cos ~ . 5.14 

and 

<u > a vv = 2 4 
4.636 - 0.718 <~ > + 0.060 <~ > 

vv vv 
5.15 

The pot~ntial for the NH2 wagging motion in cyanamide 

has been determined in ref.14 and the reduced potential fdr 

V(z) 
4 2 = 113 (z - 4.07 z ) 5.16 
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The reduced mass~ for NH2CN is, from equation 5.4 equal 

to 1.65 amu (~ = 40°), and the conversion factor in 

equation 5.12 from the reduced coordinate z to~ is then 

equal to 0.5482 resulting in 

197 

<" > 
~a vv = 4.636 - 0 . 216 2 

<z > + 0.005 
vv 

4 <z > 
vv 

5.17 

Finally, the application of the expectation values from 

table II.2 appropriate to the potential 5.16 yields 

<pa>cio/D 

<pa>11/D . 

calc 

4.34 

4.26 

obs 

4.32 ± 0.08 

4.27 ± 0.08 

The agreement between the two sets of values is 

exc~llent and is particularly gratifying in view of the -

simplicity of the calculation. It is also apparent 

(equations 5.10, 5.12 and 5.13) that the difference between 

Po and ~ 1 will tend to be large when the reduced mass ~ and 

A aie both low, ind also when B is near to -2.1 as 

2 2 <z >
11

- <z >
00 

is maximised in this region . . 

16 
We shall now return to H2 .O···HF. The experimentally 

determined values for ·~ 1 and ~ 0 , equation 5.13, and a trial 

potential function can be used to derive two values for 

6p from PO and ~ 1 . This can be carried out for a range of 

values o B and a number cf different v = 1 - 0 spacings 

resul t ing in the plots in fi gure 5.11 . ~rom the assumption of 

. invariance for 6p, the intersection of the two lines for each 

v = 1 - 0 denotes a solution for this spacing, and the dasheC 
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line in figure 5.11 indicates the solutions for B and ~~ 

for various v = 1 - 0. For v -1 ; 1 - 0 of 64 ± 10 cm 

(table 5.9) the solutions are 0.70 < ~~ < 0.78 D and 

-2.85 < B < -2.25. These ranges might be somewhat broader 

if possible departures from the model are allowed for, but 

the solutions for B are seen to be entirely consistent with 

the cumulative result from sections 5.5.1 and 5.5 . 2. 

The additional constraint, that of the ground state 

dipole moment in D~60· ·· DF (3.97 ± 0.05 D) can now be 

imposed. Exact reproduction of the observed ~ value is not a 

regarded necessary as, in addition to the assumptions al:eady 

made for H~$0···HF, the calculation ~ill also carry the 

assumptions 'concerning the reduced mass for the motion and 

the assumption of invariance of ~~ on isotopic substitu~ion. 
.... . ~-

However, the prediction of a decrease of the dipole moment Qn 
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deuteration is felt to be important. Starting from a trial 

reduced potential function for H;6o···HF, the calculation can 

be carried out by, first transforming to the reduced potential 

for D~ 60 ··· DF (equation 5.3)~ then substituting the appropriate 

expectation values evaluated with table II.2 and 5 . 12 into 

equation 5.10. The calculations reveal that solutions to 

lower left hand corner from the dashed line in figure 5.11 

are required and the best fit to ail three dipole moments is 

obtained with~~= 0.68 D and BH = -2.8 (table 5.11). 

SQmmarising, the model introduced here has allowed the 

rationalisation of the large difference between the dipole 

moments in the ground state and vB(o) = 1 in H~60···HF and 
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also of the smaller difference in ground state moments 

16 T 16 between H
2 

O···HF and D
2 

O···DF. The enhancement~~ has 

been used as an · adjustable parameter and is found to be 

0.72 D, with an uncertainty of 0 . 06 D say, if we allow for 

the whole range of solutions. This value can be compared 

with Q. BO D for HCN···HF
4 

and 0.94 D for . HF17 ox1rane··· . 

·Equation 5.13 allows the calculation of dipole moments 

for higher vibrational states in the one dimensional 

potential, and the variation of <~ > with v exnected for a vv ~ 

H~60 ··· HF and n~60···DF is indicated in figure 5.12. Zigzag 

behavic11r is predicted up to v = 3 but then the changes smooth 

out. It is also apparent from figure 5.12 that an accurate 
16 . 

measurement of <~a> 11 in D
2 

O···DF and especially the 

measurements of <~ a> 22 in both species would be of great 
. . 

interest since these would provide the final confirmation of 

the model and, .if so, should then allow the determination of 

a better poteritial function. 

5.5.4 Optimum potential function 

Simultaneous consideration of the types of experimental 

information discussed in the last three sections allows the 

derivation of an optimum potential function for the complex 

according to the best fit to the full set of data . The 

energy level spacings in ~~60···HF were given greatest weight 

in the fit, followed by the ti~ 60···DF spacing, th~ H~60 ··· HF 

dipole moment s, the ratio Rand the D
16

0 ··· DF dipole moment, 
2 

in order of descending weight. The fitting was carried out 



by hand with tl1e aid of a grid of values and will not be 

F8produced here. However, as a postjustification, departure 

from the final function can be seen to result in a 

significant worsening of the fit to at least one of the 

experimental values. 16 The best reduced potential for H Q ••. HF 
2 

is found to be: 

V(z) = 5.1~ 

16 and the corresponding potential for D2 O···DF is: 

V(z) = 5.19 

The comparison between the known constants and values 

calculated from the potential function is provided in 

table 5.11. The agreement is considered to be good as, apart 

?Q~ 
~ l 

from the various assumptioris, only three adjustable parameters 

AH' BH and ~w have been used. The exact numerical agreement 

between the calculated and the perturbation value for 

v = 1- 0 in D~60···DF is accidental, as this quantity has 

not been used as a rigid constraint on the fit. The 

potential function, in terms of the displacement coordinate ~ 

V(~) = 4 2 
a~ + s~ 5.20 

can be evaluated by means of equations 5.11 and 2.115 which 

lead to: 

s = (0.059304 w)A
2 

B 5.21 



TABLE 5.11 

The rJtlonalisation of the experimental information associated with the 
v~(O) vibration in U1e water hydrogen fluoride heterodimer by means of 

the function V<~> = 328~4 - 406~2 

H16o. • • HF 1 - Ofcm 
-1 

2 V = 
2 - Of cm -1 

V "' 

< 11 a>oo/D 

< 11 a>u/D 

Ra 

Re 

n16o· • •DF 
2 

V = 1 - 0/cm-1 

<IJ > /D 
a 00 

a microwave relative intensity measurements 

b t.11 = 0.68 D 

c 
<Ra>obs = (B2 - 8 o)/(Bl - Bo) etc 

obs. 

64 ± lOa 

267 ± 35a 

4.073 ± 0.007 

3.802 ± 0.007 

1.11' 
} 

1.16 

32 ± 15a 

near 34.4e 

3.97 ± 0.05 

d (R ) - CR l = £<• 2
>22 ~ <• 2

>oo 111<• 2
>t1 - <• 2

>oo 1 
B calc - C calc 

ea le. 

70 

261 

4.05b 

3.82b 

1.06d 

34.4 

4.02b 

e derived from the perturbation in v = 1 J = 3 + 2 K = 2 transitions 
e(o) -1 

2 0 3 
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In these definitions the coefficient a carries the units 

-1 -4 -1 -2 of cm rad and S has the units of cm rad The function 

5.20 corresponding to 5.18 and 5.19 is therefore 

V( <P) = 328 <P
4 

- 406 <P
2 5.22 

and is presented graphically in figure 5.13 . The positions of 

energy levels for bot~ H~6 0· ·· HF and D~ 60···DF are also 

indicated. The barrier to inversion between the two 

-1 equilibrium configurations is found to be equal to 126 cm 

0 and the minima correspond to structures with a bend of 45.5 . 

If we assume that the range of solutions for the potential 

is spanned by the 1 0 of 64 ± 10 -1 in 16 and V = - cm H2 0· · • HF 

-3 B -2.3, then vo 126 70 -1 1.5 0.8 kJ mol 
-1 

< < = ± cm or ± 

and <P = 45 . 5 0 ± 8 . There are very few ab initio calculations 

that predict non-planar geometries for the H20···HF dim~r . . 

Of these, the calculations of Dill et a126 carried out with 

* -1 the 6 - 31 G basis set which predict V 
0 

= 1 kJ mol and 

. 0 
<P . = 40.4 are in excellent agreement with the present mln 

results. However, another calculation, with a split valence 
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27 . -1 -1 
6-31 G basis set, predicts v0 of only 19 cm (0.2 kJ mol ). 

Finally, the reduced potential in equation 5 . 19 allows 

the prediction of rotational constants for vS(o) = 2 in 

16 D 0· • ·DF 2 . Table II.2 yields R 1 = 0 .708 for B = -3.39 and 
ea c 

equation 5.7 together with the observed . rotational constants 

for vB(o) = 0 and vB(o) = 1 tnen lead to B2 = 6687 MHz and 

c2 = 6510 MHz. The most striking feature of the prediction 

is that in n~ 6o ... DF the vB(o) = 2 satellite should now fall 

between the ground state and the vB(o) = 1 satellite 



((B + C)
0 

= 13093.22, (B + C) 1 = 13239.64 while the predicti.on 

for (B + C~ gives 13197, all in MHz). The v = 2 - 0 spacing 

· n16o· ct ·· 1n 
2 

···DF can be erived from 5.19 and table II.1 and is 

-1 
predicted to be equal to 168 cm . The resulting Boltzmann 

factor together with appropriate statistical weights 

indicate that the J = 3 + 2, K 1 = 0 and 2 x (2) transitions 
-J. 

in vS(o) = ~ should be only slightly weaker than the ground 

state J = 3 + 2 K = 1 transitions. The lines at 
' -1 

39569.1 MHz and at 39525 . 7 MHz are, on the basis of relative 

intensities and Stark behaviour, good candidates for the 

respective vS(o) = 2 transitions, especially since the K_
1 

= 0 

candidate leads to (B + C) ~ 13190 MHz which is in excellent 

agreement with the prediction. This assignment however, 

cannot be regarded as definitive as the harmonic force field 

of section 5.7 predicts vS(i) for 

-1 
120 cm and the satellite (vS(o) 

16 D2 O· ·· DF of approximately 

= ~. vS(i) = 1) is 

therefore expected to be very similar in intensity to 

vS(o) = 2. A very tentative assignment of vS(i) = 1 and 

(vB(o) = 1, vS(i} = 1) that preserves the proposed assignment 

of vS(o) = 2 is available, but additional experimental work 

is necessary for confi t mation and the results will be 

reported e~sewhere. 
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5.6 HARMONIC FORCE CONSTANT CALCULATIONS 

The experimental information presented in chapter 4 

and in the first part of this chapter allows us to make 

some progress in the determination of the harmonic force 

field for the complex. Although it has been shown in 

se~tion 5.5 that the equilibrium structure has Cs symmetry, 

the observation of nuclear spin statistical weights in the 

microwave spectrum shows that the vibrational wave-

functions transform according to point group c2v. 

Symmetry coordinates for treatment of the vibrational 

problem have accordingly been chosen as follows: 

cx.2 

. . 
s1 = L\r1 81 = '1 

72"(L\r1 + L\r2) 

82 = L\r2 82 = L\r 
A1 1 

83 = L\R 83 = n(L\a1 + L\a2) 

84 = L\r 84 = L\R 

s5 = L\a1 
1 

s6 = L\a2 85 ~ 7?(6r1 llr 2 ) 

87 = L\6 B1 86 - ( ll lla2 ) 1 :- .72' a1 
s8 = L\82 87 = L\81 

Sg = L\<fl 

88 = L\8() 
B2 .:;. 

89 = l;~ 
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l 

It is recognised straightaway tLat a potential function 

truricated a~ quadratic terms in 8
9 

is quite inadequate to 

describe the 0ut-of-plane bending· motion. Nevertheless so far 

as the symmetry coordinates 8 1 to 8 7 are concerned symmetry 

arguments show that there can be no term in the potential 

function involving 8.8 9 or 8.8 8 fori from 1 to 7. Thus for a 
' 1 1 

potential function truncated at the quadratic terms in 

coordinates s 1 to s 9 , there will be no cross terms between the 

sets of coordinates 3
1
-8

4
, 8

5
-8

7 
and 8

8
-8

9
. It is reasonable 

therefore to take as a starting point of the calculations 

symmetry coordinates 8 1 to 8 7 which factor into an A1 block 

and a B1 block leading to a force constant matrix which 

factors likewise. Higher terms in the potential in this 
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approach are regarded as perturbations to be taken into account, 

if necessary, at a later stage. All calculations were carried 

out according to the methods of section 2.4 and were perform~d 

by means of the program GMAT (B, G and G matrices) and a 

family of smaller programs implemented on the laboratory 

PDP-11 computer. The latter allow the calculation of the 

vibrational frequencies, centrifugal distortion constants, 

Coriolis constants and normal coordinate displacement vectors 

from the force field and can also fit diagonal force constants 

to a set of constraining frequencies and off-diagonal 

constants. A more detailed description of these programs is. 

provided elsewhere~ 2 
The programs were tested for H2XYZ 

molecules against the calculations of Fletcher and Thompson 

33 
for ketene and diazomethane. In conformity with these authors 

a tenth internal coordinate ~S and 8 3 redefined as 

}6(2~S - ~a 1 - ~a 2 ) were employed and their results were 

reproduced successfully. 
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Vibrational frequencies form the .Primary data to be used 

for force constant determinations and the current ex~erimental 

values for H; 60···HF are summarised in the second column of 

table 5 . 12. We can use these frequencies directly, to determine 

the simple valence force field for the complex, also presented 

in tabl~ 5 . 12 (values for the B2 block are not derived in view 

of .the anharm0nicity of vB(o)) . Unfortunately the assumption 

that all off-diagonal force constants are zero is not a good 

one as Thomas 10 reports p 67 = p 89 = -2.5 x 10-20 J rad- 2 and 

other off-diagonal constants may also be large . Additional 

information that would allow us to fix the F . . 's is rather 
lJ 

• scant . We have however a rare possibility of using an ab initio 

calculation to obtain a feel for the force field. Lister and 

Palmieri
34 

have determined the internal force field for 

H20···HF in a computation that predicts c
2

v geometry for the 

complex. The internal force field has been converted here to 

the symmetry force field consistent with the present definitions 

and the force constants, together with the resulting vibrational 

frequencies are presented in table 5.12. We can see 

immediately that in line with the results of Thomas F67 and F89 • 

are large . Also P
24 

is large relative to F
44

. A more realist~c 

force field might ther efore be obtained by taking the off-

diagonal constants from . the ab initio calculation to act as 

constraints on the fit of diagonal constants to the observed 

frequencies. The results of this calculation are presented in 

table 5.12, where an exception was made for F
67 

and Thomas ' 

rather t han the a b initio value is us e d as there are no real 

10- 20 -2 solutions to the B1 block for F67 = -4 . 4 x J rad , 
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"2 

TABLE 5.12 

Vibrational frequenctes/an-1 and force constants/SI units for planar H~60···HF 

ab inltio obs. 

3974 (3657)a Fu 

3747 3608 :t 2 F22 

ab initio 0 valence 

905.4 757 . 8 

842.1 715.4 

experimental 
-ab initiod 

760.4 

807.0 

V . 
3 1755 (1595)a F33 155.0 130.8 133.5 

"4 276 176 :t 15 F44 42.8 20.3 18.6 

"5 4122 (3756)a F55 .92'/, 6 776.2 776.8 

"a 250 157 :t 10 F66 8.8 1.3 3.0 

"7 913 696 :i: 30 F77 8.1 9.9 6.2 

"8 740 666 ± 30 F88 9.4 

"9 265 b F99 2.6 

a free H2o value 

b 0 - 1 "' 64 ± 10, 0 - 2 .. 267 :t 35 

0 off-diagonal constants: F12 • -0.6, r
18 

• -51.4, 1 14 • 0.7, F23 • 7.4, F24 • 47.2, 

F34 • -3.0, F56 • 3.0, F57 • 0.4, F61 • -4,4, F89 a -1.5 

d all off-diagonal constants are taken from the ab initio force field, with the exception of P67 
which is set to -2.510 , 

N 
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TABLE 5.13 

Planar 1120· .. HF: variation of force constants In the A1 block w1 th f24 

759.5 901.5 133.4 25.37 726 . 9 

760.0 857.4 133.5 21.54 728.9 

760.4 812.1 133.5 18.86 731.0 

760.7 765.7 133.6 17.53 733.2 

760.8 717.7 133.6 17.80 735.5 

760.8 667.9 133,7 20.04 737.9 

760.6 615.8 . 133.8 24.76 740.6 

760.1 560.6 133.9 32.75 743.4 

759.2 501.1 134.0 45.37 746.5 

Units ot force constants: stretch-stretch N m-1 

stretch-bend 

bend-bend 

10"10 N rod-l 

10"20 J rod" 2 

17.71 

17.62 

17.53 

17.45 

17.37 

17 . 29 

17.21 

17.13 

17.06 

51.73 

51.67 

52.00 

52.12 

1;2.25 

52.30 

52.47 

52.58 

52.66 

..... , 
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TABLE 5.14 

Planar H20· · · HF: variation of force constants in the B1 block with f67 

F61 Fss F66 F77 D~K/MHz 

' 3.0 776.9 1.71 12.53 4.72 

2.5 776.9 1. 54 12.15 4 . 74 

2.0 776.9 1.40 11.74 4.77 

1.5 776.9 1. 30 11.32 4.78 

1.0 776 . 9 1. 24 10.86 4.79 

0.5 776.9 1.22 10.37 4.81 
; 

0 776.9 1.26 9.85 4.79 

-0.5 776.~ 1.37 8.28 4.74 

-1.0 776.8 1.55 8.66 4.71 

-1.5 776.8 1.84 7.96 4 . 64 

-2.0 776.8 2.29 7.16 4.54 

-2.5 776.8 3 . 02 6.17 4.37 

-3.0 776.8 4.73 4 . 52 3.98 

a the expe:dmental-a b in itio force ·field is assumed for the A1 block 

.. 



v 6 = 157 and v 7 = 669 . The ab initio calculation is seen to 

overestimate the diagonal force constants, ar.d if this is also 

the case for the off-diagonal const~nts then the actual 

for~e field would be expected to lie within the limits 

imposed by the valence and the experimental-ab initio force 

constants of table 5.12. It is alsu seen for the A1 and B1 

blocks·that of the off-diagonal force constants, determination 

of F 24 and F
67 

is the most critical. We can map out the 

changes in the diagonal constants for various values of F 24 

and F
67 

using the experimental vibrational frequencies and the 

ab initio values for the remaining off-diagonal constants as 

constraints (tables 5.13 and 5.1~). 

The effective model for vs and \) 
(J 

From table 5.13 it can be seen that F 22 and F 44 both show 

large va~Lations with F 24 • It might be expected that F 24 

would be determinable from DJ, but the treatment of distortion 

constants (see below) shows that this is not possible. 

1 
However, following the three atom model of Cummings and Wood 

we can define effective fo~ce constants fs and f
0 

for the HF 

stretching mode v and the hydrogen bond stretching mode v o s (J 

The water mo~omer is assumed to behave as a point mass and v
8 . 

is taken to involve the motion of the HF hydrogen against the 

heavy atoms, while v is taken to be the motion of the heavy 
(J 

atoms along the dissociation coordinate, with the hydrogen 

atom continuously readjusting its position to achieve the 

equilibrium H-F bond length appropriate to the instantaneous 

0-F distance. ·· The two effective constants, in terms of the 

present force const&nts are given by: 
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2F 24 + F 44 5.23 

5.24 

and, from table 5.13, b6th are seen to .. show little variation 

with F
24

. This,indicates that the model is a good one and 

the resulting constants (F 24 = 0) are compared below with the 

4 5 
values determined for two cyanide complexes:' 

-1 f /Nm-
1 

~ jcm f jNm 
s 0 s 

HCN· · ·HF 778 26.3 37103 

MeCN • · • HF 744 22.5 36273 

-1 

H20· • · HF 736 17.4 3608
10 

ll s/ amu 
-1 

1. 041 

1. 042 

1. 043 

The comparison is of interest as the effective reduced mass ll 
s 

for the high frequency stretching motion defined according to 

-\) = 
s 

130.28(f ll )~ 
s s 

is established to be the same for two different types of 

5.25 

proton acceptors. This is consistent with the definition of 

214 

1 4 
v

8 
in the model where lls is expected to be near 1/mH = 0.99 ~l • 

However ll is also seen here to be almost identical with s 
-1 

llH + llF = 1.045 amu . We.shall now reinvestigate the model of 

Cummings and Wood1 to determine whether the latter might not 

be a better approximation to the effective reduced mass lls· 



The essence of the model as adapted in refs 4 and 5 is 

that the complex A-H···B is assumed to behave like a linear 

triatomic . The secular equation for the two stretching 

vibrations is therefore set up with 

GF = 

= 
I <"A+ "H)fAH - "Ifr 

\ ( JlH + JlB)fi - Jllf AH 

Now, since the trace of GF is equal to the sum of the 

eigenvalues, we have 

= 

5.26 

5.27 

\ 

Cummings and Wood
1 

make two assumptions at this point: 

that of Jl f >> Jl f and of JlH >> Jlft and uB. Thus ss (J(J -~ 

JlAfAH + ~BfBH and ucrfcr in 5.27 can be ignored yielding an 

exnression for u f . For the. complexes considered here the - s s 

first assumption is a good one as, for H
2
0···HF for example 

Cv s 
-1 - · -1 = 3608 cm and v = 176 cm ), A = 767 and A 

cr s cr 
= 1.8. 

The second assumption ,however, is not as good since for HF \l 
A 

is equal to 5% of JlH and uAfAH becomes quite large. We shall 
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therefore drop the second assumption and will instead 

incorporate ~AfAH into the term in (fAH+ fBH- 2f
1

): 

Tr[GF] = 

The last two terms in 5.28 are now much smaller than ~AfAH 

(are of order of 3A
0 

for f
1 

= 50 Nm- 1 ) and can be neglected. Hence 

lls = 5.29 

= 5.30 

and the form of ~ anticipated from the consideration of the s . 

experimental results is now confirmed . We can also inspect 

the values for the effective reduced mass ~ derivable from 
cr 

f and v with a relation equivalent to 5.25. Cummings and cr cr 

Wood
1 

predict ~cr to be equal to ~A + ~B for the complex 

A-H···B, but we can see below that a better approximation is 

provided by the simple diatomic reduced mass ~AH + ~B 

HCN · • ·HF 

MeCN• • • HF 

H"O • • • HF ... 

- -1 
v /cm cr 

1974 

1683 

176 

-1 
~ jamu cr 

0.0869 

0.0739 

0.1049 

0.0870 0.0897 

0.0744 0.0770 

0.1056 0.1082 



It is therefore of interest ~o consider whether there is 

any basis for using the diatomic reduced mass. 

then · 

Tr[(_Q£:)-1 ] 

Now 

and 

F -1 

-1 
G 

= 

= 

= 

= 

Tr[F-lG-l] 

1 

fAHfBH - f2 
I 

1 

1 
::!· 

j..l(J f (J 

fBH -f I 

-fi fAH 

.llB + JlH 

JlH 

If A > > :\ s (J 

5.3J 

5.32 

5.33 

5.34 

The last two terms in the numerator are small and can be 

ignored and since it can be shown that 

JlA + JlH 1 
= 5.35 

JlAJ..lH + 11 BJ1A + JlBJlH JlAH + JlB 

We have 

ll(J = llAH + JlB 5.36 

f = (fAHfBH f~)/fs 5.37 
(J 
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It has therefore been shown that when the mass of A, the 

proton donor part of the complex, is small the reduced masses 

in equations 5.29 and 5.36 should be used instead of those 

derived by Cummings and Wood~ However as A becomes more 

massive the distinction between the two sets of masses 

disappears. Nevertheless the reduced masses derived here lead 

to a slightly different physical interpretation of vs and va, 

atid v is to be regarded as the stretching motion of the A-H s 

monomer, whereas ·v is essentially a diatomic stretching a 

motion along the d~ssociation coordinate where the two 

monomers act as point masses. Also since the largest terms 

neglected in the present treatment all contain the interaction 

constant f
1

, significant deviations from the model should 

indicate large f
1 

(providing that in the full F matrix for 

the problem there are no other large interaction terms 

affectin~ the constants equivalent to fAH and fBH). 

Centrifugal distortion constants 

Calculations connect~ng the centrifugal distortion 

constants and the force field are facilitated by the evaluation 

of the quantities JaB = 31 ofos .• 
a~ 1 

These are determined 

numerically using the methods of section 2.4(iii) and the 

structures from chapter 4. 
16 . 

The J's for planar H2 O··•HF 

(in the xz plane where z axis is the symmetry axis), in units 

based on amu and R are: 
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:-+ 8

1 
82 s3 84 85 86 87 

J 3 . 37 50.04 4.22 50.83 0 0 0 
XX 

J 5.09 50.04 2.93 50.83 0 0 0 
yy 

J 1. 73 0 -1.28 0 0 0 0 
zz 

Jxy 0 0 0 0 0 0 0 

Jyz 0 0 0 0 0 0 0 

J ·o 0 0 0 -1.38 -1.58 -0. 7 '7 
xz 

All J's for s 8 and s
9 

are zero. Inspection of the non

zero J values with the aid of equations 2.88 and 2.30 reveals 

that only the A1 block of the vibTational problem will 

contribute towards DJ and A1 and B1 blocks towards DJK . Thus, 

in the present level of approximation we do not need to refer 

to the B2 block. The magnitudes of J 's and of the force 
a a 

constants indicate that the terms involving (F-1 ) 44 will make 

the greatest contribution towards DJ, and then to a much 

-1 -1 
smaller extent, the terms involving (F ) 24 and (F ) 22 . It 

is also apparent from table 5.13 that the effect of F24 on DJ 

is small and this is so because in equations 2.88 and 2.30 

decrease in in 
-1 is partly compensated for by a a term (F )44 

a c.'orresponding increase in the magnitudes of terms containing 

-1 ·. -1 
(F >22 and (F ) 24 , and vice versa. Determination of F 24 

from DJ is not possible therefore , but the small F24 

dependence makes it easier to isolate the dependence of DJ on 

another quantity of interest - . v4 (or v
0

). Values for DJ have 

been calculated through fitting the A, block of the force 

field to various values for ~ 0 , first for F
24 

-1 = -100 Nm , 
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-1 . 
then F24 = lOO Nm . This procedure accounts for all reasonable 



values for F 24 and results in the relationship indicated by 

the dashed area in figure 5.14. We can compare this with 

relationships predicted by two other methods. For the 

diatomic model for the complex where the hydrogen bond is 

approximated by the Morse function we can use the Pekeris 

relation of equation 5.45. In a more sophisticated weakly 

bound triatomic approximation developed by Novick~5 the 

relationship between DJ and va is given by: 

= 

where 

b = 

1.1126 X 10-G (1 - B) 
b 

220 

5.38 

5.39 

The numerical constants have been chosen to yield DJ in kHz 

if units of MHz · are used for B, amu - 1 for ll and ~ for r A;l" 

Equation 5.38 can be seen to be the diatomic Pekeris relation 

corrected by the ratio of the triatomic rotational constant B 

to the diatomic rotational constant b for the AH monomer. In 

16 the present calculation for H2 O· · · HF (B+C)
0

/2 was used for B. 

The relationships in figure 5.14 predicted from the th~ee 

models are very close indicating that DJ is dependent 

~rimarily on the hydrogen bond stretching mode v . We can use 
a 

the experimental value for DJ (56± 10kHz) and figure 5 . 14 

- -1 to determine v , found to be 172 ± 17 cm This is in 
a 

perfect agreement with the relative inten3ity measurement of 

- 1 176 ± 15 cm . A further check on the consistency of the data 

16 
can be made by calculating the DJ for n2 O· ·· DF for the racge 

of force fields which satisfy the experimental DJ and va for 
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FIGURE 5.14 Relationships between the distortion 

constant DJ and the hydrogen bond stretching 

-frequency v a in H 16o HC' 2 ••• I from three calculated 

different modets 
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H~6o···HF. The calculation yields 44 ±9kHz which compares 

well with the experimental value of 37 ± 11 kHz. 

The calculati6ns involving the DJK distortion constant 

have met with much less success than those for DJ. The 

experimental-ab initio force field (table 5.12) yields 

16 
DJK = 4 . 37 MHz for H2 O···HF, well in excess of the 

e~perimental value of 1.98 ± 0.05 MHz. In the planar model 

the quantities v6 (vS(i)), F67 (table 5.14) and F34 are 

identified to have the greatest effect on DJK' Unfortunately 

the experimental DJK cannot be reproduced by any reasonable 

values £or these quantities and we would require 

- ~1 -10 -1 
vS(i) > 200 cm or F34 < -30 x 10 N rad to do so. In 

16 
addition the experimental DJK values for H2 O···HF and 

n;6
o···DF do not give rise to the same ranges of solutions. 

The model is therefore breaking down, most likely because we 

may no longer ignore the out-of-plane bending mod~s v
8 

and v
9 

(vB(o) and vS(o)). The way forward probably lies in setting 

up a calculation with the anharmonic wavefunctions for vS(o)' 

Thes~ are available since the potential for vs(o) has been 

determined in section 5.5, but for reasons of time this route 

has not been pursued further. 

The evaluation of ·a candidate force field for the complex 

has enabled the determination of atomic displacement vectors 

22 2 

for motion along the normal modes. The method of section 2.4(v) 

and the experimental-ab initio ' force field from table 5.12 

have b een used resulting in the displacement vectors in 

figure 5.15. For the purpose of this calculation the B
2 

block 

of the force field was evaluated by assuming that vB(o) is 
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FIGURE 5.15 Calculated displacement vectors for the nine 

normal modes in planar H2
16o ... HF. 

N 
N 
w 



.harmon~c and taking v~(o) 
. -1 

~ 145 cm (the value from 

ref.lO and also near the mean of v ~ 1 - 0 and v ~ 2 - 1). 

Inspection of the vectors for the five modes associated · 

with the forma~ion of the hydrogen bond confirms the 

expectations about the nature of such modes summarised in 

figure 5.1 . Also since the bends v
6 

and vB appear to 

involve pseudo-rotation of the monomer units about their 

respective centres of mass, the treatment of such modes by 

means of curvilinear coordinates is indicated. 

5 . 7 DIATOMIC APPROXIMATION 

The gas phase microwave spectroscopic investigations 

of hydrogen bonded complexes performed in this laboratory 

have amassed a large number of precise spectroscopic data. 

We are therefore in search of a potential function that 

would provide us with reliable relationships between such 

data and we are particularly interested in calculations 

based on the minimal number of spectroscopic constants . 

Theie would be very useful for confirming our assignments 

and also for predicting the spectra of new complexes . The 

empirical triatomic Lippincott-Schroeder potential has been 

d . +h 36 b h. . 1 b use WJ. ~ some success . ut t 1s requ1res a arge num er 

of parameters to be established first and only a few 

relationships have been d~rived between microwave 

spectroscopic constants of interest to us . Since we have 

a l ready seen for DJ and f
0 

(section 5,6) that a diatomic 
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potential where the monomers are approximated by point masses 

k ~ 1 h ~~ . 137 war s we1. , t e three parameter !norse potent1a 

V = -ap 2 e ) 5.40 

is going to be used, with the appli~ability to be justified 

by results . The vibrational coordinate p, in~. the Morse 

M -1 dissociation energy D , in kJ mol , and the Morse constant ~~ 
e 

. o-1 . b 1n A , are g1ven y: 

p = r - r e 
5.41 

DM 10-2 2 
= 1.1964 X w /4w x 

e e e e 
5.42 

2.9979 104 B 
X w a -1 { e + 1} a = r 

6B
2 e 5.43 

e 

The subscript e denotes equilibrium quantities and the 

numerical constants are chosen to allow w and w x to be e e e 
-1 B expressed in cm , Be and a (equation 2.21) in MHz and r 

and re in ~. If only the rotational constant Be, the 

rotation-vibration constant aB and the centrifugal distortion 

con~tant D (in kHz) are available, then the harmonic e 

frequency (Jj 

e 
and the anharmonic constant w x in the e e 

expansion for the vibrational energy 

G(v) · = w (v + !) - w x (v + !) 2 + e e e 

can be evaluated with~ 8 

= 1.1126 

5.44 

5.45 
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W X = 
e e 5.46 

The potential 5.40 can be expanded as a power series in o 

V 
1 2 1 3 1 4 

-· 2T _f2p +- f._,p + TI f 4p + ... 5.47 3! .) 

where 

f . = 0.16604(2a2DM) = 59.553 w
2
/(2Br

2
) 5.48 

2 e e e 

f3 = -0.16604(6a3
DM) ·- -3af 2 5.49 

e 

f4 0.16604(14a4DM) 2 5.50 = - 7a f 2 e 

-1 10 2 20 . ~3 
and units of Nm , 10 Nm- and 10 Nm are used for f 2 , 

f
3 

and f 4 respectively. Slightly different expression for f 4 

is obtained when 5. 47 (which is equivalent to the Dunham · · 

potential39 ) rather than the Morse pote~tial is used to solve 

the wave equation, although 5.50 is reasonably accurate for 

most diatomics~ 0 As, with the exception of D 
4

•
10 

the e 

investigations of hydrogen bonded dimers have not as yet 

produced values for any of the equilibrium quantities, we 

shall use B , D , 
0 0 

a and~ (i.e. v = 1 - 0) for B , D • a a a e e 
CL 

B 

and we. A closer approximation to we could be obtained from 

v by means of 5.46 and 5.44, but the experimental un~ertainty 
a 

on v is too large to warrant such correction. In order to 
a 

calculate the force constants a pseudo diatomic bond length 

was derived from the observed ground state rotational constant 

for a complex by means of 
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r = 
505376 

{ B 
0 

(mAH + mB)}~ 

mAHmB 
5.51 

where mAH and mB are the masses (in arnu) of the proton donor 

and the proton acceptor, respectively . It should be noted , in 

view of the treatment in section 5.6 that the quadratic 

constant f 2 calculated with 5.51 and 5 . 48 is equivalent to the 

effective force constant f for the hydrogen bond stretching 
(J 

vibration. 

The Morse relations presented above have been applied to 

three of the complexes investigated in this laboratory and. 

the results are presented in table 5.15. The notation 

appropriate to· polyatomic molecules is used for the calculated 

values and w x is denoted by x · , f 2 by fRR etc. Equation e e aa 

5.45 was used first to determine v 
a 

from B and DJ' then X ' . a a 

De, a and the force constants were calculated from the 

experimental values for ~a' B and aa by means of 5.46, 5.42, 

5.51; 5.43 and 5.48 - 5.50, in that order. A test of the 

model is provided by the comparison of the observed and the 

calculated values for v and D , and also of the results for 
a e 

different isotopic species of the same complex. The agreement, 

when viewed in the light of the large error on DJ' for 

example, is seen to be very good. The diatomic cubic 

constant fRRR for H20···HF can also be compared with a recent 

b . . . 1 1 t' 27 h' h "th h b t b . t a ~n~t~o ea cu a 1on w 1c , . w1 t e es as1s se , 

predicts a value of -151 x 1010 Nm- 2 for the cubic stretching 

constant of the hydrogen bond. Of the six complexes 

considered in table 5 . 15 only MeCN···HF exhibits unusual 

behaviour and will be returned to later. 

..,2 ... '- . I 



TABLE 5,15 

Summary'ot Morse potential colculattons for three hydrogen bonded complexes 

observed~ 

v fcm- 1 
0 

B/~iHz 

DJ/kll:t 

o 
0 

/MIIz 

D /kJ mol-l 
e 

calculntcd: 

- -1 v
0

fcm 

x / cm- 1 
00 

DM/kJ mol-l 
e 

a!R-t 

-1 
f RRI~lm 

10 -:a 
! RRR/10 Nm 

20 -3 
! RRRR 110 Nm 

176 ± 15 (169)b 

7201.67° 6546.61° 

561 10 37 t 11 

137.8 113 

30 t 7 30 :t 7 

172 184 

2.67 2.27 

34.7 37.6 

1.23 1.18 

17.3 17.3 

-64 - 61 

182 167 

IICN • • •!IF DCN• • •OF 

197 t 15 (195)b 168 t 3 

359i.11 3351.87 1853.37 

11.2 t 0.7 11.5 t 0.8 0.82 t 0.20 

61.79 :t 0.03 59.55 :t 0.25 \ 7.61 :t 0.16 

26.1 :t 1.6 26.1 :t 1.6 (44.7)d 

109 175 185 

3.91 4.25 0.51 

29.7 26.8 165? 

1.63 1. 74 0 .64 

26.3 26.9 22.4 

-129 -140 -43 

491 570 63 

165 1: 3 

1686.21 

1.00 t 0.20 

19.75 :t 0.11 

(44.7)d' 

1-16 

2.54 

32 

1. 44 ' 

22.1 

-95 

321 

a wat~r complexes ref.10 and this work; hydrogen cyanide complexes ref.4; methyl cyanide complexes refs 3,5 

b estimntud from the force field 

0 (B + C)/2, a evaluated accordingly 
0 

d 31 
4- JIG calculation, probably an upper limit on \he actual value 

( 



It is instructive at this point tu compare the Morse 

dissociation energy with the relationship developed by Gable 

. 41 
and Winn for the particular case of weakly bound diatomics: 

DLJ 
. 2 

De = n . 
e (n + 1)2 

9B3 2 

X 10-7 n 
3.9906 

e 
= 

(aB)2 (n + 1)2 

where DLJ is the dissociation energy of the Lennard-Jones e 

(2n,n) potential 

V 

d . f -1 an n lS the power o r which leads the long range 

expansion of the potential. The Morse dissociation energy 

5.52 

5 . 53. 

can also be written in the form of 5.52 · as, from 5.42, 5.43 

and 5.46 

DM DLJ 
2 

= 
p 

e e (p + 1)2 
5.54 

I 

10
4 B 

p = -ar 1 = 2.9979 X 
CL We -
6B2 e 5.55 

e 

E1~ation 5.52 is found to work somewhat better than 5.54 for 

cases where n is well defined, particularly for van der Waals 

41 
complexes. For the hydrogen handed complexes we do not have 

such a good feel for the expansion of the potential, but by 

analogy with 5.52 we can use the parameter p as a pointer to 

the type of long range expansion that might be involved. p is 
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found to be 'V2. 3 for the water complexes and 'V4. 9 for. the 

h9drogen cyanide complexes. This_ is broadly consistent with 

expectations from the various ab initio decompositions of the 

42 
hydrogen bond energy where the electrostatic term dominates 

at long range. This term arises from the coupling of the 

multipole expansions for the charges on the two monomers and 

for non-ionic complexes dipole-dipole interaction which 

depends on r- 3 is expected to be most important. 

Three applications of the Morse potential as an aid in 

the interpretation of microwave spectra of hydrogen bonded 

complexes will now be described: 

(i) Methyl cyanide-hydrogen fluoride heterodimer 

The large difference in a between the normal isotopic 
(J 

species of the dimer and the DF and the CD 3CN species has for 

a 1long time been considered to be anomalous. Unfortunately, 

with6ut some model to test the consistency of the 

spectroscopic data for these complexes it is not possible to 

decide which if any is the odd one out. However, the 
1 
application of the Morse model reveals from table 5.15 that 

the constants for CD 3CN···HF are all perfectly consistent 

whereaa aJ.l calculations involving the a in the normal 
(J 

isotopic species lead to unreasonable values, particularly for 

De . The v
0 

= 1 state in CH
3
CN···HF must therefore be 

perturbed and it is tempting to propose Fermi interaction 

with vS = 4 which leads to vS -1 = 42 cm 

-1 the experimental value of 42.5 ± 5 cm 

. . 
to be compared with 

The likelihood of 

this explanation diminishes when we realise that no matching 
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perturbation is observed for the vS = 4 satellite although it 

is felt that the perturbation argument should be pursued 

further. 

(:ii) Tertiary butyl cyanide-hydrogen fluoride heterodimer 

Some uncertaint~ exists concerning the assignment of 

v - 1 in this dimer and two cindidates, leading to 
CJ 

a. = 12.3 ± 0.2 MHz a.nd a. = 6.53 ± 0.32 MHz have been 
CJ CJ 

6 17 proposed.' The spectrum to low frequency of the ground 

state is rather cluttered preventing the use of relative 

intensities as a reliable guide to assignment. Additional 

information can however be brought in by means of the Morse 

function which, for - from lOO to 200 -1 
predicts \) cm 

CJ 

13 kJ -1 for larger and D 42 
-1 

for D "' mol the a. "' kJ mol e e 

smaller one. In view of the t~end in the cyanide compleies 

discussed ~n ref.6, the higher value for D is much more e 
I 

reasonable suggesting that we should choose the assignment 

leading to a. = 6.53 MHz. 
CJ 

(iii) Hydrogen cvanide dimer 

The gas phase microwave spectroscopic investigations 

.13 
of the dimer initiated in this laboratory- have yielded 

the 

spectra containing extensive vibrational satellite structure 

which as yet has not been assigned. Three low frequency 

vibrational modes are suspected and any predictions regarding 

the a.'s for these modes would be very · useful. The diitomic 

model allows the prediction of a from B, ~ and D by means 
. a a e 

of: 

, 3 . 
t. 1 



\ 

(.( 
a = 

2 
3,3356 X 10-5 G_B 

V 
0 

10
2 -2 

3.5868 X v
0 

~ 

{( 4D B ) 5.56 1} 
e 

AH on dimerisation has been estimated to be 

-14 . 8 

of 15 

. - 1 . 
kJ mol and D 

e 
-1 - 20 kJ mol . 

is therefore expected to be of the order 

The values for v available from matrix 
0 

-1 
i solation studies range from 55 to 130 cm and together with 

B
0 

= 1788 . 1 MHz lead to a
0 

of 20 to 30 MHz . 

( 

1 i £ 2 Lt lj (' (,) 

1- s&' ,\b 1 v...v\ "' I 

. I 
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CHAPTER 6 . 

The hydrogen bonded complex formed between 
dimethyl ether and hydrogen fluoride 

ABSTRACT 

The observation of microwave spectra of five rotational 

transitions in the normal isotopic species of the complex 

and of four transitions in the (CD 3 ) 20· · ·HF species is 

reported . Approximate values for (B + C) are derived from 

centr~s of bands formed by the highest K_
1 

transitions for 

each J. The average (B +C) values for the two isotopic 

species are found to lead to the same ranges of solutions 

for the geometry of the complex and include the structure 
~ . 

predicted by extrapolation from the structures for other 

O···F complexes. Some leads on the assignment of the 

rotational spectrum are also presented. 

6.1 INTRODUCTION 

The gas phase complex formed from one molecule of 

dimethyl ether and one molecule of hydrogen fluoride is one 

of the classical hydrogen bonded complexes of infrared 

2·33 

spectroscopy. 
. 1 2 

It was first studied by Millen and coworkers ' 

-1 
who assigned the strong band formed at 3470 cm to the HF 

stretching vibration vs in the complex and have interpreted 

the band structure in terms of sum and difference bands of v s 

with the hydrogen bond stretchin~ vibration V • 
(J 

Later, 



le Calve et al
3 

and Couzi et al
4 

reported gas phase infrared 

spectra of the four isotopic species of the complex 

inv~lving Me 2o, (CD 3 ) 20, HF and D~, in the vs region and 

also in the region of the high frequency intermolecular 

bending modes VB. Evidence for the existence of associated 

species containing more than two monomer units was also 

presented. Thomas5 has used measurements on the band 

belonging to the HF stretching vibration v to derive s 
-1 

~H = -43 kJ mol for the formation of the complex and has 

also studied the complex by means of far-infared 

spectroscopy and found v 
(J 

-1 cm Bevan et al
6 

have looked at the first overtone region of HF and DF 

stretching vibrations in complexes with dimethyl ether and 

have been able to derive values for some anharmonicity 

constants. Two ab initio computations on Me 20···HF have also 

been carried out~· 8 
In the better documented computati~n 

of Hinchliffe7 HF and the 0 and C atoms in Me 2o were 

·e constrained to a plane and ~U and ROF were determined to be 

-1 0 -38 kJ mol and 2.65 A respectively. At least one previous 

attempt at recording the microwave spectrum of the complex 

9 has been made, but the results were negative, perhaps not 

surprisingly so as a klystron microwave spectrometer, which 

is difficult in use and is not really suited for broad band 

searches was employed in that ~ork. 
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6.2 SUITABILITY FOR GAS PHASE MICROWAVE INVESTIGATIONS 

The present system satisfies three of the four factors 

identified in chapter 1 as contributing to successful 

observation of microwave spectra of gas phase heterodimers. 

Me
2
0···HP is one of the stronger non-ionic hydrogen bonded 

-1 complexes with a t.Hf of -43 kJ mol . The electric dipole 
10 

moments of HF and Me
2
o are 1.827 D and 1.301D respectively, 

and if the dipole moment enhancement on complexation is 

0.7 D say (as in H2o.· ·HF), then J..l = 3.83 D is predicted 
a 

for a 1:1 complex with a planar structure and J..l = a 3.48 

for a structure where 
<P ' 

the angle between the coc plane 

and the 0· · • H-F axis, is equal to 50°. These values can 

be compared with 4.07 D for H20·•·HF (chapter 4). Both 

Me2o and HF have vapour pressures in excess of 1 Torr at 

temperatures down to less than 200 K,and HF does no~ 

possess any transitions in the microwave region. 

Unfortunately dimethyl ether gives .rise to a very rich 

microwave spectrum and, for example, at a Stark field of 

2000 V cm- 1 a continuum of lines with peak absorption 

-8 -1 coefficients equal to and in excess of 10 cm is 

D 

observed in R-band. However as th2 electric dipole moment 

in the dimer is expected to be more than 2.5 times that in 

dimethyl ether it should be possible to find a Stark field 

such that the dimer transitions b2tween energy levels with 

the greatest Stark shifts are well modulated, whereas those 

for Me 2o are not. 
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6.3 PREPARATION OF THE COMPLEX 

The optimum procedure for obtaining microwave spectra 

of the complex with minimum interference from the dimethyl 

ether spectrum involved, as a first step, room temperature 

saturation of the ~ampl8 cells with hydrogen fluoride, up 

to a stable pressure of 2 - 3 Torr. The cells were then 

cooled to ~220 K and the pressure of HF was adjusted to 

300- 500 mTorr. Needle valve v2 (figure 3.1) was opened 

and dimethyl ether was slowly admitted into the cells, 

while at the same time a slow flow of the mixture through 

the cells was initiated by opening v7 and v8 slightly. A 
- . 

line of the complex was monitored throughout and v2 and v7 

were closed when the intensity of the line passed through 

a maximum. Gradual cooling of the sample was then resumed 

and was sometimes combined with periods of slow pumping and 

further addition of small quantities of dimethyl ether, 

until the usual recording temperature of ea. ~00 K was 

riached. With this pr6cedure strong spectra of the complex 

could be obtained with partial pressures of dimethyl ether 

2 36 

which _were less than lOO mTorr, and often less than 50 mTorr. 

This was desirable from the point of view of the ether 

background, and also useful when working with (CD3 ) 20 as 

minimal quantities of the enriched sample were used. In 

fact a total of only ~0~2 g of (CD3 )20 was used up in these 

studies. 



6.4 THE EXPECTED ROTATIONAL SPECTRUM 

The most likely geometry for the dimethyl ether-

hydrogen fluoride heterodimer is that where the HF monomer 

bonds to dimethyl ether in the plane bisecting the COC 

angle (see the inset in figure 6.12) . Calculations of 

rotational constants for reasonable limits on a structure 

. of this type, where R is varied from 2.63 R to 2 . 66 ~' and 

~ is varied from 0° to 75° result in A = 9 . 1 - 10.0 GHz, 

B = 3.3 - 4.2 GHz and C = 2.6 - 3.1 GHz . Unchanged 

moriomer geometries for the Me 2o 10 and the HF units are 

assumed. The values predicted for the three rotational 

constants correspond to K from -0.66 to -0 . 80. The 

rotational spectrum is therefore expected to be that of a 

top of significant asymmetry, a~though similarly to 

H20···HF aRO 1 type·transitions should be most intens~ and 
' 

transitions with different J should still be well separated 
I 

in frequency. The spectrum is expected to be complicated 

by the presence of vibrational satellites belonging to the 

lowest frequency vibrational modes, of which three:v , 
(J 

vS(i) and vS(o) all have vibrational wavenumbers less than 

200 cm- 1 (ref,5). Additional complications might also be 

expected from the coupling of angular momentum 

corresponding to hindered rotation of the two methyl groups 

in dimethyl ether with angular momentum corresponding to 

the overall rotation of the dimer molecule . The torsional 

11 
problem for dimethyl ether itself has recently been solved 

and the positions of the torsional energy levels and the 

torsional splittings in a specimen rotational transition 

are illustrated in figure 6 . 1. The ground state transition 
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FIGURE 6.1 

1'orsional energy, levels -'in dimethyl ether 
I 

and the resultimg torsional satellites in 

the 110 +-1 01 rotational transit ion . 

1A2~ 909 EE . 
cm-1 /1- A2E, EA1 

222 
~:tz 

'-A1E, EAz 

114 \ A1E, EA1 
EE 

A1A1 

0 Tt 2Tt 

a.1 ( a.2 = 0 ) 

( 01) 

( 10) 

(00) 

(00) 

A1A1 EE A1E, EA1 

(10) ~I ___.J 
EA

2 
A

1
E EE A

1
A

2 
1J----

(,.:: ......_...:-, ----,.-,-----:1 

( 01) 

--'-1 
30.00 29.95 29.90 · GHz 

N 
IJ.) 

00 



is seen to consist of a closely spa~ed triplet with a 

splitting of ea. 1 MHz. If a splitting of comparable 

magnitude took place in the complex then this would probably 

be jus~ below the limit of resolution at the experimental 

conditions employed in this work. The first excited states 

-1 
of the torsicn are seen to be 222 cm above the ground 

state and are not expected to be a _prominent feature in the 

spectrum as there should be at least three vibrational 

satellites higher in intensity . Furthermore it can be seen 

from Dreizler's discussion of the Hamiltonian for a molecule 

12 
with two c3v rotors that torsional ~plittings in the 

complex involving Me 2o should - be much smaller than in Me 2o 

itself and that the splittings in the complex with (CD3 ) 20 

should be vanishing . For these reasons the methyl torsions 

are not expected to be a major contributor to the comp~exity 

of the spectrum. 

6.5 THE ROTATIONAL SPECTRUM AND THE LOW RESOLUTION ANALYSIS 

The band of the complex extending from 31 to 33.5 GHz 

has been observed first. In figure 6.2 the spectrum of a 

mixture of Me 2o and HF is compared with the dimethyl ether 

background and indicates unambiguously that a continuum of 

new lines, with a centre at 'V32.4 GHz appears. The lines 

disappear when the sample i~ allowed to warm up and reappear 

on cooling. This eliminates the possibility that the new 

lines belong to either a reaction product or to an impurity 

and suggests an assignment to some associated species 
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FIGURE 6.2 Me2o ... HF: J:S+-4 rotational transitions. 
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FIGURE 6.4 
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FIGURE 6.5 
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FIGURE 6.6 J = 4 .. 3 rotational .transitions 
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FIGURE 6.7 J = 6 +- 5 rotational transitions 
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FIGURE 6.9 J = 5 .... 4 rotational transitions • 
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FIGURE 6.11 

I ' 

GHz . 40.0 

J = 7 +- 6 rotational transitions . 

n 
0 ... 

N-
O 

l 

39.0 

Stark fidd 

gain 

time conat,.nt 

recorder rnnge 

eco.n npeed 

temperature 

pressure 

lOO V c., -1 

-45 dBm 

1 8 

100 mY 
1 ~11111 .. -l 

-65°C 
500 l!tl'orr 



between dimethyl ether and hydrogen fluoride. Subsequently 

further bands, reproduced in figures 6.3 - 6.7, were 

observed for the mixture of Me 2o and HF, and the four bands 

in figures 6.8 - 6 . 11 were observed for the mixture of 

(CD3 ) 20 and HF. All transitions are recorded at low Stark 

fields to minimise the dimethyl ether background. At these 

conditions the strongest monomer lines in figures 6.3 - 6.11 . 

are seen to be weaker than lines belonging to the complex. 

The bands in figures 6.2 and 6.5 - 6.11 are expected to arise 

a from R
0 1 

transitions for a particular value of J. An 
' 

associated consequence of employing low Stark fields is that 

only the transitions with the highest values of K_ 1 should be 

modulated for each J. For tops with small to moderate 

asymmetries, the frequencies of such transitions, especially 

for high J and K_ 1 , are approximated by the symmetric top 

type expression 

V = (J + 1)(B + C) 

Model calculations indicate that (B + C) evaluated from 

equation 6.1 is accurate to a f~w percent for J + 1 + J 

transitions with J > 3, K_ 1 = J, J- 1 and J = 2, K_1 = 2, 

even forK less than -0 . 7. 

It is possible therefore to use equation 6.1 and the 

6.1 

frequencies of band centres to assign the J quantum number for 

each band and to derive approximate values for the rotational 

constant (B +C). This procedure is analogous to the 

treatments used in Low Resolution Microwave Spectroscopy 

(LRMW)~ 3 In table 6.1 the measured frequencies of the 6entres 

z·so 



2-5 1 

of the observed bands are summarised and it is found that 

consistent values for v/(J + 1) are obtained only if the 

·assignment presented in the first column of the table is 

made. A window in the dimethyl ether spectrum allows the 

observation of two separate bands for the J = 2 + 1 

transitions in Me O•• • HF 2 ' 
formed by the 2

o2 + 1
o1 and 211 + 110 

transitions (figs 6.3 and 6.4). In this case the K = -1 

transitions satisfy equation 6.1 better than the K_ 1 = 1 

transitions, which would be subject to a much larger 

asymmetry splitting (see figure 2.2). Accordingly the 

0 

frequency of the strongest 202 + 101 transition is used in 

table 6.1. A more detailed discussion of the 

properties of the J = 2 + 1 transitions and also of the other 

transitions is presented in the next section. 

are: 

The average values for (B + C) derivable from table 6.1 

(CH3 ) 20 + HF: 

(CD
3

) 20 + HF: 

(B + C) = 6 . 466 ± 0.047 GHz 

(B + C) = 5.725 ± 0.067 GHz 

Owing to the complexity of the observed spectrum it has 

not been possible to reach an assignment, even for the ground 

state. Hence the two ~pproximate (B + C) values provide at 

present the only information on the structure of the complex. 

We can immediately reject the remote possibility that the 

associated species responsible for the spectrum contains more 

than two monomer units . The structure Me 20: (HF) 2 , where the 

two HF molecules are hydrogen bonded to the oxygen in a 

tetrahedral arrangement with the two OC bonds and ROF is taken 



TABLE 6,1 

The results of low resolution measurements in the 
spectrum of the dimethyl ether-hydrogen fluoride heterodimer 

\) 

(J+1 )/GHz 

J = 2 + 1 12.80b 6.400 

J = 3 + 2 19.60 6.533 17.00 5.667 

J = 4 + 3 25.85 6.463 

J = 5 + 4 32.38 6.476 28.38 5.676 

J = 6 + 5 38.75 6.458 34.85 5.808 

J = 7 -+· 6 40.25 5.750 

a frequencies of centres of bands formed by the highest K_
1 transitions for each J 

b frequency of the strongest 202 + 1
01 

transition 
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to .be equal to 2.64 ~ results in B + C = 3 ~ 98 GHz. The chain 

structures Me 20: (HF) suggested in refs 3,4 lead to even n . 

lower values for (B +C). 

We will now attempt to derive some information on the 

structure of the dimer . The contours of bands arising from 

the higher J transi ti<;ms are reasonably symmetrical suggesting 

that vibrational satellites are displaced both to high 

frequency and to low frequency from the ground state. The 

values for (B + C) derived above should therefore be closer 

to (B + C)
0 

than to a (B + C) for some other vibrational 

state and should primarily carry the structural information 

of the ground itate. The (B +C) determined for Me20···HF 

(6 . 47 ± 0 . 05 GHz) is seen to compare well with predictions 

made in section 5.4 (5.8 - 7 . 4 GHz). It is possible to 

pursue the structural investigation further if it is assumed 

that the dimer does in fact carry the structure of section 5.4 

and the solutions for ROF and ~ that satisfy the observed 

rot~tional constants are derived. In the calculation the 

monomer geometries are taken to remain unchanged on 

, s~.. j 

complexation and the results, for both Me20···HF and (CD3 )20···HF 

are plotted in figure 6 .1 2. The ranges of solutions for R0F and~ 

derived froc: the (B + C) constants for U1e two isotopic species 

are virtually identical and lend further support to the 

assumed structure. Unique solution for .ROF and~ cannot be 

obtained unless B and C are k~own separately, although it is 

possible to check the curve in figure 6 .1 2 against the structure 

for Me
2
0···HF predicted from information available for other 

complexes containing the 0-F hydrogen bond. Detailed results 
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have recently become available for three such complexes and 

values for the quantities of interest in the present 

discussion are summarised below: 

ROR/ 0 · il v jcm 
-1 .. 

ROF;R <f>/0 
s 

14 
61.6

15 499 CH CH 0· · ·HF 2.63 71.8 
1 2 2 , 

. 14 
92.0

16 
CH2CH2CH20· · · HF 542 2.59 57.9 
I I 

H2o.· • HF 103.917 
354 2.66 45.5 ± 

Me 0• • · HF 2 111.7
10 495 1 •2 , 5053- 5 

[2.63] [45] 

The existence of a correlation between ilH~ and il- and . . f vs, 

of a related correlation between the heavy atom di~tance in 

the hydrogen bond and ilv is well established~ 9 Ro~ in 
s ~ ~ · 

Me 20···HF is therefore expected to be close to 2.63 R, even 

if the ilvs - ROF- relationships for complexes of aliphatic 

ethers and of cyclic ethers with HF are slightly different. 

Now, from purely electrostatic arguments based on the 

conventional picture of valence electron distribution in 

8 

divalent oxygen, the compression of the angle- ROR between the 

two bonds at the oxygen is expected to lead to an increase in 

the angle between the two lone electron pairs. In a hydrogen 

bonded complex this would be mariifested in a larger value of 

the bend angle ~ (see figure 6 .12). A correlation of this type 

is apparent in the results included in the table and <P in 

Me 20···HF is predicted to be somewhat smaller than in H20· ·· HF. 

Figure 6.12 yields <P = 45° for ROF = 2,63 R, which is entirely 

consistent with the expectations . However even though we now 
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have a good idea of the geometry of the dimer, this can 

only he settled through an assignment of the spectrum and 

calculations based on the values derived for the three 

principal moments of inertia I , Ib and I . Some features 
a c 

of the observed rotational spectrum that should be helpful 

in reaching the final assignment will now be discussed. 

6.6 DISCUSSION OF THE OBSERVED ROTATIONAL SPECTRUM 

J = 2 + 1 transitions ~n Me 2o···HF: 

The asymmetry splitting allows the observation of two 

well separated bands, reproduced in figures 6.3 and 6.4 which 

are assignable to the 202 + 1 01 and 211 + 1
10 

transitions in 

the complex . The assignment is based on the much slower 

Stark behaviour of the transitions in figure 6.3 and also 

on the agreement of vj(J + 1) for these transitions with 

values determined from the contours produced by the highest 

K_ 1 lines in the higher J transitions. The coverage of the 

2 02 + 1
01 

band is limite~, on the low frequency side by the 

design limit of the spectrometer, and on the high frequency 

side by a very bad noise patch in the baseline (13. 0 - 13 . 3 GHz). 

Nevertheless the band appears to be centred on the line at 

12798 .MHz, and it is possible to discern a progression of 

lines to low frequency from this line with a spacing of 

~6~MHz, and at high resolution a progression to high 

frequency with a spacing of ~9 MHz becomes visible. In the 

2
11 

+ 1
10 

region a set of lines displaced to high frequency 

from ths strongest transition at 13667 MHz with a spacing 



of ~120 MHz is very prominent. A similar progression also 

appears to be based on the line at ~13470 MHz. The 

experimental evidence for complexes of cyclic ethers with 

14 
HF, where the reduced mass for the out of plane bending 

motion vB(o) is expected to be si~llar to that in Me2o 

points to the absence of nuclear spin statistical weights 

in the microwave sp.ectra. If this is also the. case for 

Me 20•••HF then the strongest lines of the complex in 

figures 6.3 and 6.4 can be assigned to the ground state viz. 

·· v = 12798 ± 2 MHz . 

v = 13667 ± 5 MHz 

However if the ground state, even though nonplanar, is not 

sufficiently deep below the barrier to inversion to prevent 

appreciable tunnelling then spin statistics in the ratio of 
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a ~ 7:9 are predicted for R
0 1 

transitions with K_ 1 = even:odd 
' 

(transitions in the four [00] states of the torsion: A1A1 , 

A1
E, EA 1 and EE are assumed to be overlapped). If this 

were the case, and if the state vB(o) = 1 was very close to 

the ground state then an alternative assignment of the 

J = 2 + 1 ground state transitions cannot be excluded on the 

basis of relative intensities in figures 6.3 and 6.4, and 

these will probably have to be investigated further . 

J = 3 + 2 transitions ~n Me 20•••HF 

At the Stark field employed to record the spectrum in 

figure 6,5 only the K_
1 

= 2 transitions are expected to be 

visible, as the K_
1 

= 1 transitions should be far removed 



by the asymmetry splitting and the K_
1 

= 0 transitions will 

not be modulated. The most prominen~ features of the 

spectrum in figure 6.5 are fc)rmed by the line at 19370 MHz 

and the two closely spaced lines at 19730 and 19785 MHz. 

- The strongest lines, at 19370 and at 19730 MHz have strong 

Stark components displaced towards the mean frequency of the 

two lines suggesting their assignment to the K_ 1 = 2 

transitions in the ground state: 

v = 19370 ± 10 MHz 

v = 19730 ± 10 MHz 

These two J = 3 + 2 transitions and the two J = 2 + 1 

transitions identified previously can be fitted with the 

reduced Watson Hamiltonian (section 2.3) to give: 

A = 8020 MHz 

B = 3608 MHz 

c = 2837 MHz 

t.JK = -1.44 MHz 

The resulting value for (B + C) is consistent with that 

derived from the low resolution analysis, however B and C 

point to solutions for ROF and ~ that are at the top right

hand corner of the curve in figure 6 . 12 (ROF ~2.8 R, 
~ ~70°) . These are felt to be unreasonable in view of the 

discussion in section 6.5 . · In addition the value for A is 

rather low and attempt s to include higher J transitions in 

the assignm~nt require dropping one of · the transitions 

2"58 

assigned so far. For example , if the assignment for 321 + 220 



is .dropped it is then possible to include a number of other 

transitions in the fit and A becomes ~9500 MHz, although B 

and C are still near 3608 and 2837 MHz respectively. 

Unfortunately the assignment does not completely fall together 

even then and will not be discussed iurther. It is clear 

however that the analysis of the J = 2 + 1 and the J = 3 + 2 

transitions is crucial to the assignment of the spectrum. 

J = 4 + 3 t1•ansi tions in Me 
2
o • • · HF 
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The appearanrie of these transitions (figure 6.6) when 

compared with the higher J transi tior.s in both Me
2
o · · •HF and 

(CD3 ) 20 • • ·HF is rather unusual as in a number of places the 

lines of the complex tend to produce broad over~ap bands. The 

structure of these bands is readily resolvable and, for 

example, the band at 25770 MHz is found to consist· of a 

harmonic progression of lines to low frequenc; with a spacing 

of 14 MHz. The spectrum in figure 6.6 is expected to consist 

of K~ 1 = 3 and K_ 1 = 2 transitions in the region from 25 GHz 

upwards and of 414 + 313 transitions in the vicinity of 24 GHz. 

Model calculations predict an asymmetry splitting of a few tens 

of MHz for the K_ 1 = 3's and a splitting somewhat smaller than 

1 GHz for the K_ 1 = 2's. · The band at 26.00 GHz is a good 

candidate for the ground state K_ 1 = 3 transitions and the 

bands at 26.43 GHz and 25.64. GHz (or 25.77 GHz) probably 

contain the ground state K_
1 

= 2 transitions. 

Only a limited discussion can be made of the higher J 

transitions. The highest K_
1 

lines are all modulated at very 

low values of the Stark field and the complexity of the 



resulting spectrum has so far prevented the observation of the 

cha~acteristic Stark patterns that ard expected. There are 

large differences in the appearance of comparable bands of 

transitions between (CH 3 ) 20 ··· HF and (CD 3 ) 20···HF but this can, 

at this stage, be rationalised in terms of the lowering of K 

from -0.75 to -0.65 in the hexadeutero complex. For this 

reason it is possible ~hat the central high K_ 1 region in the 

higher J transitions might be more easily assignable in the 

substituted species. 

To summarise, the microwave spectrum of dimethyl ether- HF 

gas phase hydrogen bonded heterodimer promises to yield a 

wealth of information and the present _work should really be 

regarded as having opened the way for a much more detailed 

investigation . The assignment of the higher K_ 1 transitions 

should be facilitated by the use of radiofrequency-microwave 

double resonance
21 

which, with careful ~se, allows the 

"6" /., V 

picking out of particular K_1 pairs . This technique has already 

been used in thi~ laboratory for the oxetane-HF dimer!
4 

but various technical difficulties have prevented its 

application to the present complex. Once the high K_1 

components are analysed, the observation of the low K_ 1 

transitions should be made easier by ~areful subtraction of 

the dimethyl ether background from the spectra by means of 

the computer . 



APPENDIX I 

Maximum absorption coefficients 
for carbonyl sulphide 

Maximum absorption coefficients, a , for rotational max 

transitions in various isotopic species of carbonyl sulphide 

in natural abundance, at 293 K, have been calculated using the 

relationship: 

-1 
amax(cm ) = 

--2 
3.9296 X 10 

{(J + 1)2 - ~2}{1 -

(-0.02400 V JjT) e o 

(J + 1) 

0.02400 

T 

1.1 

where: a is the isotopic abundance as a fraction of the total 

number of molecules 

~ is the electric dipole moment in Debyes 

- 1 
(6v)

1 
is the lJne width parameter in MHz Torr 

J is the rotational angular mori1entum quantum number of 
the lower level 

~ is the ~-doubling quantum number 

v
0 

is the frequency of the rotational transition in GHz 

B is the effective rotational constant for the 

transition (in GHz) and is given by B = v j2(J + 1) 
0 

T is the temperature in K (here 293.15 K) 

F is the fraction of the total number of molecules 
V 

present in the vibrational state involved in the 

transition. 
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Equation 1.1 has been derived from the general relation 

for maximum absorption coefficients of rotational 

transitions described by the Lorentzian line shape function~ 

The line strength appropriate for a linear molecule with one 

2 pair of degePerate bends has been used, which, for the 

selection rule AJ = 1, A1 = 0, is given by: 

have 

and 

2 
l~ijl = 

2 2 
2 - (J + 1) - Q, } 

~ t(J + 1)(2J + 1) 1.2 

Anharmonicity effects on the vibrational energy levels 

been ignored and the fraction F has been calculated with: 
V 

d -1.43879 L V .w. JT e i l l 

F = V 1.3 
V Qv 

n (1 -1.43879 w · JT -d · 1.4 Qv = - e l ) l "' -

i 

where: Qv is the vibrational partition function 

i should be varied over the fundamental vibrations 

-1 
w. and d. are the harmonic frequency (in cm ) and 

l l 

the degeneracy of the ith fundamen~al vibration 

respectively 

v. denotes the number of quanta in the ith vibration 
l 

d is the degeneracy of the vibrational level 
V 

involved in the rotational tran~ition 



Harmonic frequencies w. for the vatious isotopic species 
1 

of OCS have been calculated from the force constants of 

Morino and 3 
Nakagawa (fR(CS) = 744.3 ± 4.0, fRr = 104.0 ± 6.5, 

f (CO) = 1614 ± 11, all r 
10~ 20 J rad-- 2 ) . 

-1 
in Nm , and fa = (65.13 ± 0.04) x 

Electric dipole moment, for all vibrational states where 

the bending vibration v
2 

is not populated, has been taken to 

4 be 0.71519 D, for all isotopic species. Dipole moments 

4 
assumed for states with v

2 
= 1, 2, 3, 4 and 5 were 0.70433, 

(0.69318), 0.68713, 5 (0.67000) and (0.65798) Debyes 

respectively, where brackets denote ~stimates based on the 

known values. 

The line width parameter (~v) 1 is not known accurately. 

Values reported for the J = 2 + 1 transition of OCS
6 

range 
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-1 . - - 7-9 
from 6.0 to 6.5 MHz Torr with the more reliable determinations 

falling near 6.1 MHz Torr- 1 . (~v) 1 measurements for J = 1 + o10 

and J = 3 + 2
11 

transitions are also available. Theoretical 

calculations
12 

predict an increase in (~v) 1 with increasing J 

-1 
and consequently the values 6.05, 6.15 and 6.25 MHz Torr for 

transitions wi~h J = 0, 1 and 3 respectively, which agree with 
•' '?... 

most of the experimental measurements, have been assumed for 

the present calculations. 

All rotational constants and the reported transition 

frequencies have been taken from Maki's compilation of 
. 13 

microwave spectral data available for OCS. 



Maximlli~ absorption coefficients for lines belonging to 

the J = 2 + 1 and J = 3 + 2 transiticns of OCS have been 

calculated. The results are tabulated according to a 
max 

in 

Tables1.2 and 1.4 and according to frequency in Tables 1.3 and 

1. 5. Qua-ntum numbers v 
1

, v 
2 

and v 
3 

denoting the vibrational 

states refer to the CS stretching, degenerate OCS angle 

bending and the CO stretching vibrational modes respectively. 

Some of the calculated a values are compared with the 
max 

available experimental measurements in Table I.l. The 

agreement is seen to be satisfactory considering the 
. 

differences in halfwidths and temperatures between th~ various 

experiments and the present calculation. In fact a corre~tion 

for these differences would in most cases make the agreement 

everibet ter. 
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TABLE I.l COI~PARISON OF THE MEASURED AND THE CALCULATED VALUES FOR MAXIMUM ABSORPTION COEFFICIENTS IN 

CARBONYL SULPHIDE, 

Isotopic 
d 

Transition amax Ref. ·
0 max 

HpP.cion measured (cm-1 ) calculated (cm-1 ) 

160 1 zcJz8 J - 2 .. 1 <o o0 o> (5.13 :t 0.12) X 10- 5 
a 5,38 X 10-S 

( 5. 20 :t 0.14) X lo- 5 
b 

l<'ot7.c~J4.':! J • z .. 1 (0 00 0) ( 2. 06 t 0.05) X 10-6 a 2.22 X 10-ll 

t60 13c34s J • 2 ... (0 00 0) (5.69 ± 0.13) X l0-7 a 5.89 ~ 10- 7 

( 5.55 ± 0.10) X lo-7 b 

ta0 12c323- J • 2 .. 1 (1 o0 0) (7.8 ;t 0.2) X 10-? a 7.31 X 10- 7 

(8.02 t 0.06) X 10-7 b 

160 12c3z8 J - 2 .. 1 (0 11 0) (2.56 :t 0.06) X 10-6 a 2.99 X 10-6 
1 

10-6 (2.67 :t 0.10) X b 

t60 12c328 J - 2 + 1 (0 1; 
2 0) (2.54 t 0,06) X 10-6 a 2,99 X to-6 

160 12cJ28 J • 2 .. 1 (0 20 0) ( 3. 06 ;t 0,08) X 10-7 a 2,95 X 10-7 

(2.97 :t 0,10) X 10-7 

ta0 12c325 J - 3 + 2 (0 00 0) 2,0 X 10-4 c 1,78 X 10-4 

ta0 tzc34 8 J • 3 ... 2 (0 00 0) 7.9 X 10-6 c 7.32 X 10-6 

• T • 2116.5 K, (Av) 1 • 6.40 Mllz Torr-
1 

ref.14 

b T .. 302 K, (Av) 1 • 0.12 t 0.03 ~lllz Torr- 1 ref,O 

c T • 293 K, (Av) 1 • 6,3 'lHz Torr- 1 ref.15 

d Thia work, T • 293 K, (Av) 1 • 6.15 and 6.25 MHz Torr-1 tor J • 2 + 1 and J • 3 + 2 respectively 



TABLE 1.2 TRAN31T!CNS IN THE J .z ... , REGION OF ccs, ORDERED ACCORDING TO THE 1\AXl~IUM 

ABSORPTION COEFFICIENT IN NATURAL ABUNDANCE, AT 293K, 

V (Mllz) 

t60uc:;z5 0 o0 0 24325.92 s.3s x 10·5 

t6012c325 0 11 0 24355.58 2.99 X 10.6 

24381.00 2.99 X 10-6 

160 t2c3.t5 0 o0 0 23731.29 2.22 X 10-6 

t6012cs25 J o0 0 24253.38 7.31 X 10 -7 

t60 t3c325 0 o0 0 24247.668 
• -7 

5.89 X 10 

· t6012c325 0 2° 0 24400 . 72 2.95 X 10-7 

16012(. 345 0 11 0 23760.48 1.24 X 10-7 

23784.74 1.24 X 10-7 

1s012c325 0 o0 0 22819.404 9.03 X 10 ·8 

16012c:;25 11 0 24288.36 4.18 X 10-8 

24315 . 82 4.20 X 10 -8 

t6013c325 0 11 0 24274.60 3.53 X 10 -8 

24300.64 3.54 X 10-S 

t60 t2c345 1 o0 0 23660.56 3.19 X 10-8 

t6013c:54s 0 o0 0 23646.888 2. 43 X 10 -8 

16012c325 0 31 0 24409.74 1.64 X 10 -8 

24459.20 1.64 X 10.g 

16012c34s 0 2° 0 23804.97 1.22 X 10 -8 

160 t2c325 2 o0 0 24179.46 9.92 X 10 -9 

16013c:;z5 1 o0 0 24175.751 8.18 X 10 -9 

ts012c325 0 11 0 22848.653 5.15 X 10_g 

22871,128 5.16 x . 10 -9 

t6012c325 1 2° 0 24337.50 4.01 X 10-9 

16013c325 0 z0 0 24316.962 3.76 X 10 -9 

ts0 t:zc345 0 o0 0 22239.850 3. 71 X 10-9 

t6012c3z5 0 o0 1 24180.17 1.32 X j/)·9 

160UC:54S 0 t 1 0 23673,41 1.46 X 10 -9 

23698.20 }.46 X 10 -9 

ts012c325 1 o0 (} 22754.570 
. - 9 

1.36 X 10 

v (HHt) 

ts0nc325 0 o0 0 22764.240 

160l2C32S 2 11 0 24219.54 

24148.68 

1s01:c325 0 2° c 22891.663 

16013c325 11 0 24208.276 

24236.538 

t60 t2c345 
.<"'"""' ?-·:i 

2 o0 0 23588.44 

160B<f,::s 1 o
0 

0 2JS76.55 

16012c325 31 0 24348.2 

24400 . 2 

1s012c34s 0 11 0 22268.57 

22290.14 

16013c345 0 ::0 0 23715.43b 

t6013c325 2 o0 0 24102.54 

16012c:;25 0 11 1 24212.10b 

24237 . 90b 

160t2c325 o s1 o 244SO.S3b 

24523.19b 

18012c325 11 0 22788 . 585 

22812.77 

t601Zc345 0 o0 1 23589.52 

18013c325 0 11 0 22790.88 

22814.034 

18ol2c34s 1 o0 0 22176.76 

l60 t3c325 1 2° 0 24254.68 

18011c34s 0 o0 0 22179.42 

1s012c325 0 31 0 22902.513 

22946.543 

160J3c325 0 o0 1 24110 . 60. 

160 t3c3z5 0 4° 0 24368.76 

ts01zc345 oio 22310.87 

ts012c325 2 o
0 

0 22688 , 524 

-:· - . 

a max 

!'.89 

5.51 

5.51 

5.:~ 

X 10·10 

X 10-IO 

X 10 -IQ 

X \0-10 

4.90 X 10-\0 

4.92 X 10.10 

4.59 X 10-10 

3.58 X 10-lO 

2. 36 X 10-10 

2.38 X 10-10 

2.!2 X 10-10 

2.13 X 10-lO 

1.56 X 10-10 

1.14 X 10-10 

1.01 X 10-10 

1.01 X 10- 10 

8.81 X 10-ll 

8.81 X 10-ll 

7.77 X 10-ll 

7 .so X 10-ll 

7.51 X 10-ll 

6.09 X 10-ll 

6.11 X 10-ll 

5.93 X 10· 11 

5.22 ·X 10-ll 

4.06 X 10-ll 

2.96 x 1o· 11 

2.98 X 10-11 

2.61 X 10-ll 

2.38 X 10·11 

2.!6 X 1o·ll 

2.05 X 10-ll 
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TABLE 1.3 TRANSITIOilS IN THE J•2+-! REGION OF ocs. ORDERED ACCC'RD!Ni.i TO FREQUENCY. 

160t:c3:5 

t60t~c325 
16012c:;25 

160 t2cs25 

160ucs25 

t60tzc32 5 

160 tzc325 

t60 t3c:;z5 

t60t3c;3.?5 

I60 tzc325 

t6012c325 

t60 t2c3z5 

16012c325 

160 13c325 ' 

16013c325 

t60t2c325 

I6013c325 

t60t2c325 

160t3c325 

t6013c325 

1601zcsz5 

t60tzcsz5 

t60t3c325 

160tzcsz5 

t60t3c325 

t6012c325 

t60 t2c325 

t60t3c3z5 

1601zc325 

t6012c325 

t60t3c325 

MAXIMU~I ABSORPTION COEFFICIENTS ARE CALCULATED FOR NATURAL ABUNDANCE AND 293K, 

o s1 o 
. 0 31 0 

0 s1 
0 

o s1 o 

0 2° 0 

1 3
1 

0 

0 t
1 

0 

0 3
1 

0 

0 4° 0 

0 t
1 

0 

1 31 
0 

1 2° 0 

0 o0 
0 

0 3
1 

0 

0 2° 0 

1
1 

0 

0 1
1 

0 

1
1 

0 

0 1
1 

0 

1 2° 0 

1 o0 
0 

2 1
1 

0 

0 o0 
0 

0 1
1 

1 

1 t
1 

0 

2 1
1 

0 

0 1
1 

1 

1
1 

0 

o o0 .1 

2 o0 
0 

1 o0 
0 

v (MH:} 

Z~5H.19 

24459.20 

24450.53 

:4~09.74 

24400.72 

24400.2 

24381.00 

24373.26 

24368.76 

24355.58 

24348.2 

24337 .so 

24325.92 

24322.92 

24316.962 

24315.82 

24300,64 

24288.36 

24274.60 

24254.68 

24253.38 

24248.68 

24247.668 

24237 . 90 

24236.538 

24219.54 

24212.10 

24208 . 276 

24180 . 17 

24179.46 

24l7:i.751 

'all& X 

8.89 X 10-ll 

1.64 X 10-8 

8.89 X 10-ll 

1.64 X 10-S 

2.95 X 10-7 

2.38 X 10-10 

2.99 X 10-6 

2.25 X 10-10 

2.38 X 10-ll 

Z.99 X 10-6 

2.36 X 10-6 

4.01 X 10-9 

5.38 X 10-S 

2.24 X 10-lO 

-9 3.76 X 10 

-8 
4.20 X 10 

-8 3.54 X 10 

-8 
4 .1 8 X 10 

3.53 X 10-S 

5.22 X 10-ll 

7. 31 X 10-7 

5.51 X 10-10 

5.89 X 10-7 

1.01 X 10- 10 

4.92 X 10-lO 

5. 51 X l0-10 

1.01 X 10-!0 

4.90 X 10•lO 

1.82 X J0-9 

9.92 X 10_g 

8. 18 " 10-
9 

16013c315 

160 \3c315 

160 12c335 

1601~c335 
160 12c335 

16012cs35 

16012c33s 

16012c34s 

16012c;~5 
160t2c345 

16012c345 

16013c:545 

160t3c345 

16013c34s 

160 12c34s 

160 13c34s 

16012c;~s 

16012c345 

16013c34s 

11012c325 

18012c3z5 

ts012c325 

18012c325 

15012c325 

18012c325 

13012c325 

1B012c325 

1s012c325 

t80 12c;25 

180i3c325 

18012c325 

0 o0 
1 

2 o0 
0 

0 2° 0 

0 1
1 

0 

0 1
1 

0 

0 o0 
0 

1 o0 
0 

0 2° 0 

0 1
1 

0 

0 1
1 

0 

0 o0 
0 

0 2° 0 

0 11 0 

0 1
1 

0 

1 o0 
0 

0 o0 
0 

0 o0 
1 

2 o0 
(J 

1 o0 
0 

0 o0 
0 

0 3
1 

0 

0 3
1 

0 

0 2° 0 

0 1
1 

0 

0 1
1 

0 

1 i 0 

0 o0 
0 

0 1
1 

0 

1 11 0 

0 1
1 

0 

1
1 

0 

24110.60 

24102.54 

24092.4c 

24074.2c 

24049.4c 

24019.641c 

23947 .4c 

23804.97 

2378~. 74 

Z3760.48 

23731.29 

23715 . 43b 

23698.20 

23673.41 

23660 . 56 

23646.888 

23589.52 

23588.44 

23576 . 55 

23534.66c 

22946.541 

22902 . 513 

22891.663 

22871.228 

22848.653 

22835.26 

22819.404 

22814 . 034 

22812.773 

22190.88 

22788 . 585 

a ~r.ax 

2,61 X 10-ll 

1.14 X 10-10 

1. 22 X 10-S 

1.24 X 10-7 

1.24 X 10-7 

2.22 X 10-6 

1.56 X 10-10 

1.46 X 10-9 

1 . 46 X 10-9 

3. 19 'I 10-8 . 

2.43 X 10-8 

7.51 X 10-ll 

4.59 X 10-10 

3.58 X 10-lO 

2.98 X 10-11 

2.96 X 10-11 

5.22 X 10-lO 

5.15 X 10-9 

5.15 X 10-9 

7.89 X 10-!2 

9.03 X 10-8 

6.11 X 10-ll 

7.80 X 10-ll 

6.0~ X 10-ll 

7.77 X 10-ll 
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TABLE 1.3 CONTINUED 

V (Mll:) v (~UI:) 

1s013c3~5 0 o0 
0 Z27b~.Z40 9.89 X 10-IO ts01~c345 0 11 0 ~~=90.14 ~.13 X 10-IO 

1Sa.l2c3~5 1 o0 
0 1:754.570 1.36 X 10 

-9 1s0•~c34s i) 11 0 2~~6a.s7 c.12 X 10-10 

1Sol3c3~s ~ o0 
0 2~699.94 1.52 X 10- 11 1s0 12c345 0 o

0 
0 ::~~39.850 3.71 X 10-9 

1s0 12cs25 ~ o
0 

0 22688.524 ~.os X 10 -ll 180 t3c:;45 o ,1° o 2~li9.4~ 4.06 X 10-1! 

1s0tzc:>-~s 0 2° 0 22310.87 2.16 X 10-ll 1s0 12c345 1 o
0 

0 ::176.76 5.93 X 10-11 

.. 
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TABLE 1.4 TRANSITIONS IN THE J•3•-2 REGION OF OCS, ORDERED ACCORDING TO THE ~1AXINU~: 

ABSORPTION COEFFICIENT IN NATURAL ABUNDANCE, AT 293K, 

t 
vl v2 vl V (~Ill:) m11ax 

(cm" 1) v1 ~ v3 V (HH:) a 
II~X 

(cm" 1) 

160 t:?c325 0 o
0 

0 36488.8128 1.78 X 10"4 1s0 t:?cs~ 5 0 o0 
0 3l359.7lb t.n x 10" 8 

t6012c:;25 0 1
1 

0 36533.2oa 1.17 X 10-S 16012c325 0 0° I 3o270 .17b 6.0) X 10-9 

36571.413 -s 1o012,:;25 
, 

36703. 77d 1.17 X 10 0 ~- 0 5.90 X 10-9 

160t:;c:;~ 5 0 11 () 3SSI0.08b 5.7~ X 10"9 

t60 t2c34s 0 o
0 

0 35596.91 7.32 X 10 -6 35547. :7b· 5, 73 X 10"9 

t60t2c:;z5 1 o
0 

0 36380.00b 2.42 X 10 -6 t6012c:;25 1 o
0 

0 34131.83 4,50 X 10"9 

t6013c325 0 o0 0 36371.390 
. -6 

1.95 X 10 1s013c325 0 o0 0 34146.30b 3.~7 X 10"9 

!6012c325 0 22 0 36615.263 'd 1.08 X 10 -6 t6012c325 2 1
1 

0 36372.9Sb 2,17 X 10-9 

36329. 24b 2.16 X to"9 

160 12c325 0 2° 0 36601.033 -7 16013c325 1
1 

0 36312.34b 1.92 X 10-9 
9,i4 X 10 

36354.73b 10"9 
16012c34s 0 11 0 

-7 1.93 X 

35640.66 4,84 X 10 
180 t2c325 0 z2 0 34350.073d 1.92 _X 10"9 -7 

35676.98 4.85 X 10 

t8012c325 0 o0 0 34229.045 2.98 X 10"7 180 12c325 0 2° 0 34337.45 1.i3 X 10"9 

16012c325 1 11 0 36432.29 1.64 X 10"7 16012,345 2 o
0 

0 35382.60b 1.52 X to"9 

36473.47 1.64 X 10 -7 16013c34s 1 o
0 

0 35364.78b 1.18 X 10"9 

t6013c325 0 11 o. 36411.84b 1.38 X 10 -7 

36450,876 1.39 X 10 -7 
16012c325 1 31 0 36522.24b 9.25 X 10-IO 

16012c34s 1 o
0 

0 35490.77 1.05 X 10 
-7 36600.24b 9,31 X 10-IO 

16013c325 0 3
1 

0 36484.348 8, 76 X 10"10 

t6013c345 0 o0 0 35470.264 8.02 X 10 -8 36559.81 8,82 X 10" 10 

1o012c325 0 3
1 

0 36614. 53b -8 18012c345 0 1
1 

0 33402.80b 8.31 X 10-lO 
6.37 X 10 

33435.15b X 10-10 
36688.73b -8 8.34 6.41 X 10 

t60tzc345 0 2
2 

0 35720. 27d 4.50 X 10 -8 16013c345 0 z
2 

0 3S586.2i 5. 74 X 10-lO 

' -8 16013c345 
0 

5.16 X 10-IQ t60t2c345 0 2° 0 35707.51j 4.05 X 10 0 2 0 35573.06 

16012c325 2 o0 0 36269.10b 3.Z8 X 10"8 t6012c325 0 11 36318.08 3.95 X 10·10 

160BC32S l o0 
0 X 10"8 36356.78 3.96 X 10" 10 

36263.46 2. 70 
16013c325 2 o0 0 10- 10 

ta0 12c:;z5 0 11 
0 2.02 X 10"8 36153.67 3,75 X 

34272.920 
1601zc3z5 0 s 1 0 10·10 

34306.7:> 
-8 36675.75 3.45 X 2.02 X 10 

X 10" 10 
t60t2c325 I .22 0 36523. 38d -8 

36784,74 3.48 
1.47 X 10 

1s012c:;z5 1
1 

0 X 10-lO 
16013c3z5 

, 
36490. 723d -8 34182.85 3.04 

0 2" 0 1.3B X 10 3-1219.151 3.05 
-lil 

x: IO 
16012c3z5 1 2° 0 36S06.19b 1.33 X 10"8 

<oJ12c34 5 0 o
0 

1 35384.22° 2.48 X 10-IO 
160 13c325 0 2° 0 36475.38 1.24 X 10 -8 
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TABLE 1.4 CONTINUED 

t 
a (cal1) 

l -1 
vl v2 v3 v (MHz) v

1 
v

2 
v

3 " (~tilt) Ql\ax (CIII ) max 

ta0 uc325 0 ,, 0 .>1186.Z7b 2.39 X IO•lO !60 I3c325 0 4
2 

0 36607.4~d S.7S X 10-ll 

3-1221.116. 2.39 X 10-iO t60 1scs25 0 o
0 

1 36165.72 8.61 X 10" 11 

1s0t2c3~5 I o
0 

0 33265.09b -10 
1601sc325 0 4° 0 36553.08b 10·11 1.96 X 10 

7 .S6 X 

160 13c325 2
2 

0 36~00.79d 1.92 :< 10 
-10 

1s0 ucs45 0 z
0 

0 33466.2Sb 7.14 x w· 11 

160ncsz5 2° 0 36381.S6b 1.73 X 10. 11) 18()12csz5 2 o
0 

0 34032.79b 6.79x10 
-11 

1a0 13c345 0 o
0 

0 33269.1 1.34 .l 10"10 
uonc32s 1 o

0 
0 3-1049.86b 5.02 X 10" 11 

1s0 nc325 0 3
1 

0 34353.748 1.16 X 10" 10 
1s01~c325 2

2 
0 34268.13 2.90 X 10" 11 

34419.83 1."11 X 10-IO 
1a0 12c325 2° 0 34252.84 2.61 X 10-ll 

..,[" • · 

-



TABlE I. 5 TRANSIT IONS IN THE J .3+-2 REGION OF OCS, ORDERED ACCORDING TO Fr-EOUF:NCY. 

160UC325 

16012cs25 

l60UC325 

t60 tzcs.;5 

16012csz5 

16012C325 

160UC325 

160UC325 

16012C325 

t60tzcsz5 

t60uc325 

160l.3C325 

t60t2c325 

t60 l2c3z5 

1o012c325 

16012c325 

16013C325 

16012c3z5 

t6013c325 

t60 t3c3z5 

t6012c325 

160 13C325 

16012,325 

16013,325 

16013C325 

t60n,sz5 

t60tz,sz5 
l60 12cs25 

l6013C325 

t60 iz,sz5 

t60u,sz5 

MAXHIUM ABSORPTION COEFFICIENTS ARE CALCULATED FOf\ NATURAL ABUNDANCE AND 293K, 

' 0 4" 0 

0 2° 0 

1 s1 o 

0 1
1 

0 

0 3
1 

0 

0 4° 0 

0 1
1 

0 

z2 
0 

3
1 

0 

2° 0 

0 2
2 

0 

0 o0 
0 

0 3
1 

0 

0 2° 0 

1 1
1 

0 

0 1
1 

0 

1
1 

0 

0 1
1 

0 

2
2 

0 

z0 
0 

1 o0 
0 

2 1
1 

0 

0 o0 0 

0 11 I 

1 1
1 

0 

\1 (~!H:) 

36784,74 

36703.77d 

36688.73b 

36675.75 

36615.26"'d 

36614.53b 

36607.49d 

36601.033 

36600.24b 

36571.413 

36559.81 

36553.08b 

36533.268 

36523.38d 

36522.24 b ' 

36506.19b 

36490. 723d 

36488.6128 

36484.348 

36475.38 

36473.47 

36450.876 

36432.2S 

36411.84b 

3&400.79d 

363~1.96b 

363BO.OOb 

36372 . 9Sb 

3()371.390 

' 36356. 78 

36354. 73b 

3.84 X 10" 10 

5,90 X 10"9 

9, 74 X 10'8 

3,45 X 10"' 10 

l.OS x 10'6 

6.37 X 10'8 

8.78 ' x 10'11 

9.74 X 10'7 

9.31 X 10'10 

1.17 X 10'7 

8,82 X 10'10 

7,86 X 10'11 

1.17 x Hi-S 

1.47 X 10'
8 

9.Z5 x 10'
10 

1.33 X 10'8 

1.38 X 10'8 

1,78 X 10'4 

8. 76 X 10'
10 

1,24 X 10'8 

1,64 X to'
7 

1.39 X 10'7 

1.64 X 10'7 

1.38 X 10'7 

1.91 X 10'10 

1.73 X lO·lO 

2.42 X 10'6 

2,17 X 10'9 

1.95 X 10'6 

3, 96 X 10'10 

1.9~ X 10-~ 

16012c3,;5 

16012cs25 

16013c325 

16012c;25 

I6012c:;z5 

. t6013c3.;5 

16013,325 

16013c:;:5 

16012c33s 

1ti012c335 

1601:c33s 

160 12c:s35 

16012c:;35 

1601Zc345 

160 12C34S 

16012c34s 

1601 2c34s 

16012c345 

16013C34S 

t6013c345 

160 13C34S 

16013C34S 

16012c:;45 

16013C34S 

t601~c34s 

1o012c345 

11>0 13c3~ 5 
11012c325 

!80 12c325 

1s012c325 

1801zc:;z5 

2 1
1 

0 

0 1
1 

1 1
1 

0 

0 o0 
I 

2 o0 
0 

1 o0 
0 

0 o0 
1 

2 o0 
0 

0 :
0 

0 

0 1
1 

0 

0 1
1 

0 

0 o0 
0 

1 o0 
0 

0 2
2 

0 

0 2° 0 

0 1
1 

0 

0 1
1 

0 

0 o0 
0 

0 2
2 

0 

0 2° 0 

0 1
1 

0 

0 1
1 

0 

• 1 o0 
0 

0 o0 
0 

0 o0 
1 

.2 o0 
0 

1 o0 
0 

0 o0 
0 

0 3
1 

0 

0 3
1 

0 

0 i 0 

\1 (}01:) 

36318.08 

36312.34b 

36li0.17b 

36269.10b 

36263,46 

36165.72 

36153.67 

36138.52b,c 

3611l.33b,c 

36074.07b,c 

36029,39b,c 

35921.02b,c 

35720.27d 

35707.50 

35676.98 

35640.66 

35596.91 

35586.22d 

35573.06 

35547.27b 

35510.08b 

35490.77 

35470.264 

35384.22b 

35382.60b 

35364.78° 

35301.9lb , c 

34419.83 

34353.748 

343S0.07Jd 

!,16 X !O.g 

3, 95 X IO·lO 

1.92 X 10'9 

6.01 X to'9 

3.25 X 10'8 

2.70 X 10'8 

8,61 X to' 11 

:>.iS x 10-lO 

4.50 X 10'8 

4.05 ~ 10'8 

4.85 X 10'7 

4.84 X 10'7 

7,32 X 10'6 

5.74 X to' 10 

5.16 X 10' 10 

5. 73 X 10'9 

5. 72 X 10'9 

l.OS x 10'7 

8.02 X 1.0'8 

4.84 X 10'10 

1.52 X 10'9 

. 1.18 X 10"9 

).17 X 10.\() 

1.16 X 10·lO 

I .9l X 10'
10 
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TABLE 1.5 CONTINUED 

" (MH:) 

u 012c325 0 2° 0 3-1337 .4S 1. 73 X 10-9 ts0nc3~5 0 o
0 

0 

ta0)2c325 0 11 0 3-1306.73 2.02 :'( to-8 u10 t2c325 1 o
0 

0 

1s0 t2c:;25 0 t 1 0 3-1272.920 2.02 X 10-8 180 t3c325 1 o
0 

0 

l80 12c325 1 2° 0 3-1252. 8~ 2.61 X 10-11 1s012c:;z5 2 o
0 

0 

ts012c325 0 o
0 

0 3-1229.045 2.98 X to-7 ts0 t2c:>-ls 0 2° 0 

u 013c:;25 0 11 0 3-1221.116 2.39 X 1(!-lO 12012c>~s 0 11 0 

1s012c325 1 1
1 

0 34219.151 3.05 X 10-lO ts0 t2c345 0 t
1 

0 

ts0 r:;c:;z5 0 1
1 

0 34186.27b 2.39 X 10-lO ts0 t2c34s 0 o
0 

0 

ts012c325 11 0 34182.85 3.04 X 10-lO t80 13C34S 0 o0 0 

1s0 t2c34s 1 o
0 

0 

FOOTNOTES TO TABLES !, 2- 1.5 

a - frequency remeasured in this work 

b - frequency estimated from the available rotational constants 

c - calculated nuclear quadrupole unsplit frequency 

4 - unresolved doublet 

" (~~1:) 

34146.3 ... b 

34131.83 

340~9.86b 

34032. 79b 

33466.:Sb 

33435.15b 

33402.80b 

33359.71 b 

33269.1 

33265.09b 

Cl aax 

3.Z7 X 

4.50 X 

to-9 

to-9 

5.02 X 10-ll 

;;. 79 ;( to- 11 

i .14 X I0- 11 

8.34 X 10··10 

8.31 X 10-lO 

1.23 X 10-S 

1.34 X 10-lO 

1.96 X 10-lO 

272 



APPENDIX II 

Tables of eigenvalues and expectation values of 

z2 and z4 for the quortic quadratic oscillator 

The tabulated eigenvalues are for the potential 
4 2 . 

V(z) = z + Bz and are to be multiplied by A to give the 

eigenvalues of the reduced potential V(z) = A(z 4 + Bz2 ). The 

eigenvalues and the expectation values are tabulated for 

values of B from 0 to -10 changing in steps of 0.1. All 

calculations were carried out with the computer program ANHARM 

(Johan Mj~berg, University College London 1976) using a basis 

set of 50 harmonic wavefunctions. 

2 73 
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TABLZ I!.l Eigenvalues of the ~ote~tial V(z)=z4+Bz2 for values of B from 

o.o to -10.0 in :steps of 0.1 

B E(O) E(1) E(2) E(3) E(4) E(5) 

o.o 1.06o36 3. 79967 7.45570 ·u..64475 16.26183 21.23837 

-0~1 1~02631 3. 71143 7.33326 11.49098 16~07970 21.02990 
-a·.2 0.99653 3.62701 7.21488 11.34127 15.90162 20.82549 
-0.3 0.97100 3.54637 7.10057 11.19560 15. '7276o 20.62513 
..0~4 0~94968 3~46947 6.99031 :!.1.05397 15.55762 20.42882 
-0.5 0.932.5.2 3.39628 6.8841() 10.91637 15.39168 20.23655 

-0~·6 0~ 9194'8 3'.32676 6·. 78194 10.78280 15.22977 20,04832 
-e·.7 0~91053 3.26o87 6~68384 10.65324 15~07189 19~86413 
-0~8 0.90561 3.19856 6.5898o 10.52770 14~918c4 19.68397 
-e·.9 o·.90467 3.1398o 6.49981 10.40617 14.76822 19.50783 

. I 
-1.0 0.90('65 3.08454 6.41390 10.28865 14.62241 19.33571 

-1.1 o·.9145Q 3.03272 . 6~33207 10.17512 14.48061 19.16762 
-1-.'2 o·.92515 2.88431 6'.25433 10,06559 14~34283 19.003:::4 
.:.1~3 ·0.93954 2.93925 6.18o69 9.96005 14.20905 18.84348 
-1~4 0~95758 2~89749 6~11119 .9.8585i 14.07928 18~68742 
-1.5 0.97921 2_.85897. 6.04583 9. 76o9~ 13.95351 18.53537 .. 

-1.6 1.00462 2.82364 5.98465 9~ 66731 13'.83175 18~38733 
-1~7 1'.03284 2. 79145 5.92769 9.57777 13.71399 18,24329 
... 1~8 1.06467 2.76232 5.87469 9~49216 13.6o023 18 .• 10325 
-1·.9 1~09968 2. 73620 5.82653 9.41052 13~49048 17~96722 
•2.0 1.13779 2.71303 5. 78243 9.33287 1? .• 3~72 17.83518 

-2.1 1~17885 2.69273 5.14272 9.25919 13~28298 17~70715 
-2.2 1~22273 2. 67525 5.70747 9.18949 13.18524 17.58311 

. -2~3 1~26931 2.66o50 5.67673 9.12376 13.09151 17 .46;07 
-2.4 1.31841 2~64842 5.65059 9~06201 13.0018o 17.34704 
-2.5 1.36989. 2.63893 5.62912 9.004~4 12.91611 17.23501 

-2.6 1~42357 2'.63i97 5.61242 8·. 95044 12'.83445 17~12689 
-2~7 1~47927 2.62743 5'.6oo58 8. 'XJQ62 12.75683 17.02295 
-2~8 1~53680 2~62526 5~59372 8.85477 12.68324 16~92294 
~2.9 1~59595 2.62536 5'.59193 8.81289 12~61372 16.82694 
-3.0 1.65651 2.62766 5.59534 8. 77.499 12.54826 16.73495 

I 
-3.1 1~71826 2.63207 5~6o4o6 8·. 741o5 12.48688 16~6469'8 
-3~2 1~78098 2.63850 5.61828 8. 71107 12.42959 16.56;05 I 
-3.3 1.844lt3 2.64686 5.63796 . 8.68506 12~37642 16~48311+ 

-3~4 1.90838 2.65707 5.66339 . 8.66299 12.32739 16:.40727. 
~3.5 1.97259 2.66903 5.69463 8.64487 12.28251 16.33544 

..:3.6 .2.03682 2~68267 5. 73179 8.6;o68 12.24181 16..26767 
-3.7 2.10086 2.69788 5.77497 8.62041 12.20532 16..20396 
-3~8 2.16448 2.71458 5.82427 3. 61405 12.17307 16 .. 14432 
-3.9 2.22747 2. 73267 5.87974 8.61156 12.14510 16.o8876 
-4.0 2.28965 2. 75208 5.94144 8.61294 12.12144 16..03729 
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TABLE II.1 (Contir.u~d) 

B E(O) E(l) E(2) E(3) E(4) E(5) 

-4~1 2~35084 2~ 77270. 6.009J? 8.61816 12.10215 15.98992 
-4·.2 2.41089 2.79446 ' 6.08354 5.62718 12.08727 15.94667 
-4.3 2.46966 2.81726 6.16390 8.63998 12.07686 15.90754 
-4·.4 2.52707 2. 84102 6.250"57 8.65650 12.0'1097 15.87255 
-4.5 2.58303 2.86566 6.34284 8.67672 12.06969 15.84171 

-4~6 2.6"5747 2.89110 6.44117 8.70058 12.07;09 15 .. 81504 
. -4.7 2.69038 2.91726 6.54517 8. ?2802 12.08124 15.79255 
. -4~8 2.74174 2.94406 6.65464 8.75898 12.09426 15.77426 
-4.9 2.79156 2. 97144 6.76931 8. 79341 12.11224 15. 76ol8 
-5.0 2.83986 2.99932 6.88862 8.83122 12.13529 15.75033 

-5~1 2.88668 3.02765 7·.01315 8.87233 12.16356 15.74472 
-5~2 2. 93208 3~05634 7.14166 8.91667 12.19717 15.74336 
-5~3 2.97611 3.08536 7.27409 8.96414 12.23629 15.74628 
-5~4 3.01884 3.11464 7.41006 . 9.01465 12.28107 15.75107 
~5e5 3.06o34 3~14413 7.54916. 9.068o9 12.33170 15.7(.499 

-5~~ 3.10067 3.17378 t.69095 9~12435 12.38836 15·. 78o8o 
-5~7 3~13992 3·.20355 7~83500 9.18332 12.45126 15.8oo94 
-5~8 3·.17814 3~23341 7. 98085 9.24488 12·. 520G::l 15~82540 
-5~9 ~~21542 3~26330 8~128o3 9.30891 12.59661 15.85420 
-6.0 3~25181 3.29321 8.276()6 9~37.529 12.67950 15.88734 

-6·.1 3.28738 }.32309 8·.42447 9.44387 12~76948 15.924-82 
-6~2 3~32218 3.35293 8.57279 9.51452 12~86677 15.96663 
-6~3 3~35627 3.38269 8. 72056 9.58712 12.97155 16~012?7 
-6·.4 3.38971 3.41236 8~86733 9.66152 13~08399 16.06323 
-6.5 3.42254 3.44192 9.01268 9. 73758 13.20424 16.11798 

-6.6 }.45479 3~47135 9.15624 9.81516 13.33237 16.17700 
-6.7 3~48653 3.50064 9.29765 9.89414 13.46845 16.24026 
-6.8 3.51776 3.52978 9.43662 9.97435 13.61247 l6~ 30772 
-6~9 3.54854 3.55875 9.57290 10.05569 13.76434 16.37934 
-?.O 3.57889 3.58755 9. 706;0 10~138o0 13.92395 16.45506 

-7~1 3.G::l884 . 3~61617 9.83666 10.22117 14.09108 J£.53483 
-t.2 3~63842 3.644G::l 9.96392 10.30506 14.26546 16.61856 
-7~3 3.66763 3.67285 1o.o88o3 10.38956 14.44674 16.70618 
-7·.4 3.69651 3. 70091 10.20899 10.47454 14.63452 16.79761 
-7.5 3. 725)~ 3. 72877 10.32687 10.55991 14.82833 16.89273 · . . 

-7.6 3. 75334 3~75644 10.44173 10.64556 15.02766 16.99144 
-7·.? 3. 78132 3. 78392 10.55368 10.73139 15.23191 17.09362 
-7~8 3. 8o903 3.81120 10.66286 10.81731 15.44049 17~ 19915 
-7~9 3.83647 3.83829 10.76940 10.90323 15.65274 17 .;0788 
-B.o 3.86367 3.86519 10.8731+5 10.98919 15. 3679.q 17.41967 

-8.1 3.89)63 3.89189 10.97516 1L074&J 16.08551 17.53437 
-8.2 3. 91736 3.91841 11.07467 11.16030 16. :.01+60 17.65181 
-8.3 3~94386 3.94474 ll.17214 11.24554 16.52453 17.77183 
-8.4 3.97016 3.970S8 11.26770 11.3;.047 16.74459 17.89425 
-8.5 3.99625 3.99685 11.36148 11.41504 16.96405 ·18.01890 
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TABLE II , 1 (C~ntinued) 

B E(O) E(l) E(2) E(3) E(4) E(5) 

-8. 6 4. 02214 4,02263 11, 45363 ll , 49921 17, 18224 18 .• 145'50 
- 8.7 4,04783 4.04824 11. 54423 11.58293 17. 39852 18,27417 
- 8. 8 ~~.07334 4.07368 11. 63341 11 , 66622 17. 61228 18, 40441 
-8. 9 4~ 09867 4. 09894 11 , 72127 11.74900 17.82299 18. 53615 
- 9.0 4,12381 4, 12404 n . 8o788 11. 83129 18,03020 18. 66920 

-9~1 4~ 14879 4. 14898 11.89333 11. 91305 18. 23353 18~ 80338 
-9~ 2 4~ 17359 4, 17375 11. 97770 ll. 99428 18. 43268 18.93853 
"':'9~ 3 4~ 19824 4~ 19836 12,06106 12,07496 18, 62745 19. 07446 
-9~ 4 4~ 22272 4, 22282 12. 14346 12 ~ 15510 18. 81773 19. 21102 
- 9. 5 4. 24704 4. 27713 12. 22495 12, 23468 19.00348 l9. 348o4 

-9~ 6 4.27121 4~ 27128 12, 30560 12. 31372 19. 18472 19. 48537 
-9~ 7 4~ 29523 4. 29529 12, 38543 12.39219 19. 36156 19, 62288 
- 9. 8 4. 31911 4. 31915 12. 46450 12. 47012 19. 53412 19. 76c43 
- 9. 9 4. 34284 4. 34287 · 12. 54283 12. 54749 19. 70261 19. 89789 

- 10, 0 - 4. 36642 . 4. 36645 12, 62046 12, 62433 19. 86720 20 ,03516 

_,<!(' -· . ....... -



TABLE n.2 Expectati~n values of z2 and z4 for the reduced potential V(z)=A(z4+Bz2), for values 'of B from 0,0 to 

-10,0 insteps of 0,1 · 

. 

(z2)0 0 {i)11 (z2)2 2 (l)3,3 (z2)4 4 (z4)o o (z4)1 1 
4 

{z4)3,3 
4 B (z >2,2 (z )4 4 • ' ' • ' ' • 

o.o 0,36202 0,90160 1,24471 1.55791 1,84161 0.3534 1,2665 2,4852 3.8815 5.4206 

-0,1 o. 36908 0,91326 1, 25Lf06 1.56737 1,85102 0,3658 1.2972 2, 5271 3.9339 5,Lt824 
-Oa2 o. 376'+7 0.92527 1,_26346 1.57689 1,86o49 0.3790 1, 3290 2.570) 3. 9873 5. 51f52 
-0.3 o. 38't22 0. 93763 1,27289 1.5861t8 1.87001 o. 3930 1.3621 2,6139 4,0416 5.6o90 
-O,It o. 39235 0. 95036 1,28235 1.59614 l.B7959 0.4078 i.3965 2. 65?..7 4.0969 5. 6737 
-0.5. 0,.40088 0,963117 1.29182 1.6o586 - 1.88922 0,4236 1,4324 2,7044 4.1532 5. 73911 

-0,6 0,40985 0,97698 1.30129 1,61563 1.89890 0.41.04. 1.469? 2. ?511 4, 2105 5.8o61 
-0,7 0,41929 o. 99091 - 1, 31073 1, 6;>546 1,90862 0.4583 1,5085 2,7(8? 4,2688 5. 8738 
-0.8 0,1>2922 1,00526 1. 32014 1.63535 1.9183d 0.41'!4 1, 5489 2, 8473 4. 32&) 5.9424 
-0,9 0,113968 1,02006 1. 329119 1. 61f5,?8 1.92819 0.4978 1. _5911 2.t'.9G8 4,3283 6.m21 

.-1,0 0,45072 1,03531 1. 35875 1,65526 1. 93803 0,5197 1. 6350 2. ~A71 4 ,1.~97 6,C 828 

- 1.1 0,46238 1.05105 1,311789 1,66527 1.94790 o.~': ;-o 1, 68o8 2. 9983 lt,5120 6.151+5 
-1.2 0.471170 1,06728 1. 3_5690 1.67533 1.95780 0.5681 1.7285 3.0503 4. 5754 6. 2271 
-1.3 0.118773 1,081t02 1. 36578 1,68542 1. 96773 0.5950 1. 7784 3.10;-0 4. 6~?98 6.3008 
-1.4 0,50152 1. 101;o 1.37435 1.69554 1.97768 0,6239 1. 8;-03 3.15611 4,'70.53 6, 3755 
-1.5 0,51614 1,119] 3 1,38272 1, 70568 1,98764 0,6550 1,8846 3.2105 4.7718 6.4513 

-1,6 0,53165 1,13753 1, 3'Xl79 1. 71585 . 1.99761 0,6885 1.9412 3.2650 4. 8393 G • .)~·So 
-1.7 0,51t811 1,15652 1.39852 1. 726o4 2,00759 0.7246 2,0003 3.3200 4,9079 6,6057 
-1.8 0, 5656o 1,17612 1,40586 1, 73624 2,01757 0,7636 2,0621 3.3753 4. 9775 6,6844 
-1.9 0,58420 1,19635 1,41275 1,74645 2,02754 o.&l57 2,1266 3.4308 5.0481 6, 7642 
-2,0 o.6o398 1,21724 1,41913 1.75668 2,03750 0,8512 2,1939 3.4863 5.1198 6.8~49 

-2.1 . 0,62503 1,23879 1,42493 1.76691 2,04743 0,9005 2,2643 3.5~16 5.1925 6,9265 
-2,2 0,64745 1, 26104 1,4;-009 1.77714 2.05733 o. 9538 2.3379 3.5966 5.2663 7.0091 
-2.3 0,67134 1,28400 1,43453 1,78738 2,06720 1,0116 2. 4148 3.6510 5.3410 7.0927 
-2,4 0.69679 1,?fJ770 1.~3819 1, 79761 2,07701 1,0743 2.4951 3.7046 5, Lt1G8 7.1771 
-2.5 0,72390 1.33215 1.lt~099 1.8o?86 2.08677 1, 1423 2.5790 3. 7571 5.49;i6 7,2624 

-2,6 o. 75278 1.35737 1,41t285 1,81810 2,09645 1, 216o 2,6667 3.8o84 5.5715 7. 3486 
-2.7 o. 78354 l, }8339 1,44370 1. 82836 2,1o6o6 1,2959 2.7584 3.858o 5.6504 7.4356 
-2,8 0, 81628 1,41021 1.~4?M 1.83862 2,11556 1,3826 2,85it1 3.9057 5. 7303 7.5234 
-2.9 0,85109 1.43785 1,114210 1,81;890 2,12496 1,11765 2, 951t1 3.9.512 5. 8113 7.6119 
-3.0 0,88805 1.~6634 1,43953 1,85921 2,131122 1.5'782 3.0585 3.9941 5. 8934 7.7012 

N 
~ ......., 



TABU: II ."2 (Continued) 

B <~2>o o ( l )11 {z2)2 2 ( z2)3, 3 ( z2)4,4 
4 

( z4)1 1 ( z4) 2 2. ( z4) 3,'3 {z4}4 4 (z >o 0 . t t t t • t t 

- 3.1 0, 92726 1,49569 1. 43574 1. 86955 2, 14335 1, 6882 3, 1676 4,0343 5. 97(,<; 7.7910 
-3. 2 0,96876 1.52590 1, 43059 1,87994 2, 15230 1, 8o70 3.2814 4,0'715 6,06o9 7, 8814 
- 3. 3 1, 01261 1. 55699 ' 1, 42439 1, 89039 2,16107 ;1 .• 9350 3. 4001 4, 1054 6, 1463 7. 9723 
-3. 4 1,05882 1, 58897 1. 41687 1, 90091 2, 16963 2,0727 3. 5240 1+, 136o 6, 2330 8,0636 
-3. 5 1,10738 1, 62185 1,40819 1, 91153 2, 17795 2, 2205 3.6531 1+. 1631 6, 3210 8,1552 

-3. 6 1.151125 1,65562 1, :.S9843 1. 92227 2,18600 2. 3787 3. 7877 4, 1868 6, 4103 8, 2IJ70 
-3. 7 1, 21136 1.69030 1, 3877.3 1.93316 2, 19375 2, 5474 3. 9278 4, 2072 6,5010 8. 3388 
-3. 8 1,26661 1, 72588 1, 37626 1, 94421 2, 20llh 2, 7268 4.0737 4, 2246 6. 5933 8. 4306 
-3. 9' 1·. 32384 1, 76235 1.361t21 1, 95547 2, 20820 2.9169 4,2255 4.2393 6, 68?2 8, 5221 
- 4,0 1,38290 1. 79971 1. 35185 1, 96698 2,21481 3.1176. 4.3832 4. 2520 6.7829 8,6133 

-4.1 1. 44359 1,83796 ' 1. 33943 1. 9?876 2, 22095 3. 3285 4.5471 it , 26311 6, 8!'..04 8. 7038 
- 4. 2 1. 50567 1. 87707 1.32728 1, 9.9086 2, 22656 3. 5495 4. 7173 4. 27it2 6, 98o1 8, 7934 
-4. 3 1. 56892 1, 91704 1,31571 2,00332 2,23158 3. 7799 4. 8937 4, 2855 7, 0820 8,8819 

. -4. 4 1. 63308 1. 95785 1. 30507 2, 01620 2, 2359.5 4,0194 5.0767 . 4. 2983 7. 1863 8, 9691 
-4. 5 1. 69792 1. 9994'1 1. 29572 2,02955 2,23958 4,2672 . 5. 2661 4, 3139 7. 2933 9. 05114 

-4. 6 1,76319 2,04188 1. 288oo 2,04342 2,24240 4, 5229 5. 4621 4. 3336 7. 4033 9.137'7 
- 4. 7 1, 8<:867 2,08506 1.28227 2,05786 2, 24431 4,7857 5.6647 4, 3586 7. ) 1 64 9. 2184 
-4.8 1, 89415 2,1289'7 1, 27886 2.07294 2,24522 5.0552 5. 8740 4. 3905 7 • .S330 9.2961 
-4. 9 1. 95947 2,17359 1,27810 2,08871 2,24502 5. 3306 6,0900 lt , 4307 7. '7534 9. 3703 
-5.0 2,02it45 2, 21888 1,28029 2., 10523 2,2436o 5. 6114 6,3127 4, 48o6 7.87'78 9, ltlt04 

-5.1 2,08898 2, 264-81 1, 28572 2,12257 2,24085 5. 8972 6,5420 4.5416 8.oo66 9. 5058 
-5 .2 2,15296 2,31134 1.29465 2, 14079 2, 23662 6, 1876 6. 7781 lt,6153 8, 1403 9. 56Go 

. . -5. 3 2,21631 2. 35844 1.30733 2.15995 2,230&> 6, 4821 7,0207 4, 7030 8,2790 9, 6201 
- 5. 4 2.27898 2, lt06o8 1, 32399 2, 18oll 2,22327 6, 78o6 '1.2700 4, 8o63 8,4232 9. 6674 
-5.5 2, 311096 2, 45421 1, 34483 2, 20132 2,21388 7, 0827 7. 5259 4. 9265 8. 5733 9. 7073 

-5. 6 2,40221 2, 50279 1,37002 2, 22364 2,20254 7.3884 7. 7883 5,0650 8.7297 9. 7389 
-5.7 2. lt6276 2,55180 1. 39974 2, 24713 2,18911+ 7, 6976 8,0572 5. 2231 8. 8926 9. 7616 
-5.8 2, 52261 2, 6o120 1.43409 2, 27182 2, 1736o 8,0101 8.3324 5. 4020 9.0626 9. 7747 
-5. 9 2.58178 2,65094 1.47316 2,29777 2,15588 8, 3259 8, 6139 5. 6029 9.2400 9. 7778 
-6,0 2,61t032 2, '70101 1. 51699 2,32502 2. 13599 8,8452 8, 9017 5. 8266 9.4251 9. 7704 

-6,1 2. 69824 2.75135 1,56557 2, 35359 2, 11398 8,9678 9.1957 6,0739 9.6183 9.7525 
-6 .2 2, 75560 2,8o196 · 1,618R2 2.38350 2,08996 9.2938 9.4957 6, 3453 9. 8199 9. 7241 
-6.3 2,81243 2, 852'79 1. 6?660 2, 41479 2,06lt13 9. 623/t 9.8o17 6,6410 10,0303 9. 6857 
-6.4 2, 86B?6 2.90382 1, 73870 2, 41t747 2,03677 9.9566 10, 1138 6. 96o9 10, 2497 9. 6382 
-6 . 5 2. 921t65 2. 95502 1,8o483 .2. 48153 2, 00823 10, 2935 10, 4316 7. JJit3 10,47C:3 9. 5829 

N 
.....J 
CO 
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