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ABSTRACT 

OF 8CIBN0B 

OimilSTRY 

Doctor of Philosophy 

STUDIES OP MOLEOUIAR IMTERACTI0H8 BY VIBRATIONAL SPEOTEOSOOPY 

by Alan James Woodward 

Vibrational spectroscopy has been used to study two phenomena arising 

from molecular interactions. 

Firstly, rotational isomerism: Infrared and Raman spectra are reported 

for the acid chloride derivatives of difluoroacetic acid aad dibromoacetic 

acid. Data are given for vapour liquid and solid state spectra. It is 

concluded that two molecular forms ezist in the vapour and liquid phases of 

the acid chlorides and that the more polar form is present in excess in the 

solid state. The nature of these stable conformations is discussed with 

the help of a) a vibrational analysis based on a Urey-Bradley potential 

function, and b) calculations of the conformational potential energy as 

a function of the internal rotation angle. It is concluded that in the 

less polar forms the ozygen atom is approximately in the ois position with 

respect to the hydrogen atom. The more polar forms are obtained from 

these forms by an internal rotation about the C-0 azis of between 90 and 

135°. 



Secondly, molecular adsorption: An apparatus is described for 

infrared spectroscopic studies of gas adsorption on evaporated alkali 

halide films. Spectra are reported for MO adsorbed on films of NaCl, 

NaBr, Nal, KOI and CsCl. Sharp absorptions are observed whose relative 

intensities are strongly dependent on coverage. They are assigned to 

different adsorption sites and orientations of the NO molecules on the 

surface. The spectra provide conclusive evidence that dimerisation 

accompanies adsorption on certain surface sites. This contradicts an 

earlier interpretation of adsorption isotherms and heats determined for 

these systems. 



C O N T E N T S 

P A M l . Eotational Isomerism of Dihaloaoetyl Chloridea 
Page 

Section 1.1 laTRODOCTION 1 

Section 1.2 OONFOEMATIOBAL POIEBTIAL EBE&GT 
CAlOnLAriOBS 

1.2.1 Introduction 6 

1.2.2 The Scott/Scheraga Potential Function 9 

1.2.5 Application of the Scott/scheraga 
Potential to CBIgCOCl 15 

1.2.4 Results and Discussion 18 

Section, 1.5 NQBNAL OOOEDIBATE ABALTSBg 

1.5.1 Normal Vibrations 22 

1.5.2 The Potential Energy Function 25 

1.5.5 The Kinetic Energy Function 26 

1.5.4 The Transformation to Normal Coordinates 27 

1.5.5 The Analysis of CEFgiCOCl &&& 

CaBrgOOOl 28 

1.5.6 Results and Discussion 50 

Section 1.4 8PB0TRO3OOPI0 STUDIES OF CEF^OOOl AND 

OEBisOOOl 

1.4.1 Sample Preparation 51 

1.4.2 Spectroscopy - instruments and cells 51 

1.4.5 Group Theory Treatment of OSZgOOOl 55 

1.4.4 Results and Discussion 55 

Section 1.5 TEE ROTATIONAL ISOMERS 44 

Appendix 1.1 Group Theory Treatment of OEZgCOCl 46 

Appendiz 1.2 Sum Rule 50 

Appendix 1.5 Product Rule 51 

References 52 



Page 

P A M 2 . Infrared Spectra of MO Adaorbed on Alkali 
Ealide films 

Section 2.1 

Section 2.2 

2.2,1 

2.2.2 
2.2.5 
2.2.4 

Section 2.5 

2.5.1 

2.5.2 

2.5.5 

Section 2.4 

2.4.1 

2.4.2 
2.4.5 

2.4.4 

2.4.5 

Section 2.5 

2.5.1 

2.5.2 

2.5.5 

Section 2.6 

INTRODnCTION 55 

EZPRRTMRNIAL 

Development of the Infrared/ 

Adsorption System 58 

Materials 62 

Procedure 62 

The Properties of the Films 64 

PBaVIOUS DATA 

The Alkali Salide Surfaces 65 

Nitric Oxide 76 

Studies of NO/Alkali Ealide Systems 78 

aasui/ps 

NO/NaOl 84 

BO/NaBr 86 

NO/Nal 86 

NO/EOl 87 

NO/OaOl 87 

DISCUSSION 

Adsorption on Sodium Salts 88 

Adsorption on Potassium Chloride 96 

Adsorption on Caesium Chloride 97 

coNCinsiONS 100 

References 102 



PART 1 

A seB#3L080(%%0 saunr op 

iKRarioNAL iSQoaiaM IB i%&naAOEn% (%&a&n%B 



1. 

1.1 lamopncTiON 

The phenomenon of rotational isomerism arises from the hindered, 

rotation of one part of a molecule vith respect to another about a single 

chemical bond. The forces hindering the internal rotation are dipole-dipole, 

dipole-induced dipole, dispersion and repulsion interactions occurring 

between the non-bonded atoms and bonding electrons of the molecule. These 

interactions vary continuously during the rotation so that, although there 

is an infinite number of conformations which the molecule may assume during 

one ctaqilete internal rotation, these conformations do not have the same 

potential energy. The probability of the molecule assuming a particular 

conformation A at aî y given time is determined by the eagponential term of 

the Kazvell-Boltmmann distribution law, viz. eigp. where 

= the energy difference between conformation A 

and the most stable conformation 

k = the Boltzmann constant 

T m the absolute temperature. 

The conformations of minimum potential energy are therefore favoured. 

If one of these relatively stable conformations, or rotational isomers 

as they are called, is to convert by means of an Internal rotation into 

another stable conformation the molecule must pass through conformations 

of higher energy, i.e. there is a barrier to internal rotation. The 

magnitude of this rotational barrier will govern the rate of inter-

conversion (isomerlsation) of the Isomers. If the barrier is very small 
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compared with the available thermal energy kT then rotation will be 

almost completely free and isomerisation will be very fast. Molecules 

with larger rotational barriers will show slower rates of iaomerisation, 

and in the extreme case when the barrier is greater than kT the rate is 

so slow that geometrical isomers may be separated. 

The two main applications of rotational isomerism are to 

conformational analysis in organic stereochemistry and to theories 

concerning the structures of macromolecules. Several physical techniques 

have been used to study the phenomenon, the earliest of these being the 

determination of entropy and specific heat values and the measurement 

of electric dipole moments. The development of X-ray electron 

diffraction techniques, nuclear magnetic resonance and, of particular 

interest in view of the present work, infrared and Raman spectrometers 

has considerably widened the scope of such studies* 

The limiting value of the rates of isomerisation in fast conforma-

tional equilibria is ca. 10^^ - 10^^ sec The time constant for the 

interaction of electromagnetic radiation with the molecular dipole, 

-J3 -1 

which gives rise to the absorption of infrared radiation is ca. 10 ' sec . 

Ihe lifetime of each rotational isomer is therefore sufficient to allow 

its detection by infrared absorption spectroscopy. Provided the con-

centration of the isomer in the conformational equilibria is a few per 

cent of the total it should be possible to determine its vibrational 

frequencies. 

The techniques for assigning each observed vibrational frequency 

to its parent rotational isomer are well established. Infrared and 



Raman spectra are recorded for the compomid in the vapour, liquid and 

solid states. Solid samples are produced by cooling either the vapour 

or the liquid of the compound, and if this cooling is not too rapid 

then, theoretically (provided the energy difference between the isomers 

is not zero) complete conversion of the sample to the more stable isomer 

will occur. A comparison of the spectrum of this one-isomer solid with 

that of the liquid or vapour, and a process of elimination then gives 

the vibrational frequencies of each isomer* These assignments may be 

supported by data from solution spectra. Assuming that the rotational 

isomers have significantly differing dipole moments, the more polar 

isomer will be stabilised with respect to the less polar isomer with 

increasing solvent polarity. This effect will be manifest in an 

increase in intensity of spectral bands due to the more polar isomer 

at the expense of those of the less polar isomer. Additionally, for 

aome cases, e.g. 1,2-dlchloroethane, symmetry considerations enable a 

determination of the nature of the stable conformations from the infrared 

and Eeman activity of their vibrational frequencies. 

An analysis of the above type is fairly straightforward for small 

molecules. However, for a macromolecule where there is more than one 

bond about which internal rotation can occur, and each of the possible 

conformations of the molecule is eiecuting 3F-6 normal modes of vibration, 

the vibrational spectra are extremely complex and prevent analysis. 

One of the first applications of i.r. and Raman spectroscopy to 

the study of rotational isomerism was in fact an investigation of 
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isomerism in structural units of a polypeptide chain. Prom an under-

standing of these repeating units the structure of the complete molecule 

was proposed. Since then, many papers have reported vibrational spectra 

of rotational isomers and the investigations have tended to become an 

academic exercise. 
% 

In 1958, Mizushima et al. reported a spectroscopic study of 

dichloroacetyl chloride and concluded that two molecular forms coexist 

in the vapour and liquid phases of the compound. With the angle of 

internal rotation (azimuthal angle) 6 defined as indicated in Fig.1.1 

(i.e. 0 is taken to be zero when the carbon-hydrogen and carbon-oxygen 

bonds are eclipsed), the results of a normal coordinate analysis of 

CSCI2COOI indicated that the less polar of these isomers is the 

conformation 8 = 0°, and for the more polar isomer 6 % 90°. 

It was stated that an electron diffraction analysis of gaseous 

dichloroacetyl chloride could also be explained in terms of conformations 

having azimuthal angles of 0° and 90°. Following this work, it was 

considered of interest to study the two series of compounds involving 

OECI2OOCI, i.e. the dichloroacetyl halide series and the dihaloacetyl 

chloride series, to see if the data for these compounds could be 

explained in a similar manner. Infrared and Raman spectra have been 

recorded for each compound, and normal coordinate analyses and calcula-

tions of the potential energy of each molecule as a function of @ have 

been made to assist the interpretation of data. The results for the 

dichloroacetyl halide series have been given elsewhere.^ It was 



concluded that the acid fluoride, chloride and bromide all exhibit 

rotational isomerism. The less polar isomers of OEGl COCl aad 

CHClgCOBr were found to be the conformations 8 = 0°. While for the 

more polar isomers 8 was considered to be in the range 90° - 135°. 

The data for CSCI2OOF could only be explained in terms of a less polar 

conformation 6 and a more polar conformation 8 f%180°. This was 

found to be somewhat surprising, and the need for a further investigation 

of this compound using a different technique was emphasised. 

Data are now given for difluoroacetyl chloride and dibromoacetyl 

chloride, and in order that the final discussion of the experimental 

data may proceed in a logical manner it has been considered necessary 

to describe the theoretical aspects of the work first. 

The definition of the azimuthal angle 6 given in Fig.1.1 will 

be assumed throughout the subsequent discussion. 
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1.2 TEB OOBFORMAriONAL PORENTIIL BBEEGT OALCntATTON^ 

1*2.1 latro&uotlon 

Ideally a theoretical analyais of the energy and geometry of 

a molecule should rely on quantum-mechanics and would be accomplished 

by solving the appropriate Schrodinger equation for the desired 

molecular system. 3uch calculations are, however, extremely complei 

and, although progress has been made in this field in recent years, 

alternative approaches have, to date, proved more satisfactory. In 

particular, the following have been employed: a) simplified quantum-

mechanical treatments; b) calculations of an empirical nature based on 

a model obeying classical mechanics; and c) combinations of these two 

approaches. The calculations to be described here fall into the second 

of these categories, and it is perhaps worthwhile to discuss briefly 

the basis of these semi-empirical treatments. For this purpose, it 

is useful to consider the inexact conoept of "strain". "Strain-free" 

molecules have structures and energies taken to be "normal"; compounds 

whose geometries differ significantly from these values are observed 

to have higher energies and are said to be "strained". If the geometry 

of a molecule is defined by four types of structural parameters 

bond lengths r, bond angles , torsional angles 6, and non-bonded 

distances q, the "strain energy" in a strained molecule, i.e. its 

energy excess over that of a noimal molecule, may be thou^t of as the 

sum of four components: 

S.E. . EyCr) + + E0(e) + Egi)(q) . . . (l.l) 
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The actual geometry of the molecule will be that for which this Btrain 

energy is a minimum (though this does not necessarily imply 

stabilisation with respect to any one given parameter ). The equation 

has an obvious appeal to the non-theoretical chemist who always seems 

to demand the additivity of terms having physical significance. 

Consequently, most empirical calculations of conformational potential 

energies have used Equation (l.l) as a starting point. The equation 

does, however, have serious deficiencies. For example, the partitioning 

of energy on which it is based is obviously a crude idealisation of the 

actual situation in a molecule, since the internal coordinates r,o^ , 

0 and q are not independent. Furthermore, the equation requires a set 

of "normal" or "strain-free" structural parameters from which magnitudes 

of deformations are measured. Several such sets have appeared in the 

literature, but since, in the strict sense, no molecule is really 

strain-free, the choice of model and parameters is arbitrary. 

Assuming that a suitable set of potential energy functions 

and parameters can be obtained, the terms in Equation (l.l) may be 

evaluated to give the strain energy in the assumed structure. Minimisa-

tion of this energy with respect to molecular geometry will then give 

the gecmetry and relative energy (relative to that of the "normal" 

molecule) of the most stable conformation of the molecule. In the 

case of the dihaloacetyl chlorides where there is only one torsional 

degree of freedom 8 it would be necessary to increase 6 step-wise 

and minimise the strain energy with respect to the other three sets 

of parameters for each value of 8 in order to build up the required 
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curve of the potential energy as a function of the rotation angle. 

Several highly complei mathematical prooe&ures have been programmed 

for these minimisation processes, but the problem is still immense. 

One requires to find the point of lowest energy on a surface generated 

in a many-dimensional space though local minima, valleys saddle 

points are also likely to be present. Hence great care must be 

taken to ensure that the computer will lock into the correct 

molecular configuration. 

Several workers have simplified the above problem by neglecting 

some of the terms in Equation (l.l), e.g. by requiring constant bond 

lengths^ and angles^ in systems where such constraints could be assumed 

to have but little effect on energy differences. The assumption of 

constant bond lengths is perhaps justified in systems where the strain 

energy is small. The results of vibrational analyses indicate that 

the force constant for an angle bend is considerably smaller than that 

for a bond stretching mode; therefore, relief of strain in a molecule 

will primarily involve bond angle deformations. In 1965 R.A. Scott 

and S.A. Scheraga published data obtained from a potential function 

which assumed both bond lengths and bond angles to be held fixed 

i.e. the equation used took the form 

3.B. = Eg (6) + B^b (%) (1.2) 

This approach proved amazingly successful in predicting the internal 

rotation barriers in substituted ethanes, though not surprisingly it 



tended to break down for molecules id.th a very high degree of 

substitution. The more general treatment outlined above should 

obviously be used in these oases, provided one can be certain of 

finding a correct energy minimum. Despite this limitation of the 

Scott/Scheraga model, its application to the dichloroacetyl halide 

series proved extremely helpful when discussing the nature of the 

stable conformations of the molecules.^ Calculations have now been 

made to assist the analysis of the dihaloacetyl chlorides. 

1*2.2 Ihe Scott/Scheraga Potential Punctlon 

Any semi-empirical calculation of an internal rotation 

barrier must include a term arising from non-bonded interactions in 

the molecule. Calculations for ethane indicate that non-bonded 

a . . . E repulsions contribute ca, 50^ to the barrier.^ Valence 

bond calculations and potential functions based on intermolecular 

interactions show a contribution of 19^ or less. Scott and Scheraga 

therefore conclude that "a calculation of the barrier must include a 

contribution of at least 50^, and probably more, from a source other 

than non-bonded interactions". The origin of this other source has 

been the subject of some controversy though traditionally it has been 

accounted for by including a torsional strain term of the form 

E0(9) a ^ (l + cos where (/(g is the barrier height in the 

absence of non-bonded interactions. Scott and Scheraga use such a 

term and, following the theory proposed by Pauling^ attribute its 

origin to exchange interactions of the electrons in bonds adjacent to 
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the bond about which internal rotation occurs (e.g. the OE bonds in 

ethane). 

Simple quantum-mechanical treatments of the ethane problem, 

based only on s and p eleotrona, predict a barrier which is too low 

and has no contribution from exchange interactions. Pauling therefore 

introduced an additional 4^ d and 2^ f character into the carbon bond 

orbitals. This results in a greater concentration of the bond 

orbitals in the bond direction and an increase in bond strength of 

38^. Additionally, it produces an estimated barrier height of 3kcal/ 

mole and predicts greatest stability for the staggered conformation. 

This is in agreement Tilth ezperimental data. A more interesting 

result of the theory is that, for molecules having orbitals of 

similar hybrid character, the barrier hei^t should be a constant 

fraction of the bond energy, eicluding non-bonded interactions due to 

bulky substituent groups. This again is found to be true experimentally, 

since most of the substituted ethanes have barriers of the order of 

3kcal/^ole, and the barriers are lower for molecules containing the 

weaker carbon-silicon, carbon-germanium and silicon-silicon bonds. 

As orbitals containing unshared electron pairs do not have the d and 

f character, they do not contribute to the barrier; the theory 

therefore predicts that the barrier in 0E^HE2 should be two-thirds 

that in ethane and the barrier in OS^OE should be one-third that in 

ethane. This again has been found to be true. To explain rotation 

about single bonds next to double bonds Pauling considers bonds such 



11. 

as C=C and 0=0 as two bent single tetrabedral bonds. This allows 

oonsi&eration of molecules such as CE^CEO, or in this case CSZ^COOl, 

in analogy with the ethanes. The potential function would be three-

fold and the minima would occur in the staggered conformation, i.e. 

the bent bonds and CH bond of the CEO group would be staggered with 

respect to the CH bonds of the methyl group. Because the bent bonds 

are distorted to some extent the barrier height should be lower. 

Molecules such as OE^OSO, OE^OFO and OE^OCIO have barrier heights of 

the order of 1 kcal./mole. Scott and Scheraga suggest that the concept 

of a sigma-pi bond could be retained in these situations if one assumed 

that there is no exchange interaction between the double bond and the 

CE bond orbitala of the methyl group. The three-fold potential can 

then be attributed to interactions of the CX orbital on the carbonyl 

group with methyl CE orbitals, suggesting a barrier about one-third 

of that in ethane. This then is the basis for the torsional strain 

term in Scott and Scheraga*3 treatment of internal rotation barriers. 

For the non-bonded interaction term a modified Buckingham or 

"6-ezp" function is used. This is one of many non-bonded potential 

functions which have appeared in the literature and, apart from 

empirical success, there would appear to be no compelling reason for 

choosing one function rather than any other. Practically all of them 

are derived from inter- rather than intra-molecular interactions, 

and this leads to one of the major assumptions of conformational 

analysis, viz., that intermolecular potentials provide a quantitative 
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model for intramolecular interactions. It is thus assumed that the 

chemical environment between atoms or groups may be neglected. 

Maintaining this analogy between intra- and intermolecular interactions 

it is customary to separate the non-bonded interaction energy into two 

components: a short-range repulsive component resulting from the 

interpenetration of electron densities, and an attractive component, 

operative at longer range and attributed to London forces. Pairwlse 

additivity of these components is assumed for all the atom-atom 

interactions within the molecule, though this has been found to be 

unrealistic in some cases^^. In the "6-ezp" potential function, 

the attractive component is represented by an inverse sixth power 

term - c^ /(r^J^ where is the non-bonded distance for a particular 

interaction k, and is a constant. This is the induced dipole -

induced dipole term in the multipole expansion of the dispersion energy 

between two polarisable systems. The repulsive component is represented 

by the exponential term a^ ezp (- b^r^) where and b^ are constants. 

Even for intermolecular energies this functional form is not precisely 

11 

correct. Kestner and Sinanoglu have found that for Ee-Ee inter-

actions at small distances, calculated repulsion energies were 

approximated to only within 1Q& by an exponential in r^. Also, the 

coefficient c^ in the attractive term was found to decrease for 

values of r^ less than the van der Waal's minimum distance, and 

beyond this distance terms in and r^ corresponding to 

higher induced multipole-induced multipole interactions, become 



aignifioaat. Nevertheleaa, the function haa been of conaiderable 

assistance in conformational analysis, 

Scott and Scheraga modify the 6-ezp function by adding a 

Ooulombic component of the form dk/rk, where d^ is a constant. 

This ia included for molecules such as hezafluoroethane to take into 

account electrostatic interaction between residual changes considered 

to be centred on the fluorine atoms. 

The complete Scott/Scheraga equation takes the form: 

- i Ulo 1 + COS 3 (e + 60)< 

+ jakezp(- b^rk) - Ck/frk)^ 

k = 1 

+ (dk/rk)( (l'3) 

The exchange interaction term has been modified to fit the definition 

of @ being used here. 

1.2.3 Application of the Scott/Scheraga potential to OBZgCOOl 

The Molecular Model 

The use of Equation(l.3) requires a molecular model having a 

rigid geometry eicept for one rotational degree of freedom about the 

(SX )C - O(OCl) bond. A problem arises however when considering 

what rigid structural parameters to use for the molecule. It has 

been mentioned previously that in the more general approach (when 
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bond, angles and. bond, lengths are allowed, to vary) the choice of a 

set of "strain-free" parameters is somewhat arbitrary. Eere the 

problem is even more acute. Does one use an arbitrary set of 

"strain-free" parameters; an arbitrary set of parameters for an 

eclipsed conformation; an arbitrary set for a staggered conformation 

For the present calculations the set listed in Table 1.1 

have been used. The CHX group is assumed to be tetrahedral and the 

angles for the 0010 group are taken from data for acetyl chloride. 

Exchange Interactions 

The work of Scott and Scheraga has shown that when the overall 

non-bonded interaction energy, calculated by the modified 6-ezp potential, 

is subtracted from the experimental rotation-barrier of a molecule 

the energy remaining is constant within a given class of molecules. 

This is in agreement with Pauling's theory. It is assumed that this 

remaining energy varies coainusoidally as a function of the azimuthal 

angle 6. This may be true in the case of a totally symmetric molecule 

such as ethane, but for asymmetric molecules a more complex function 

may be more appropriate. Previous workers have paid little attention 

to this possibility since they have only been concerned with the 

difference in energy between the maxima and minima of the function. 

In cases where non-bonded interactions are small, this difference will 

be little affected by the nature of the torsional function. The 

present calculations have been made with the intention of determining 

the stable conformations of the molecule, and in cases where the 
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overall aon-boaded interaction energy is amall, or where non-bonded 

energy is invariant over a particular region of the internal rotation, 

these conformationa will be determined by the nature of the torsional 

function. 

The application of a cosine function to CHX2COCI must be a 

poor representation of the actual situation, since it assumes 

a) that the -CEX group is tetrahedral; b) that in terms of exchange 

interactions, -COCl may be considered toact either as a tetrahedral 

arrangement of single bonds, or simply as -0-01; and c) that the 

energy of a particular interaction is independent of the two bonds 

involved. However since the adoption of an alternative function 

would be intuitive, calculations have been made with the cosine 

function. The interpretation of the resultant conformational potential 

energy plots will be made with reference to the above arguments. 

The value [X ̂  = 1-11 kcal./mole has been used in the function, 

this being the value given by Scott and Scheraga for molecules of this 

type. It is the average value of llg obtained by substituting 

experimental barrier heights B (taken from microwave data) for 

OE^CEO, GS^OFO and OE^COIO in the equation: 

= E@ (0°) - (60°) = llg 

Ok dt 

e = 0° 

r / \ Ok 
+ 2:1% »k%) - (7J6 + - j 

k=l 

- + - j 
k=l 8 = 60 

(1.4) 



Bond lengths (&) Bond.amies 

C-E 1-09 0-G-C = 125° 

C-C 1-54 -^01-0=0 = 125° 

C-Cl = 1-76 <^C1-0(0)-0 = 110° 

0=0 1-22 

0-? 1-35 Other angles = 109^ 28' 

C-Br 1-90 

a S.Kizushlma et al. Spectrochim Acta 13, 161 (l958J 

Tables of interatomic &is and configuration : 
molecules and Ions (The C' ..Icil Society, London). 
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Non-boaded interactiODa 

Eraluatioa of 0% 

The ooefficienta 0% are derived from the Slater-Kirkwood 

13 
equation which for a pair of unlike atoms, A and B, may be written 

3be 1 
' ;c ' ' ' ' (1-5/ 

where 

= iateraotioa energy 

= atomic polariaabilities of A and B 

e = electronic charge 

lb = h/2TT, h being Planck's constant 

m = electronic mass 

^A'^B " effective value of M for A and B. 

0% is therefore given by 

_ ^ . . . (1.6) 
^ t^A/BA)* + (*B/%B)* 

In the original Slater-Eirkwood ezpreasion, N is the number of electrons 

in the outer shell of the atom of a rare gas, it being assumed that 

these electrons contribute equally to the polarisability, and that 

14 

the contribution from inner electrons is negligible. Pitzer , 

however, suggested that the inner shell contribution is significant, 

and by replacing M by an "effective" value of M, Bgff(on which he put 

an error bar of about 20^), he obtained better results for the 



interaction energy of rare gas atoma. To extend equation (l.6) 

LO otner atoms, the values of the rare gases have been plotted 

against the atomic number, Z (Pig.1.2). values for the required 

atoms are taken from this curve and used with atom ponarisabilitv 
34 

data taken from Eetelaar to calculate values of o^. 

Evaluation of b^ 

15 

Amdur et al* have measured the collision cross sectiona for 

Ee and Ne atoms with energies between 500 and 2100 eV. Analysis of 

the results led to expressions for the interaction potentials and 

from these b^ values of 4*55 and 4'6l have been extracted for He and 

Ne respectively. Other values of this parameter for A, Er and Ze 

have been given by Westheimer^^ as 3*60, 2.80 and 2.50 respectively. 

fig. 1,2 shows a plot of these b̂ ^ values against atomic number Z. 

Prom such a plot, b^ values have been obtained for other like pairs 

of atoms. For an unlike pair of atoms A and B, b^^g was taken as 

the geometric mean of b^.A and bg^g following the procedure of 

17 
Eendrickson . 

Evaluation of a^ 

This parameter was obtained by minimising the 6-ezp potential 

at the van der Waal's minimum distance. Differentiation of the 

6-ezp potential gives 

i!- = - akb^e + 6_Ck ^ ̂  ̂  
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Equating this ;ri.th zero when the sum of the van der 7aal' i 

radii of the interacting atoms, 

1 6Cv 
ajj — — — = ' 6 . . . (1.3) 

^o 

van der Waal's radii were taken from Bondi 

Evaluation of d]; 

This parameter, which is a measure of the charge on the halogen 

atom, is obtained by dividing the bond dipole by the bond distance. 

For C-F the bond dipole was taken as the difference in the electro-

negativities of carbon and fluorine in CgPg. Scott and Scheraga 

assume all dĵ, , except dp •'̂ G1..C1 % . .ci zero. 

F̂...C1 taken as the geometric mean of d^ ^ and d̂ ^ 

Table 1,2 gives the complete set of parameters used in the 

non-bonded potential function. A few slight errors were found in 

Scott and Scheraga's parameters and these were corrected. A computer 

programme, COMPOT, was written for the analysis and used on an I.G.L. 

1907 system. 

1.2.4 Results and Discussion 

The computed potential energy curves for CHF2COCI, CHCI2COCI 

and CHBrgiCOCl are shoim in Figs. 1.4, 1.5 and 1.6 respectively, 

together with a plot of the exchange interaction component. Unfortunately, 



no experimental barrier height data are available for checking the 

accuracy of the potential functions. The data available for halogen 

substituted ethanes, however, indicate that the barriers calculated 

here are of the right order. Woodward and Jonathan^ have determined 

the energy difference between the rotational isomers of CEClgCOCl in 

the vapour phase and found it to be in the range 100 - 500 cals./mole. 

No values are available for the diOuoro- and dibromo-compounds, but 

the speotroaoopic data of the present study suggest that the energy 

difference is also small for these compounds. These results could 

indicate that the computed potential energy curves are fairly accurate 

in the regions of potential energy minima. 

Pigs. 1.4 to 1.6 show that the non-bonded interaction component 

is dominant in the region 6 = 0° to BAi 110° of the potential energy 

curves. In the region 6 110^ to 6 = 180° this component is almost 

invariant, the shape of the curve being determined by the exchange 

interaction component. It is interesting to consider to what extent 

the assumptions implicit in the functional form of these components 

have dictated the shape of the computed curves. 

Firstly, the assumption of a rigid geometry. The calculations 

have shown that with the assumed geometries the distances between the 

centres of eclipsed halogen atoms are far less than the sum of their 

van der Waal's radii. Therefore when an actual molecule passes through 

an eclipsed conformation the bond angles will relaz to relieve the 

immense repulsive strain as far as possible, i.e. the molecule will 
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be fleziag coatiauoualy during the iateraal rotation. Recent 

calculations by Teillard^^ have shown that such flexing of bond 

angles is probably significant even in the case of ethane. The 

removal of the constraint on bond angles would therefore be ezpected 

to decrease to some extent the non-bonded potential barrier, although 

the overall shape of the non-bonded potential would probably be 

retained. 

Secondly, the imprecise nature of the 6-ezp part of the non-

bonded potential. Any increase in the accuracy of this function 

either by changing the parameters of the present function or by using 

a more precise functional form would also be expected to affect 

predominantly the barrier height. This has been found using the 

modified sets of parameters a^, b^ and 0^ recently proposed by 

Abraham and Parry. 

m 
Thirdly, consider the Ooulombic term d^/r^. Scott and 

k=l 

Scheraga's neglect of Coulombic terms for halogen-halogen interactions 

other than those involving fluorine and chlorine is unreasonable 

since the 0-^, 0-Cl and 0-Br bond dipoles, which are measures of the 

charge separation in these bonds, are almost identical (see following 

section). Abraham and Parry include d^ parameters for all halogen-

halogen interactiona. However, the overall Coulombic term has no 

effect on the shape of the potential curves since it remains constant 

as @ varies due to the slow variation of the 1/?% function. 
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Finally, consider the asgumption of a cosine function for 

the exchange interaction component. Since the non-bonded component 

is almost invariant in the region 6f%=!llO° to 0 = 180° this function 

determines the position of the second potential energy minimum. The 

use of a more realistic function than the cosine function would result 

in a shift in the position of this minimum. 

From the above considerations it is concluded that the compounds 

CEPgOOCl, OEOI2OOCI and CEBr2C0Cl each have at least two stable 

conformations. One of these conformations has 0 = 0° iihile the 

other(s) lie(s) in the range 6 = 90° — 180°. One is scarcely 

justified in defining the second angle more accurately than this. 

Dlpole Moment Oonsideratioim 

Mizushima et al«, have calculated the dipole moment of 

OSClgCOOl for various azimuthal angles. Their data are plotted in 

Fig.1.7. Since the bond dipoles for C-F, C-Cl and C-Br are very 

similar (O-P, 1'4D; C-Cl, 1'5D; and C-Br, 1'4D (O-E, 0'4D)^^), a 

similar curve will also apply to CEF2COCI and CEBr2C0Cl, i.e. of 

all the possible conformations that with 0 = 0 ° will be the least 

polar. 
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1.3 TEE .J. COORDINATE AIIVLLTSES 

Vibrational analyses of OEPgOOCl and CEBrpGOGl have been 

included in this work a) to assist the aosignment of observed vibrational 

frequencies, and b) to provide additional information regarding the 

conformations of the rotational isomers. Thirteen of the fifteen 

fundamental frequencies have been calculated for five different conforma-

tions of each molecule. A brief outline of the principles involved in 

the calculations will now be given; fuller details may be found in 

books on the subject̂ "*̂ ^ and many research papers (eg. 23,24). 

1.3.1 Normal Vibrations 

If coordinates(called coordinates) can be found such 

that the potential : . " (a i to be quadratic) and the kinetic 

energy T of the molecule are given by 

2V = (1.9) 

2T = S: (̂ )̂2 (1,10) 
i 

then in ter̂ ^ of these coordinates the molecular cotion is separated 

into modes that are tically independent of one another. This 

can be seen as follows. 

Consider some general coordinates and velocities and 

q̂ . In this sys on's equations of notion can be written as 

cL _ A 
di: 



For the special coordinates giving Equations (I.9) and (l.lO), 

Squatioa (l.ll) be 

% Qi = 0 . . . (1.12) 

^ t"̂  

This can be integrated directly, giving 

Qi = Ai cos (/\i^ t + (Zi) . . . (1.13) 

where is an amplitude, is a frequency and 61̂  is an arbitrary 

phase. Thus, each normal coordinate undergoes its harmonic motion 

independently of all the other normal coordinates and with a frequency 

3̂ ^ given by ^̂ 1̂  = resulting motion is harmonic 

because it was assumed that the potential energy could be expressed 

in a quadratic form.) 

To determine the normal coordinates and the normal vibration 

frequencies it is therefore necessary to derive expressions for the 

potential and kinetic er of the molecule in a suitable coordinate 

system and then transform these expressions to the space of normal 

coordinates. 

1.3.2 The Potential Energy Function 

If we define internal displacement coordinates Ei, 

i = 1,2,3 ... 3H-G, in order to describe small vibrations of a moleculc 
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then the potential energy of the molecule may always be expanded as -

a Taylor series in these coordinates about the equilibrium configuration 

e25. 

+ higher terms . . . (l.l4) 

The term in this equation simply defines the zero of the energy 

scale and is therefore trivial. The second term may be set equal to 

zero if the coordinates are independent, because derivatives are 

taken at the equilibrium position. Terms in E of order higher than 

may be neglected in the case of small vibrations for the motions are 

then basically harmonic. The potential function thus reduces to: 

T = I 21 A, R, . . . (1.15) 

where the harmonic force constants are defined as 

In this form the function is of no use. Consider, for example, the 

case of acetyl chloride. Fifteen internal coordinates are needed to 

describe the system and therefore 225 force constants are required to 

define the potential energy of the molecule. 

In the so-called Simple Valence Force Field (SV?F), the number 

of force constants is drastically reduced by the assumption that 

constants other than the F̂ '̂s are zero, i.e. 



1 
p r 

i 
-'ii . . . (1.16) 

A furtber reduction usually occurs as a result of symmetry in the 

molecule, 

The Modified Valence Force Field (MVFF) adds certain of the 

cross terms to the STPF to take into account non-bonded 

interactions in the molecule. The exact physical significance of the 

Fij's is however difficult to comprehend and the decision as to which 

terms are to be included is not easy. 

fhe brey-̂ radley ̂ orce field attempts to surmount this 

difficulty by expanding the potential energy of a molecule in terms of 

the internal displacement coordinates and 

which represent a change in bond length, bond angle, and the distance 

between non-bonded atoms, respectively. These coordinates are not 

independent, and therefore, referring back to Equation (I.I4), linear 

terms must be included in the expansion. The function is written; 

z 
i %i lio + 2 Ki (̂ Iz-i)' 

ij 
Bij fio ijo (/^c(ij) + 2 Bij rio rjo 

_F'ij %ijo . . .(1.17) 

where the equilibrium values r^g, and are inserted to reduce 

all force constants to the same dimensions. Once again the number 

of force constants involved is large, but by expressing the coordinates 



in terms of the coordinates ĵ r̂  and the function 

reduces to an expression in what are now independent variables and the 

linear terms may he equated to zero. (This is not strictly true. 

There is often an interdependence of some of the coordinates 

and these terms must he remoTed by substituting the appropriate 

redundancy relationship.) A further reduction in the number of force 

constants is obtained by making the now standard assumption that 

^ij * which has proved to be satisfactory for many 

27 

molecules 

The nBFF is the potential function which has been applied to 

the analysis of difluoroacetyl chloride and dibromoacetyl chloride. 

The general validity of the function to this type of molecule has been 

28 
demonstrated , and force constants, which are readily available in the 

29 
literature have been shown to be transferable . 

1.3.3 The Kinetic Energy Function 

Having chosen a suitable potential energy function, the next 

step in the normal coordinate analysis of a molecule is to derive an 

expression for the kinetic energy of the molecule in the same coordinate 

system. In practice, it is more convenient to express the kinetic 

energy in Cartesian coordinates x^ and then transform the equation 

to the space of the internal coordinates used in the potential 

21 

energy function. The Wilson s-vector method is used to construct 

the transformation B from Cartesian to internal coordinates, i.e. 
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where R and z represent column vectors of internal and. Cartesian 

coordinates respectively. The inverse kinetic energy matrix G in 

internal coordinates is then computed from 

G = B* . . . (1.19) 

where K is a diagonal matrix of the reciprocal masses of the atoms and 

B* is the transpose of the B matrix (ref.(2) gives a proof of this 

relationship). The kinetic energy T of the molecule is given by 

2T = %' R . . . (1.20) 

R being a column vector of the derivatives of the internal coordinates 

with respect to time, 'In the same notation the potential energy T 

can be ezpressed as 

2T = R'FR . . . (1.21) 

where F is the matrix of coefficients in the Urey-Bradley function. 

1.3.4 The Transformation to Normal Coordinates 

The transformation matrix 1 is such that it diagonalises the 

P matrix and simultaneously diagonalises the kinetic energy matrix to 

an identity matrix. It is defined as follows: 

L Q (1.22) 

Expressing potential and kinetic energy in terms of the normal 



28 

coordinates 

27 

2T 

Q' (L'FL) Q = QL/LQ 

= Q'tl/G'^L) Q = q ^ Q 

(1.23) 

\ J. .24) 

where 3 is the identity matrix, -A_ a diagonal matrix, and 

L'ZL = . . . (1.25) 

L'G'^L = B . . . (1.26) 

The transformation 1 must therefore satisfy the equation 

L'(F - G~1A)L = _ )\B 

where is a variable-scalar. 

From this it can be shewn that 

. . . (1.27) 

P - G-"̂- X (1.28) 

ind since | L 
-1 

0 are also the roots 

of 1? u 

P - G"^ X 

./L- )\] 

:̂= 0, the roots of |_yV- X s 

= 0. Solution of the secular equation 

. . . (1.29) 

therefore gives the values from which the normal vibration 

frequencies are obtained ( Saving found the 

values the corresponding eigenvectors can be found and then the 

transformation L can be formed from these. Finally, normal coordinates 

can be calculated from Equation (l.22), 

1.3.5 The Analysis of CEF2COCI and CEBrgCOOl 

Tibrational frequencies have been computed for the conformations 

6 = 0°, 45°, 90°, 135° and 180̂ . The rigid geometries given in Table 1.1 



Aave been assumea for each conformation. This is an obvious over-

simplification of the actual situation in the molecules for the 

equilibrium geometries will vary with 9. In fact the structural 

parameters which have been used probably fail to describe any of the 

conformations precisely. It has however been found that small changes 

in bond angles and bond lengths have an almost negligible effect on the 

30 
calculated frequencies' . 

Table 1,3 gives the values and the origins of the force constants 

used in the Urey-Bradley force field. Following the procedure of 

? 31 

previous workers^' the complexity of the analyses have been reduced 

by neglecting non-bonded force constants for interactions between 

different rotating groups. This must give a poor representation of 

the molecular system, for the very fact that the molecules exhibit 

rotational isomerism indicates that these interactions are significant. 

As a result of this simplification the potential energy of the system 

remains constant as 6 varies and changes in the computed frequencies 

are a result of changes in the inverse kinetic energy G matrix with 

8. 

In view of these factors, any conclusions based on a 

comparison of observed and calculated frequencies can only be regarded 

as tentative. 32 

The computer programmes were written by J.E. Schachtschneider 

and used on an I.O.L. 1907 computer. 



TABLE 1.3 

FORCE GOliaTAÎPTS USIZD III CALGULATIOIIS 

Force constants (mdyn/S)̂ ~® 

K (C-C) = 2-8 H (H-C-F) 0-1 F (F .. . H) 1-1 

ic (C-H) = 3-9 H (F-C-F) 0-45 F (F .. . F) 1-3 

K (C=0) = 11 • 0 H (C-C-F) 0-13 F (F .. . c) = 1-3 

K (C-F) = 4" 0 H (lI-C-Br) = 0-06 F (Br . .. H) = 0.6 

K (C-CL) = 1.75 H (Br-C-Br) = 0-06 F (Br . .. Br) = 0-5 

K (C-Br) = 1-5 H (C—C—Br) = 0-13 F (Br . . . c) — 0-7 

H (C-C-H) 0-15 F (c . . . H) 0.4 

H (c-c=o) 0-4 F (o . . . o) = 0.4 

II (CI-C=O) = 0-3 F (c i . . . o) = 1.0 

H (c-co-ci) = 0.1 F (01 . . . c) = 0.6 

F' = _ (Vi0)F 

K = 0 0 (CEFgCOCl) 

K = 0.1 (CHSr2C0Cl) 

a S.Kizushima et al. Spectrochim.Acta 13> 161 (l958) 
b Nakagawa et al. J.Chem.Phys. 20, 1723 (l952). 
c T. Simaiiouti, J.Chem.Pliys. 11, 848 (l949). 
d J. Aldons aiid I.Kills, Spectrochim.Acta 19, 1567 (1963). 
e J. Overend and J.R. Scherer, J.Chem.Phys. 32, 1296 (l960). 



1,3.6 Results and Discuaaion 

The computed, data are given in Section 1.4 where they are 

discussed in conjunction with the interpretation of the spectroscopic 

data. Table 1.5 compares observed and computed vibrational frequencies 

of CEF2GOCI and CEBr20001. Tables 1.6 and 1.7 show the computed 

distribution of potential energy among the force constants used in the 

analysis of OEF^OOCl and CEBr^COCl respectively. 



1.4 SPSOrROSCOPIO STUDIES 01''. DIHALOAOErTL OEIOZIDES 

1.4.1 Sample Preparation 

Difluoroaoetyl chloride was prepared by reaction of 

difluoroacetic acid with excess benzoyl chloride (b.p. 28°C; 

lit. b.p. 26°C 

Dibromoacetyl chloride was prepared by reaction of parent 

acid and ezcess thionyl chloride (b.p. 65° - 70^C at/n^S m&.Sg; 

lit. b.p. 60° - 64°0 at 4 mm.Eg ^4), 

All samples were fractionally distilled two or three times before 

use. 

1.4.2 Spectroscopy - instruments and calls 

Infrared spectra were recorded in the range 200 - 4000 cm"^ 

with Gr^tb-Parsons (Kodel GS2A) and Perkin-Elmer (Model 225) spectrometers. 

Liquid-phase Raman spectra were measured with a Spez Raman spectrometer 

(Model 1400) equipped with an argon ion laser. A brief description of 

these instruments and the cells used for obtaining vapour, liquid and 

solid spectra is given below. 

Grubb-Parsons Model GS2A Double Beam Grating Spectrometer^^ 

This instrument is designed to cover the range 2^.to 2^W, 

but for all practical purposes the useful range is 2^ to 20^. The 

grating is ruled at 1200 lines per inch and blazed to give maximum 

energy at 9^. A potassium bromide fore-priam is used in the first 

order of the grating (5-2^^J and a calcium fluoride prism for the 

second (3'5-^^J, third (2'5-3'75^J and fourth (2-2*5^0 orders. The 



Temst filament and the detector a 

thermocouple. A slit programme is provided in order to keep the energy 

reasonably constant throughout the range. Manual operation of the 

slits is also possible. ?he limiting resolution of the GS2A is 

_1 

1'5 cm , but under normal operating conditions is approzimately 

4 cm The wavelength accuracy obtainable between 5-1^^. is 
0-004̂ ,. 

Perkin-Elmer Model 225 Spectrometer^^ 

mi his is a double-beam infrared instrument with automatic 

optical null, built-in electronics and drum recorder. It covers the 

region 5000 - 200 cmT^ in four ranges, 5000 - 2000 cm"^, 2500 -

1000 cm 1000 - 400 cm ^ and 450 - 200 cm Two gratings with 

150 lines/mm. and 30 lines/mm. are installed for the whole range. Both 

gratings are used in first and second orders. A potassium bromide 

fore-prism is used for first, second and third ranges and a filter in 

the fore-monochromator for the fourth range. The infrared source is 

a Globar which is air cooled and has a photoelectric radiation control. 

The detector employed is a pneumatic Golay cell. Programmed and 

manual operation of the slits is possible. The resolution at different 

frequencies is 0*35 cm ̂  at 2400 cm"^, 0*16 cm"^ at 1034 om""̂  and 

better than 0*41 cm ̂  at 286 cm The scale is linear in wave-

number and its expansion at any point of the individual range is possible. 

An adjustable automatic suppression ensures that spectral regions free 

from bands are rapidly scanned and the regions of spectral absorption 

are reproduced with maximum possible accuracy. 
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Spez Model 1400 Laser-Raman Spectrometer^' 

This is a double monochromator-spectrometer of 0»7; 

focal length covering the spectral range 2100 cm"^ to 10,000 cmT^. 

The two gratings, which are ruled at 1200 lines/mm and blazed at 

5000% are ganged in the Czerny-Turner manner. Such an arrangement 

reduces scattered light to a minimum. The three slits are bilaterally 

adjustable to 3 nm. wide by 50 mm. long. There is a shutter on the 

exit slit. Electrical and manual scanning of the instrument is possible 

with several speeds in the range 0-4 to 1000 cmr^/min. The wave-

number is output on two five-digit counters, one reading wave-number; 

the second can be set to zero at any excitation frequency and displays 

the frequency shift (<Acm ~). The accuracy is quoted to be _+ 1 cm"^ 

over a 5000 cm ^ interval direct reading from the counter. The resoluti 

of the instrument is given as 0*2 cm"^ at 15802 cm~^ (half-width 

measurement). 

For the present work the Spez was equipped with a Spectra-

Physics 141 r.f. ezcited argon ion laser (excitation wavelength 488o2). 

Ga^ Cell 

Infrared spectra of OEPgCOCl and CEBrgCOOl in the vapour phase 

were recorded at room temperature using a standard 10 cm. path-length 

glass cell equipped with potassium bromide windows. The windows were 

attached to the cell with a Teflon adhesive 

Liquid Cells 

The infrared spectrum of liquid C2Br2C0Cl was obtained from a 

on 



film held between potassium bromide discs (25 mm diam. z 5 mm.). I.r. 

spectra of solutions of CEBrgiCOCl in solvents of varying polarity were 

recorded using a matched pair of standard commercial cells; Teflon 

spacers being used to obtain cells of the required thickness. 

Infrared spectra were not recorded for the liquid phase of 

CEP2COCI because of the high volatility of this compound. 

Raman spectra of the liquids and solutions were obtained with 

a Spez liquid cell. This is simply a glass tube (8 mm. i.d. z 20 mm.) 

with an optically flat base and cover. The cell was aligned in the 

sampling region of the spectrometer with the incident laser radiation 

falling normally on the base. 

The Low Temperature Cell 

Solid state spectra have been obtained using the glass cell 

shown diagrammatioally in Fig.1.8. The cell has the advantage that a 

film of solid may be obtained either by cooling a liquid film between 

KBr or NaCl discs held in the copper block, or by allowing the vapour 

of the compound to condense on a pre-cooled disc. The second procedure 

is usually more convenient. Continuous evacuation of the cell prevents 

condensation of water and carbon dioxide on the central EBr disc, 

while a heating jacket can be used to prevent similar condensation on 

the outer windows. 

Irrespective of the method of solid formation, the film produced 

is still usually a mixture of rotational isomers. This is a result of 

the sample being cooled too rapidly, thus preventing complete equili-





bration to the more stable isomer. The one-iaomer solid can usually 

be obtained from this film by the process of repetitive * annealing' . 

The film la allowed to warm slowly until it becomes opaque, and is 

then immediately reoooled. In the case of a frozen vapour the transition 

from the transparent to the opaque state cannot be seen, and a trial and 

error method must be adopted to anneal the film. 

1.4.3 Group Theory Treatment of CEXpOOCl 

The conformation 6 = 0 of CEX^OOCl has only a plane of 

symmetry and therefore belongs to the C@ point group. Of the fifteen 

possible fundamental vibrations of this conformation, ten are found 

to be of the A* symmetry class and the remaining five are of the A" 

symmetry class. All of them are allowed in the infrared and Raman. 

Also, the combinations and overtones of the species A' and A" are 

allowed in the i.r. and Raman. All other conformations of CE%2C0C1 

are without any element of symmetry and therefore belong to the 0% 

point group. The fundamental vibrations for these conformations are 

of the A symmetry class and are i.r. and Raman active. Appendix 1.1 

gives a more complete group theory treatment of the molecules. 

1.4.4 Results and Discussion 

The observed infrared s 

in the vapour and solid states and dibromoacetyl chloride in the 

liquid and solid states are shown in Figs. 1.9 and 1.10 respectively 

Complete spectral data for the two compound 
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TABLE 1.5 

vmions VALUE AZIMUTEJII AlfGLB 

Calculated frequencies Observed, fi queno] 

45 90 1] 
More polar Less polar 

form form 

0E?2C( )C1 

5075 3074 3074 3074 3075 2976 2976 

1769 1768 1765 1758 1751 1802 1810 

1490 1490 1497 1500 1494 1361 1348 

1293 1293 1295 1297 1297 -

1140 1173 1182 1168 1160 1145 1170 

1127 1100 1100 1118 1140 1117 1099 

1100 1096 1075 1056 1045 980 1075 

709 705 748 794 813 822 835 

681 678 655 635 655 602 

549 539 534 521 502 525 542 

498 445 426 451 492 463 503 

415 416 380 359 357 349 405 

211 207 209 243 258 233 211 

2877 2876 2875 2676 2876 

1749 1750 1751 1748 1745 

1133 1131 1145 1153 1151 

1115 1124 1117 1111 1110 

1076 1064 1049 1041 

741 768 785 772 754 

680 664 674 686 

!p7!p 584 583 613 653 
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Table 1.5 coatc 

(°): 

Calculated freauencies Observed froquenc 

90 13f 
More polar Less 

180 form fon 

88 

uoiar 

519 516 510 499 489 460 489 

$5? 335 328 333 351 - -

334 301 251 246 250 253 340 

171 173 171 184 211 223 179 

138 130 125 162 157 163 148 



Table 1.5 makes a comparison of observed and oomputed frequencies. 

For a single conformation of the molecule CEXgOOCl, 15 fundamental 

modes of vibration are possible and,of these, one will involve predomin-

antly a stretching of the carbonyl bond and another a stretching of the 

carbon-chlorine bond. Table 1.4 shows that considerably more than 15 

bands have been observed in the infrared and Raman spectra of both 

vapour and liquid phases of OEPgCOOl and CEBr^COOl. In particular, two 

carbonyl stretching bands were observed at around 1800 cm"^ for each 

compound and two carbon-chlorine stretching bands in the region 

530-640 cm These results indicate that, like the monohalogen 

substituted and the dichloro-substituted acetyl halides, both OEPgCOCl 

and OEBrgCOCl ezhlbit rotational i Lsm, two stable conformations 

of the molecule co-ezisting in the vapour and liquid phases of the 

compounds. Ko evidence has been found to : t the presence of more 

than two rotational isomers. 

Several techniques have been used in at' to obtain one-

isomer solid spectra of the two compounds, viz. a) formation of the 

solid either by cooling a liquid film or by condensing the appropriate 

vaponr onto a pre-cooled E3r disc; b) variation of the rate of cooling 

of liquid or vapour; and c) 'annealing' the film after its formation. 

It has, however, only been possible to obtain partial reductions in 

the intensities of t due to the less stable L i . There are 

two possible explanations for this. Crowder and northam'^ have 

attributed a similar effect in 2-bromo-2-methyl propionyl bromide to 

a lack of crystallinity in the solid sample studied. Woodward and 
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Jonathan on the other attribute the two-iLv^^. solids of 

vau±puuc± auu CaUl^uO^r to a very email lifferonce between th@ 

rotational iso^^rs in the liquid phases ; two compounds. In 

this case the explanation was supported by a report by Mizushima et 

- 3 , 

al. tnat tne re±auive ir cies of the carbon—carbon stretching 

bonds 01 each isomer o _ " n almost constant throughout 

the temperature range, room rature "u to -150^0. Although no 

measL :8 of this type have been ̂ ade in the present study of 

CH^2C0G1 and CEBr^COCl the second explanation is considered more reasonable 

in these cases. 

The intensity changes observed on passing fraK the liquid to the 

solid state of CEBi^OOCl have enabled an ^ ^nt of each frequency 

greater than 500 cm ̂  to one or other of ational isomers. 

Solution spectra were recorded to support the as i but were 

somewhat inconclusive due to relatively &&all in _ ihanges with 

variation in solvent polarity. The changes in the relative intensities 

of the two carbonyl stretching bands froK non-polar OCl^ solution to 

polar , solution were however sufficient to show that, as expected, 

the more polar isomer of GHBr^COCl is the more stable in the solid state. 

Ihe high frequency conformational e ^ of have 

been based on intensity chahges in the infrared spectra of solids showing 

varying degrees of equilibration to the more stable isomer. The data 

from two of these spectra are given in Table 1.4. Conformational 

assignments for the skeletal vibrations of both compounds will be 



discussed below. 

The assignment of frequeaciea to particular vibrational modes 

of the isomers has relied on grou^ frequency considerations and the 

normal coordinate analysis results given in Tables 1.6 and 1.7. 

The latter indicate a coupling of pure strotching and bending modes 

in some instances, particularly for the difluoro-compound, and therefore 

these vibrational assignments are considered approximate. Complete 

assignments are given in Table 1.4, and important features are now 

discussed, 

Carbonvl Stretching Frequencies 

Bellamy and Williams^^'^^ have studied the carbonyl frequencies 

of -halogenated ketones and found them to be controlled by two 

factors. Firstly, interaction of the carbon-o(-halogen and carbon-

ozygen dipoles decreases the polarisation of the C=0 bond and con-

sequently increases the carbonyl frequency from its value in the 

unsubstituted acetyl halide. Secondly, interaction between the 

A(-halogen atom and the carbonyl halogen leads to a reduction in the 

electronegativity of the carbonyl halogen and a lowering in the carbonyl 

frequency, since this is primarily governed by the electronegativity of 

the group attached to it. Table 1.8 makes a comparison of the value 

of the carbonyl frequency of each rotational isomer with that of the 

parent acetyl halide and includes the data previously reported for 

CECI2COOI and CEClgCOBr^^ Although no quantitative significance may 

be attached to these relatively small frequency shifts the data indicate 



that in the eight isomers considered the interaction between 

^{-halogen atoms and the carbonyl halogen is dominz I U * 

The previous investigation of CnClgCOOl and aHCl200Br found 

ia each case a leas polar conformation @ = 0^ and a more polar 

conformation @ = 90° - 135^\ The of-halogen-oxygen interaction is 

greater la these more polar forms than it is in the less polar isomers, 

while the p(-halogen - carbonyl halogen interaction is similar or 

slightly less (this is confirmed by the results of the potential energy 

calculations), The above theory therefore correctly predicts that the 

more polar isomers of these compounds will have the higher carbonyl 

frequency. The data of Table 1.8 indicate that the rotational isomers 

of CEBr2vOCl have similar conformations to the corresponding isomers of 

CECI2COCI and GECl200Br. The higher carbonyl frequency of the more 

olar isomer of CEBr^COCl is therefore explained. 

The data for GEF2COGI are not consistent with those of the 

other disubstituted acetyl halides, the less polar isomer having the 

higher carbonyl frequency. Rationalisation of this fact in terms of the 

interaction effects would require that the c{-halogen - carbonyl halogen 

interaction is predominantly greater in the more polar isomer than it is 

in the less polar isomer, or that the 0^-halogen - oxygen interaction 

is predominantly less in the more polar form. Assuming a less polar 

conformation 8 = 0^ for OHP2COCI this implies a more polar conforma-

tion for which 6 is in the region of 60°. In view of the potential 

energy calculations this is unreasonable. 



OEFgCOCl Cu' - J i o n e = 0 

TABLE 1.6 

0 

COI'IPUTED POTEIiTIAL EÎ mtGY DISTRIBFTIOIT mOIfG FORCE GOBSIAtrPS* 

Frequency 

3075 

1769 

1490 

Energy 
Distribution 

75 
22 

85 
5 

50 
28 
11 
6 

Force constant 

K(C-E) 

K(G=0 
z(c-c 

F(F...E) 
2 
E(E-O-P) 
E(O-F) 

1293 

29 
1 o 

19 
1 n 

E(0-C-E 
g 

?(C...E 
E(E-C-F 

1140 
79 
14 
5 

E(C-F) 

F ( r . . . G ) 

1]?̂  
-4̂  -1.. ̂N-O { 

15 
14 
13 
10 
10 
7 
6 
5 
5 

E(C-G; 
E(O-P) 
E(C-C-Cl) 
F(F...O; 
P(O...E] 
K(C=0) 
E(0=0-Cl) 
F(P...E) 
E(C-C-El 



Table 1.6 conti. 

Frequency 
Energy 
DistributiiaC Force constant 

1100 

35 
30 
12 

E(c-p; 
K(c-c) 
F(F...E; 
E(F-G-F) 
F(F...F] 

709 

54A 

498 

415 

211 

17 
11 
10 
9 

26 
10 
10 

6 
6 

23 
20 
16 
15 
11 

71 
14 
7 

20 
18 
15 
9 
A 

7 

37 
13 
12 
11 
6 

F7...F) 
F(F...G) 
E 
E(C-F) 
E(E-C-F) 

E(0=0) 
E(C-C=0) 
E(0=C-Cl) 
F(O...C 
F(C...E 

F(01...0) 
F(F...O) 
E(C=0) 
F(F...F) 
E(F-G-F) 

F(F...O] 
E(C-C-F) 
F(F...E) 

F(F...G) 
F(C1...0) 
E(C-C=0) 
E(F-C-F) 
E(0=0-Gl) 
E(G=0) 

F(01...C) 
E(O-C-Gl) 
F(F...C) 
E(0-C=0) 
E(0=0-Cl) 

a. Computed distributions for other conformations are similar. 

b. Only force constants possessing ^ 3% total energy are shown. 



TABLE 1.7 

6 = 0° 

COKPUTBD DISTaiBUTIOH FORGE COBS 

CEBrpCOCl C 

Frequency 
Energy 
Distribution 

(^) 

Force constant 

1749 

86 
10 

88 

28 
27 
26 
7 

E(C-H) 
F(Br...E) 

E(C=0) 

F(G...H) 
F(Br...E) 
E(C-C-E) 

1115 

101 

f4J 

680 

11 
8 

5 

46 
9 
9 
7 
7 

17 
14 
12 

61 
17 
10 

F(Br...H 
E(E-0-Br 
f 
F(O...E) 

E(C-C) 
E(G-G=0) 
F(Br...n) 
E(G-Cl) 
E(0=G-Cl) 

K(C-Br) 
E(C-C=0) 
F(Br...n) 
E(O-C) 
F(0...C) 
KlG-Cl) 

E(C-Br) 
B(0-G-Br 
F(Br...E 
F(Br...G) 



Table i.7 contd. 

Energy 
Frequency Distribution Force constant 

(>") 

57̂  

334 

1 71 

138 

25 E(O-Cl) 
22 ?(ci...c) 
8 a(o=c-ci) 
6 K(O-Br) 
6 P(Br...E) 
6 E(G-C-Br) 
5 F(C...E) 

42 F(01...0) 
18 K(C-Cl) 
15 E(0=C-Cl) 
9 F(Br...C) 

64 F(Br...C) 
21 n(C-C-Br) 
14 E(O-Br) 

27 F(Br...C) 
22 E(C-Br) 
13 S(C-C-E) 
6 p(o...o) 
6 F(ai...c) 

63 F(Br...Br) 
14 n(Br-C-3r) 

25 F(Br...C) 
22 F(C1...C) 
15 E(O-G-Br) 
8 E(C-G-Ol) 



7 A: TAP0U5 PHASE 

toieciile T̂ (C=:0̂  

CS^OOGl^ 

CEFgCOOl K 

CEFgCOCl L 

GSBrnCOCl K 

CEBrgCOGl L 

CHClpOOOl 

GEOloCOCl 1/ 

GE^COBr" 

CSGlpCOBr 

1822 

1802 

1810 

1815 

1786 

1818 

1786 

1821 

1815 

1786 

- 2 0 

-12 

-7 

-36 

-4 

-36 

J. Overead., R.A. Eyquist, J.O. Svaaa aad Y.J. Potta, 
Spectrochlm.Acta 17, 1205 (l96l). 

L.G. Ball and J. Overead, Spectrochim.Acta 23, 2535 (l967). 

A.J. Woodward and Hevills Jo&atAan, J.Pbys.vnem., 74, 



""JUiL J. * 

:BS (cm 

45 135 

176' i/ud 1758 .75] 

ncipGOi 178E L785 1783 

OBOI2OOCI 1747 1750 1747 1745 

IClcOOB: 174! 747 1748 746 

IBr2G001 L750 175] 17'̂  



Table 1.9 gives the computed carbonyl freguenciea for the 

aeries GEClgGOZ and for the two molecules studied here. As mentioned 

previously, these frequencies have been computed assuming no interactions 

between the two rotating groups of the molecule so that variation 

with aaimuthal angle @ is a result of changes in the inverse kinetic 

matrix G with 6. It can be seen that the computed carbonyl frequencies 

of CECI2GOX and CEBz^COCl almost invariant with 6 but for GEFpCOOl 

this is not so. If one assumes the same stable conformations for 

CEF2COCI as have been considered for the other molecules, the carbonyl 

frequency computed for the less polar isomer is about 5-10 wave-numbers 

higher than that of the more polar isomer, in agreement with the 

experimental data. It would appear therefore that the rotational 

isomers of CEF^COCl are such that a) the ^(-halogen - carbonyl 

interactions produce similar displacements of their carbonyl frequencies 

from the acetyl chloride frequency (which could indicate slightly 

different conformations to those of corresponding isomers of other 

disubstituted acetyl halides); and b) due to a "kinetic energy effect" 

the less polar isomer has the higher carbonyl frequency. 

Carbon-Ealoeen Stretching: Vibrations 

—1 

The region 1000 - 1200 cm ' of the difluoroacetyl chloride 

spectrum is complicated. Hot only is there overlap between a (C-E) 

bending mode, a (C-C) stretching mode, and the symmetric and asymmetric 

stretching modes of the (O-F2) group, but the calculation of normal 
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vibrations shows a certain degree of mixing of these "pure" modes. 

Assignments for this region are therefore tentative. 

The assignment of the carbon-halogen stretching modes of 

given in Table 1.4 may at first sight seem surprising, the 

3^(C-Cl) vibrations of the two isomers being assigned to lower 

frequencies than the symmetric and asymmetric .^^(C-Brg) modes. 

The data of Tables 1.6 and 1,7 however show that for both 

CEBr^COCl and OHF^COOl the assignment of observed frequencies to 

carbon-chlorine stretching modes is very approzimate. The normal 

vibrations of the molecules which have been assigned in this way can 

be seen to be a combination of (C-Cl) stretch and several other less 

energetic "pure" modes. For OEBi^COCl this mixing gives the normal 

vibration a lower frequency than the vibrations which involve predomin-

antly stretching in the (C-Brp) group, 

Carbon-Hydrogen Vibrations 

It has not been possible to assign bands to the lower frequency 

(c-S) bending mode of difluoroacetyl chloride due to the overlap 

previously mentioned. The assignments of other caebon-hydrogen modes ar' 

however straightforward. 

Skeletal Vibrations 

Raman spectra were recorded for solutions of CEBrgCOGl in an 

effort to obtain conformational assignments for these frequencies. 

However the data obtained were inconclusive. Evidence for the assign-

ments have therefore been sought from the calculated frequencies and 
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comparison with the Raman spectra of the diohloroacetyl hali&es. 

A similar approach has been applied to the analysis of CEf^OOCl 

skeletal frequencies. 

It was mentioned previously that assignments based on a 

comparison of observed and calculated frequencies must be tentative 

due to the less than ideal molecular model used for the calculations. 

Eowever the present assignments have been made with considerable 

confidence because of the very good agreement between the two sets 

of data (see Table l.s). This is particularly true for CHF^COCl where 

the observed skeletal frequencies can readily be split into tw^ sets; 

one agreeing with frequencies computed for @ = 0° (assumed less polar) 

and the other with those for 6 = 135°. Although the agreement is 

not so good for the frequencies of OEBr20001 (computed frequencies for 

@ = 0° and 6 = 135^ or 180^ giving the most reasonable fit), the 

assignments are supported by the very great similarity in the Raman 

spectra of this molecule and the spectra of the dichloroacetyl halides. 

An indication of the normal modes of vibration responsible for 

these low frequencies may be obtained from the data of Tables 1.6 and 

1*7. 

Certain low frequencies were not observed, namely the torsional 

bands for each isomer and the frequencies for out-of-plane deformation 

of the (COCl) group. In the case of CEBrgCOOl, bands apparently due 

to a deformation of the (O-C-Br) bond angles, have also not been 

observed. 



yaliozty oi kLs complete coAioiwational assi^&me&ts was 

tested by application of the Mizushima Sum Rule to the observed 

oi lao^e Thiw ^ule equates t^e su& of the s^ua^eg 

of the frequencies of one rotational isomer with that of the other 

isocer, and its derivation is given in idiz 1.2. The results are 

given in Table 1.10, which shows that the agreement is &ood. 

Calculated frequencies 

The agreement between computed and observed frequencies greater 

than 1000 cm " could be improved by a suitable refinement of the force 

constants. However,since force constants have been transferred from 

the analyses of similar molecules in order to determine the stable 

conformations and to assist the frequency assignments, such refinement 

IS initially not justified. The refinement would in any case require 

prior knowledge of the conformations. Eaving obtained evidence that 

the less polar of the rotational isomers of CEF2OOOI and CEBr2C0Gl are the 

conformations 6 = 0°, a refinement of force constants to give agreement 

between the frequencies computed for 9 = 0° and the observed frequencies 

of the less polar isomer would bo justified. This refined set of force 

constants could be used to _ 'e frequencies for conformations in the 

range W = 9C" - 180^ for tenlaLive c .son ulth observed frequencies 

of the more polar isomer. Time has not allowed such an analysis. 



-a- 1.10 

FOR CEFgC 001 CHBrgCOCl 

Kolecule 
Kor 
:̂ s» 

^ polar 
9 -7 
i' % 10 

L@8S 9olar Difference 

[2 z 10-7 0$) 

1'925 1.950 1.3 

1.770 1.779 G.O 



1.5 The Rotat Isomers 

The evidence so far obtained for the nature of the stable 

c ions of CKP2GOCI and ^"001 is e d below. 

Source of Ev ; Conformations 

OEPgCOGl 

L II 1 14 . 

a. Potentia- ' Calculations 0° 90°-lGC° 0° 90^-100° 

b. nyl frequency Data 90^-135^ 

c. Computed, L Frequency 
it ^ 0" 90" 0^ 90^ or 135^ 

A further indication can be obtained by use of the so-called 

product r^le. The derivation of this rule i in . 1.3. 

It may be written: 

I T 1° (^K-l 
(1.3c! 

where G is the inverse kinetic energy natriz which is dependent only 

on the T ^ 0. It is that the 7;^^ polar . ' is 

the tion 8 — 0^ and attempts are then made to detei_. - the 

conformation of polar isoaer. Table 1.11 gives calculated 

values of f"C righ l side : L fion (l.30) for various values 

of 0M' to& with the ezpei al values ]![])%[ /llu/j calculated 

froL the observed frequencies of Table 1.5. Although only 12 of the 13 

frequencies ; . for each isomer of the di -compound, the 



VALUss OP lo (e^)| / 

( ° ) 

e^ CHFgCOCl OZBrgCOCl 

;%perimeiiGaj. 
/ T T 2 

' L 

0 1-00 1-00 

45 0.85 0.70 

90 0'72 0.44 

135 0'94 0.87 

180 1-13 1-24 
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computed frequencies of these unobserved, bands show little variation 

with azimuthal angle and their neglect will have only a small effect 

on the value of 

The best fit between ezperimental and calculated values for 

difluoroacetyl chloride is for an azimuthal angle 6% 90°. For 

dibromoacetyl chloride it is for an angle % ^ 

Bearing in mind the limitations of experiment and calculations 

it is reasonable only to suggest from the evidence presented above 

that for both difluoroacetyl chloride and dibromoacetyl chloride, the 

less polar rotational isomer is that conformation with 8 0° and 

for the more polar isomer 6 lies in the range 90 - 155°. 
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AKMOmiX 1.1 

For CHZgCOGl the conformation 6 = 0 ° (see Fig.1.1) is the only 

one possessing an element of symmetry; this being the plane of symmetry 

containing the 0-C-C-E skeleton. The conformation 6 = 0° therefore belongs 

to the Cg point group while all others belong to the 0% point group. 

The character table for the Og point group is 

+ 1 + 1 3:, y, Kyv' iXgg* zy 

A** + 1 - 1 z, 5^, Ry, ^ y z 

The behaviOTir of the normal modes with respect to the various 

symmetry operations is described, in teimis of characters of which a symmetry 

operation consists. Thus +1 and -1 characters represent symmetric and 

anti-ssnmmetric behaviour respectively of a normal mode under a symmetry 

operation. From the character table it is possible to determine the 

number of normal modes of a particular symmetry species, and their 

activity in the infrared and Eaman spectra. The total number of normal 

modes of a symmetry species is given by 

(a) = i % Ua (± 1 + 2 cos 

where 

N = Order of the group (i.e. the number of symmetry elements 

in the group) 
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= Himber of atoms that remain imchanged, under the 

symmetry operation E. 

.(a) " Character of the symmetry element in the i*^ species 

The plus sign is used if R is a proper rotation through 

whereas the minus sign is used for an improper rotation through The 

summation extends over all the symmetry elements. 

The identity operation, I, corresponds to a proper rotation 

through 0° and leaves all the seven atoms of CEZgOOOl unchanged, i.e. 

0 = 0 and (1^ = 7. The operation corresponds to an improper 

rotation through 0° and leaves five atoms unchanged i.e. # = 0 and 

LL% = 5. The total number of normal modes in species A' and A" are 

therefore 

n(A') = ^ ^(7) (1 + 2 cos 0°) (+ 1) + 5(-l + 2 cos 0°)(+ l) 

= § [(7) (3) (+1) + (5) (1) (+1^ = 13 

n(A") = ^ [(7) (5) (+1) + (5) (1) (-1^ = 8 

This however includes pure rotations and translations, i.e. 

Tib + Sot + Trans Total -

13A' + 8A" 

The number of pure translations under a symmetry operation is 

given by 

% (?) = § Z (± 1 + 2 cos ̂  ) 7^1 (a) 
a / 
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Therefore 

(?) 

and 

^ Trans 

This would give 

Therefore 

^ Vib 

= 2 [(3)(+l) + (l) (+1) 

= § [(3)(+l) + (1) (-1) 

2 

1 

= 2A' + A" 

= A' + 2A" 

= lOA' + 5A" 

That is, ten of the fundamental vibrations of OEZ2COCI are A' and the 

remaining five are A". 
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Infrared and. Eaman activity 

If the vibrational modes of a given apeoies are to be infrared, 

active the quantity 

%% ) = § % (± 1 + 2 cos (R) 

should have a value other than zero. For OHZgCOOl, ( ^ ) = 3 and 

n^^(^ ) = 1 and all fifteen fundamentals are allowed in the infrared. 

If the modes are to be Raman active the quantity 

Oi (c<) = § /EI 2 cos ̂  (+ 1 + 2 cos ) ̂ .(a) 
& 

associated with the polarisability i9( should have a value other than 

zero. The equation gives = 8 and n ^ ^ ( ) = 4 for CEZgCOCl 

hence all fifteen fundamentals are Raman active. 

Combinations and Overtones 

The overtone of both the species A' and A" and their combinations 

are allowed both in the infrared and Raman. 
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1.2 

The MizuahiTna Sum Rule (43) 

If the solutions of the secular equation 

GP - Xs = 0 

are X 2 • • • A^, 

then 

n \ n 

i=l k,C=l 

Sinoe in the analysis cis interactions are neglected, all the elements 

5 ^ corresponding to containing the azimuthal angle @ vanish and 

the rig^t-hand side is therefore independent of the degree of internal 

rotation, i.e. 

= constant 

6 

This is the m m rule which has been used to check the conformational 

assignments for the observed frequencies of the dihaloacetyl chlorides. 
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Appmoiz 1.3 

The Product Rule (43) 

The product of normal frequencies of a molecular configuration 

can be eipresaed: 

4 TT' 
JL 

i=l 
G F 

Meglecting cia interactions, the ? matrix becomes common to all 

conformations and therefore, 

v' ' 
X 

i=l 

n 

i=l 

\2 
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2.1 IHTROPnCTION 

Almost every ezperimental technique available to the chemist has 

at some stage been, applied to the study of the solid-gas interface, and 

it is generally recognised that, to date, the application of infrared 

spectroscopy has been the most valuable. The success is due to the 

superior sensitivity of the technique in this field. This is a result 

of the somewhat fortuitous circumstance that the extinction coefficient 

of a molecular vibration is considerably enhanced when the parent 

molecule is in the adsorbed state. In some instances this increase has 

been by a factor of two orders of magnitude^. The absorption spectra 

obtained (reflection spectra have been recorded only in very few 

instances) have usually been compared with the known absorptions of 

the adsorbate in the gas, liquid and solid phases. From the shape of 

the absorption bands, shifts in frequencies and their intensities, 

conclusions have been drawn about the chemical and physical properties 

of the adsorbate, type of surface bonding and surface site, orientation 

of the adsorbate and possible changes in its structure. 

Because of their catalytic importance, the vast majority of 

these studies have employed various forms of silica or either 

as the adsorbent or as a support for highly dispersed metal adsorbents. 

A large number of scientific papers and detailed review articles have 

been published on these systems. Of particular importance are the 

2 3 
recent monographs of L.H. little and M.L. Eair ' . 
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There are two basic requirements for any i.r./adsorption system. 

Firstly, the adsorbent must be, to some eitent, transparent to infrared, 

radiation. Incident energy may be reduced as a result of scattering 

and absorption by the adsorbent. Secondly, despite the advantage of 

enhanced extinction coefficients, it is still necessary to have a large 

number of adsorbent-adsorbate interfaces in the infrared beam to produce 

a measurable absorption of radiation by the adsorbed species (or the 

surface active species if these are being investigated, e.g. the surface 

hydroiyl groups of silica gel). An adsorbent of high specific surface 

is therefore required. Furthermore, the surface area must be sufficiently 

large to allow spectra to be recorded for low surface coverages of 

adsorbate. At high surface coverages, interactions between adsorbed 

species adjacent on the surface may become significant,making the 

interpretation of spectra difficult. Whenever possible, it has been 

found advisable to measure the surface coverage for which spectra are 

4 
obtained . 

Studies of the classical adsorbents (silica, alumina etc.) have 

been restricted to rather limited spectral regions due to strong 

absorption of radiation by the adsorbent. It has only been possible to 

investigate a few high frequency stretching modes of the adsorbate-

adsorbent system. Moreover, the surfaces of these adsorbents are not 

always well-defined from the chemical point of view and usually manifest 

large energetic heterogeneity which introduces serious difficulties into 

any attempt to treat the results quantitatively. 
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In 1964, Y. Eozirovaki and. K. Polman pioneered, the production of 

high-aurface-area alkali hali&e films suitable for spectroscopic studies 

of adsorption. The films are transparent down to 200 cm ^ or further 

(depending on the salt used) and the difficulties arising from surface 

heterogeneity are markedly diminished. Several studies of small molecules 

adsorbed on different alkali-halide films have since been reported, and in 

some instances, energies of adsorption and spectral shifts have been 

calculated, for comparison with experimental data. This work will be 

discussed briefly in a later section. 

The present work has used a similar i.r./adsorption system to 

study the adsorption of nitric oxide on various alkali halide surfaces. 

The interest in HO arises from its odd electron structure and the possibility 

that it might eiist in a dimerised form in the adsorbed state. 
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2.2 EXPERIMENTAL 

2.2.1 PeTelorment of the infraredyadaorptioa system 

A low temperature infrared/adaorptioa cell was developed for 

the in situ preparation, of high-surface-area alkali halide films. Figure 

2.1 shows the initial design of this apparatus which followed that 

reported by Eozirorski and Polman^. Made of stainless steel, the cell 

consisted of a Dewar and two demountable jackets. The inner compartment 

formed by jacket A and the Dewar served as an adsorption cell which could 

be evacuated via tube 0. Since this part of the apparatus was to be 

used at low temperatures, vacuum seals could not be maintained with 

O-rings: consequently a Teflon gasket was used between the flange of A 

and the Dewar. EBr windows were attached to A by the method of Eozirovskl 

and Folman. Rings of copper foil were soldered to brass rings attached 

to A, and the windows were then sealed with Araldite to the copper foil. 

The outer compartment formed by jacket B could be evacuated via 

port B and was rendered vacuum-tight by a standard rubber O-rUig. Its 

purpose was to prevent condensation of water vapour on the windows of 

the adsorption cell. Windows were attached to this jacket with Bysol 

Epoil-Patch (The Dezter Corporation, London) - an epozy adhesive—sealant. 

The high surface area films were deposited on a cooled central 

window (-196°0) by evaporating the alkali halides from a small tantalum 

furnace positioned opposite to the window during deposition. The window 

was held in a copper block soldered to the base of the Dewar. Copper 

foil was used to ensure good thermal contact between the window and the 
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block. Vertical movement of the furnace was possible vithin tube D; 

a vacuum seal being maintained, by two rubber O-rings. 

Although built to this design the apparatus was never used in 

this form. Tube 0 was considered, to be of too narrow a bore to provide 

efficient pumping of the adsorption cell. An additional flange section, 

fitted with a i.d, pumping port, was therefore introduced between the 

Dewar and the two jackets. This design is shown in figure 2*2. Iron-

constantan thermocouples, for measuring the temperature of the central 

window and the copper block, were admitted via the new port. Gas was 

still to be admitted to the adsorption cell through Tube C. The method 

of connecting the cell to the Pyrei vacuum line, shown in Figure 2.2, 

enabled the apparatus to be dismantled fairly readily. 

The cell was soon found to have two further inadequacies. 

Firstly, the method of attachment of windows to the inner jacket was 

unsatisfactory for a) it was difficult to obtain a good vacuum seal, and 

b) windows would often crack on cooling, even though the arrangement was 

intended to reduce thermal strains in them. It was therefore decided to 

omit the inner jacket, for since the dead space of the adsorption cell was 

in any case too large to permit measurement of the films' surface areas, 

its omission could not affect the amount of data which mi^t be obtained. 

Secondly, the construction of the Dewar was unsatisfactory. Its base 

had been made by welding a plate of stainless steel across the bottom 

of a stainless steel tube. On cooling with liquid nitrogen, immense 

thermal strains were produced in the weld due to the contraction of the 
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^(oduAjA-n^ ŷ;/<S-M.6M̂  

/xAT&Zc 

F/&. % ' 4- /(Le /Ou'/kf'a.fa.m. f^ ĉr/Lik.ce. 
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two pieces of metal in different directions. Many attempts were made 

to seal the resulting leaks, but eventually it was decided to have the 

lower section of the Dewar remade from a solid block of stainless steel. 

The final arrangement is shown in Figure 2.5. The pumping was switched 

to the port in jacket B while the port in the flange section was used 

to mount a Penning gauge. 

Several designs for the tantalum furnace were tested. Its 

limiting dimensions were 1 cm in diameter and 3 cm in length, and it 

had to maintain a O'lg. sample of alkali halide at a temperature just 

below the melting point for at least one hour, i.e. the mazimiim 

temperature required was about 800°0. Figure 2*4 shows the final design. 

The furnace was machined from tantalum rod (0'45 mm. diam.) airi was 

heated by means of the platinum coil. A current of 6 amps (l2 watts) 

was sufficient to deposit a 0*1 g. sample of NaCl in about one hour. 

Eozirovski and Folman found that to ensure reproducible results 

it is necessary to anneal the alkali halide films at -78°C for a period 

of about 24 hours* The final problem was therefore to maintain the 

film at this temperature overnight. A unit was first developed for 

pumping methanol around a closed system involving the cell Dewar. 

External to the cell the methanol was pumped through a metal box cooled 

by dry ice/acetone. With this arrangement the central window of the 

cell could be kept at -70°0 overnight. The system was somewhat 

inflexible, however; in particular it prevented a rapid change to 

liquid nitrogen coolant. This problem was overcome by using cold 
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nitrogen gas as the coolant. A coil of nichrome wire wound, on a suitable 

former was used, to boil liquid nitrogen in a 25 litre Dewar; the cold, 

gas being led. into the cell Dewar. The efficiency of the system was 

increased, by passing the outflowing gas from the cell around, the outside 

of the inlet tube. It was found that the central window could, be 

maintained, at -80°0 for ten hours with 25 litres of liquid nitrogen. 

By simply increasing the rate of boiling of the liquid nitrogen, any 

temperature from -80°C down to almost liquid nitrogen temperature could 

be obtained, and this proved id.eal for recording spectra at varied 

temperatures. 

The complete vacuum system was mounted on a trolley to allow 

routine use of the spectrometer while adsorption studies were not in 

progress. The stainless steel cell was supported in a position over-

hanging the end of the trolley to enable it to be positioned in the 

i.r. beam of the spectrometer. It was connected to the Pyrez vacuum 

line by a flexible metal coupling. A two-stage mercury diffusion 

pump, fitted with suitable cold traps and backed by a rotary pump was 

used for evacuating the system. The cell could be isolated, from the 

(iiffusion pump by a bore glass tap situated, on the pump 8ld.e of the 

flexible metal coupling. The diffusion pump was also used to pump a 

simple gas handling line consisting of two gas storage bulbs and a 

mercury manometer. This line could be linked via a needle valve to the 

i.r./adsorption system and/or an i.r. gas cell positioned in the 
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boam of the sp8otron8t8r« Th@ gas OGll provided oompsoaation 

for reflection loeaea from the windows of the adsorption cell and for 

the gas spectrum should a high gas pressure be used in the adsorption 

system. It was also used for calibration of the spectrometer using the 

Q branch of the #0 absorption. 

The infrared spectrometer used in this work was the Grubb-

Parsona Q32A instrument previously described in Section 1.4, Part 1 

of this thesis. For adsorption studies this spectrometer has an 

advantage over many other commercially available instruments in that 

the infrared beam is brought to a focus in the sample region. By 

positioning the adsorbent at this ezternal focus, one reduces the 

possible scattering of radiation by the adsorbent to a minimum. 

2.2.2 Materials 

The salts used were of analytical grade. Nitric ozide was 

supplied by the British Ozygen Company, and purified from trace N2O by 

fractional sublimation from liquid argon to liquid nitrogen. 

2.2.3 Procedure 

The tantalum furnace was loaded with the required halide 

and positioned opposite the central window of the cell. The cell was 

then aasembled and connected to the vacuum line. 24-48 hours of 

evacuation reduced the pressure in the cell to between lO"^ &&& 10"^ 

Eg at which stage the salt was heated to about 400^0 and held at this 

temperature for 2 hours to remove traces of water and other volatile 
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impurities. When this process was complete, liquid nitrogen was 

slowly introduced, into the Dewar so that the central window was cooled 

gradually to prevent possible cracking. The window cooled to -170°C. 

The alkali halide was evaporated by heating the furnace to a temperature 

at which deposition of the sample could be completed in about one hour. 

During this time the pressure in the cell was less than lO"^ mm.Eg and 

the temperature of the central window -160°C (previous workers report 

that the alkali halide was condensed onto a window kept at -196°c). The 

initial stages of the condensation process could be followed by viewing the 

interference fringes produced by the film in reflected light, but after 

about 15 minutes the film became colourless. 

With deposition of the film complete the furnace was raised from 

the path of the infrared beam and the cooling system was connected into the 

top of the cell. The film was warmed slowly to -80*^0 and finally annealed 

at this temperature for 12-24 hours before adsorption studies were made. 

To record infrared spectra of adsorbed species, the adsorption cell 

was recooled with liquid nitrogen, detached from the cooling system, and 

positioned in the sample beam of the spectrometer. After reconnecting the 

cooling system, the film was brought to the required adsorption temperature 

and background spectra were recorded. Radiation losses, due to reflection 

from windows and scattering by the film, reduced the incident energy by 

only 20-30^, leaving ample energy to obtain good spectra. 

The gas under investigation was admitted to the adsorption cell 

in small doses, a spectrum being recorded after each dose. Having 
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obtained sufficient data on adsorption, the adaorbate was pumped from 

the surface in small doses and spectra were measured for desorption. 

2.2.4 Ihe properties of the 

The experimental procedure outlined above follows very closely 

that of Eozirovski and Folman and it is assumed that the films produced 

in the two studies were very similar. The assumption is supported by 

the fact that spectra recorded for NgO adsorbed on NaOl were identical 

to those published previously?. It is unfortunate that the apparatus 

design is not suitable for the determination of film surface areas. A 

more direct comparison of the films would then be possible. 

Ron and Polman have studied alkali halide surfaces produced under 

similar conditions in an adsorption cell having a small dead space^. 

They report that the films have specific surface areas of 500 m.^/g., 

depending on the particular halide, the rate of condensation, and the 

total amount of salt used. When the film is heated to a temperature 

above -196°C, partial sintering occurs. Warming to -80°C results in a 

20-5Q& reduction in surface area and when kept at this temperature 

sintering continues at a much slower rate. Films kept for weeks at 

-80 0 apparently show little change in transparency and surface area^. 

The annealing process increases the stability of the film and 

markedly reduces the surface heterogeneity. This was inferred from the 

heats of adsorption of inert gases measured by Eon and folman. The 

homogenization plays an important role in determining the shape of 

spectral bands of the adsorbate, in reducing their width and in giving 

better resolution. 
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2.3 PREVIOUS DATA 

In this section a brief review will be given of previoua work 

relevant to the understanding of the present data. For convenience the 

review is divided into three sections, viz, 

a) Present knowledge of the alkali halide surfaces 

b) Spectra of NO in the gas, solid and adsorbed states 

c) Previous data on the NO/alkali halide systems. 

2.3.1 The alkali halide surfaces 

The most reliable source of information on the nature of these 

surfaces and the adsorption sites must be the work of Eozirovski and 

Folman; this being the only significant study of halide films 

prepared in this manner. Most of their published spectra for 

adsorbate molecules show multiplet absorptions shifted from the corres-

ponding gas phase frequencies. The following ezplanationa for the 

appearance of these multiplets have been considered. 

a) The molecules are adsorbed on sites of different energies. 

b) The molecules are adsorbed with more than one orientation 

with respect to the surface. 

c) The orientation of the adsorbate is such as to remove degeneracy 

of vibrational modes, assuming such degeneracy occurs in the gas 

phase. 

7 Q 

In the case of M2O adsorption on NaZ and Csl , where Z = 01, Br 

or I, the first of these ezplanationa was considered the most appropriate. 
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With a NaCl aiiaorbent the and ^ 2 modes of N2O appeared as 

doublets shifted downwards from the gas phase frequency. The lov 

frequency component of each doublet appeared first and ceased to grow 

in intensity from a certain coverage onwards. These bands were attributed 

to adsorbate on high energy sites of limited number. When these sites 

eventually become saturated, adsorption continues on sites of lower 

energy, giving rise to the second adsorption bands. On desorption, the 

less energetic sites are vacated first causing a disappearance of the 

high frequency bands of the doublets. The strong adsorption and 

its attendant shoulder showed a parallel behaviour. 

The 2 Biode of N2O is doubly degenerate in the gas phase and 

there is the possibility that the doublet absorption arises fi-om the 

removal of this degeneracy in the adsorbed state. Such an effect would 

be anticipated if the orientation of the adsorbate is other than 

perpendicular to the surface. This explanation was discounted since the 

two components of the doublet did not appear simultaneously, and on 

desorption the rates of their disappearance were different. It was 

therefore assumed that the N2O vas adsorbed perpendicular to the surface. 

With this orientation a large contribution from electrostatic interaction 

of the quadrupole-surface field type is obtained (the quadrupole moment of 

N2O being large, 4*4 i 10 e.s.u.), and the permanent dipole moment 

of IfgO (0'16D) although not large also adds some contribution to the 

electrostatic interaction. 

Considering the site for this perpendicular adsoirption, it was 

argued that if the total dipole moment of the molecule were to control 
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its orlentatioB, attaohmeiit to the surfac8 Na^ ion througii the ozygsn 

would be preferred over that of nitrogen, to Cl" since in the former the 

adsorbate is able to approach the surface more closely. If bond moment 

were the decisive factor the same orientation would be obtained. 

Adsorption in the centre of the lattice or midway between the anion anH 

cation was not considered since in both cases the field gradient 

vanishes. It was suggested that Ra* ions located at the edges act as 

the more energetic sites, as compared with those located in the faces of 

the small crystallites. The electrostatic field above such edge-located 

ions is much larger than above in-plane ions and this may compensate for 

the lower contribution from dispersion energy. Their fraction must of 

course depend on the absolute size of the crystallites, and becomes 

smaller with increasing dimensions of the adsorbent particles. E. and 

F. claim that there is some evidence that for strongly sintered films 

(larger crystallites) the intensities of the absorption bands ascribed 

to molecules located on the edges become smaller. This is said to be 

even more evident with OO2 and 008 adsorbates^. 

The spectra obtained with a NaBr adsorbent were more complicated. 

The mode gave rise to three absorptions which appeared in sequence 

with increasing amounts adsorbed,and showed decreasing downward shifts 

from the gas phase frequency. The intensity of the band at lowest 

frequency was always very low and was assigned to sites which are few 

in number but very energetic. As the third band increased in 

intensity, only one band of the 3^2 doublet increased in intensity. 



If two of these absorptions are produced by #20 molecules adsorbed on 

sodium ions at edges and in (lOO) planes (as waa suggested for NaCl), 

the third absorption must be assigned to molecules adsorbed with a 

different orientation or on new sites. Considering the possibility of a 

different orientation of the EgO molecule, E. and F. returned to the 

idea of a perpendicular adsorption above Cl". It was argued that the 

energy of this adsorption would be lower than in the previous two oases 

because the bond moment of is lower than that of 5=0 the 

contribution from the dipole-field interaction would therefore be lower. 

Resulting absorption bands would therefore show a smaller shift from 

the gas phase frequency than those due to adsorption over Na*. However 

this was not observed and the idea was discounted. Kozirovski and 

Polman then suggested that the band might be due to adsorption on 

different crystal planes. If planes other than the (lOO) are ezposed, 

the electric field above the surface planes will be different, giving 

rise to different interaction energies and spectral shifts. This seems an 

acceptable ezplanation. They do however quote work by Schulz^^as 

evidence that different surface planes are exposed in MaBr films. 

Schulz used several techniques, namely, electron and Z-ray diffraction, 

electron microscopy and optical methods to investigate alkali halide 

films formed by condensation onto a substrate at room temperature. The 

results indicated that some films showed a preferred crystal orientation 

e.g. for thick films of NaOl a strongly preferred ̂ lio/ orientation 
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was foimd, i.e. the individual crystals tended to be orientated with the 

( n o ) plane in the plane of the film, the orientation about this preferred, 

direction being random. For thick NaBr films a random orientation was 

found. Ifo information was obtained concerning the nature of the 

surface planes. 

The published, spectra for N2O adsorption on caesium halides^ 

was similar to those previously described for N20/NaCl. Three possible 

explanations were considered, firstly, although a perpendicular orienta-

tion above a cation was thought most likely, it was stated that other 

orientations of the adsorbate cannot be ruled out if the difference in 

energy of adsorption for the two orientations is not large and of the 

order of kT. Secondly, following the interpretations for g20/NaZ, 

adsorption at edge and in-plane sites of the caesium halide crystallites 

was considered plausible. Finally, for the ^20/0801 system adsorption 

in different lattice planes was considered. All the caesium salts 

crystallise under normal conditions in a body-centred cubic structure, 

but at high temperatures transitions to face-centred cubic lattices occur. 

For CsOl this transition occurs at 470°0, while for the other two salts 

it occurs near their melting points^^. When the vapours are rapidly 

condensed on substrates a miiture of small f.c.c. and b.c.c.crystals 

is obtained. On heating, the films undergo transitions to the more 

stable b.c.c. form. In the case of OsCl this transition is completed 

under 120°0, but in the case of CsBr in the region of -150°C. For 

12 
Csl the transition most probably occurs in the same region . 
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In view of the very great similarity in the spectra reported, 

for OsOl, CaBr and Oal, it seems unreasonable to assign absorption bands 

of NgO/CsCl to adsorbate on different crystal planes while using a 

different eiplanation for the NgO/CsBr and N2O/C8I data, i.e. either 

one considers that for each halide adsorption occurs at edge and in-plane 

sites of a single type of crystallite, or that two types of crystallite 

coexist for each halide at the working temperature,and adsorption occurs 

on the surface planes of each crystallite type. If two crystallites are 

present it is surprising that bands due to adsorption at edge sites were 

not observed in the same manner as for the E^O/NaZ systems (assuming the 

assignment for the sodium halide systems to be correct). 

A similarity in the surfaces of OsOl and Osl films was also 

X3 -\i 

indicated by an earlier study of 002 adsorption . The ^2 region of 

these spectra indicated two orientations of the CO2. A perpendicular 

orientation producing a singlet absorption at low coverage, and at 

higher coverages a parallel orientation of the CO2 which produced an 

overlapping doublet absorption as a result of loss of degeneracy of the 

1^2 mode. In this work, K. and P. considered two crystal structures 

to be present for both OsCl and Csl, and assumed one orientation of 

the adsorbate on each structure. The possibility of adsorption at edge 

and in-plane sites of a crystal lattice was not considered. Spectra for 

COg adsorption on NaCl, Nal and CsF (which always crystallises in a simple 

cubic lattice) indicated a single parallel orientation. Bo evidence 

was found for adsorption on sites of differing energies as in the case 
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of NgO adsorption, although the reference to COg and 008 adsorption 

made in the later paper on suggests that absorption bands due 

to higher energy sites were observed on weakly sintered films. 

In discussing the orientation of the OOg, and F. state the 

following: "Since the molecule has no permanent dipole but it possesses a 

substantial quadrupole moment the largest contribution to the energy of 

adsorption from electrostatic interaction of the quadrupole-surface field 

would be obtained for a normal to the surface or tilted by an angle of 

45° orientation. (Comment: This statement would appear to be based on 

the work of Hayakawa and is inaccurate - see below). On the other hand, 

a parallel orientation of the molecule to the surface would give the 

largest contribution to the energy of adsorption from the dispersion 

potential. It is believed that the second possibility is the preferred one 

on a MaCl substrate." 

It is surprising that K. and F. did not consider Hayakawa's 

theoretical treatment of the system. Hayakawa^^ calculated the adsorption 

potential of a carbon dioxide molecule (and argon and nitrogen) isolated 

on the (lOO) faces of various alkali halide crystals. The potential 

function was composed of a) the van der Waal's (dispersion) potential, 

b) the electrostatic potential, c) the repulsive potential, and 

d) the quadrupole potential and the correction due to the potential 

barrier hindering the turning over of the molecular azis. Four 

representative positions on the (lOO) plane were considered, namely, 

A. above the centre of a lattice cell 
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B. above the mid-point of a lattice edge 

0. above aa alkali ion 

D. above a halogen ion. 

It was found that at the position of site A or site D the orientation 

for mazimum quadrupole interaction is with the molecular azis parallel 

to the surface while at positions of type B and C the mazimum quadrupole 

energies are obtained from the orientations in which the molecular 

alia makes an angle of 45^ and 90^ with the surface respectively. 

From the complete potential functions, Eayakawa obtained values 

for the isosteric heats of adsorption at zero coverage for each of the 

four sites and compared them with his experimental results. The data 

are given in Table 2.1. It can be seen that for the three gases studied 

the interaction is greatest over Na* with NaCl, but that the interaction 

is greatest over the centre of a lattice cell for argon anfi nitrogen on 

KOI and EBr. For carbon diozide the greatest interaction always occurs 

over the alkali metal ion* Eayakawa attributed the difference in sites 

A and 0 for argon and nitrogen between NaCl and the others to the amgii 

radius and repulsive constants of Na* as compared with E*. The fact that 

carbon diozide was predicted to have a mazimum interaction always with 

site C was attributed to the large quadrupole interaction of carbon 

diozide with the lattice. 

In view of these calculations the parallel orientation of OO2 

on BaOl observed by Eozirovski and Folman is unezpected. There appears 

to be no straightforward explanation of the discrepancy. 
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Koairovski and. Folman computed, the adsorption potential for 

aeveral orientations of GO on the (lOO) surface plane of NaCl using a 

IK 

similar potential function to that of Eayakawa . The calculated, heat of 

adsorption for perpendicular CO adsorption above Ka^ was 4200 cals./mole 

giving far better agreement with the experimental value of 4500 cals,/ 

mole (determined for a powdered NaCl sample) than any other orientation 

considered. The shift in vibrational frequency from the gas phase of CO 

to the adsorbed state with this orientation was calculated by a 

perturbation method and gave good agreement with experiment. The spectra 

for CO adsorbed on NaCl, NaBr and Nal all showed a strong band in the 

region 2152-7 cm ^ with a weak shoulder on the high frequency side. The 

shoulders were ascribed to molecules adsorbed on some energetic sites. 

The final studies to be discussed are those of the EON/NaCl/ 

Nal/CsCl systems^. The heats of these adsorptions are considerably great-

er than those of the systems described so far, the adsorbate not being 

removed from the surface by prolonged pumping. The experimental heat 

for EON adsorption on NaCl at room temperature is about 10-11 kcal./mole^ 

and the bonding to the surface is probably best considered as a hydrogen 

bond. Evidence was found for both perpendicular and parallel orientations 

on NaCl. This was thought to be reasonably acceptable. The shortest 

distance between centres of the positive and negative ions in the (lOO) 

plane is 2*8ll and the distance between the centres of the E and N atoms 

in ECN is 2*222. The ECN molecule probably lies nearly parallel to the 

surface with the hydrogen atom above CI and the other end of the 
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molecule pointing towards the surface Na^. The mAYimimi possible 

contribution from dispersion interaction would be obtained from this 

orientation. On the other hand, since the permanent dipole moment of 

ECM is 2'94D, a perpendicular orientation above the Cl" ion (the spectra 

indicating considerable perturbation of the basically (C-E) stretching 

mode) would give a high contribution to the total energy from dipole-

ion and induced-dipole-ion type interactions. The possibility of adsorptior 

above edge-located Cl" ions was not considered. 

A lack of splitting of bands in the spectrum of ECN on Fal 

suggested only one orientation of the molecule on this surface. In the 

case of CsCl however, splitting was observed in the and regions 

and was attributed to adaorbate on two crystallite structures. Although 

no structure was observed in the lOg region, Eozirovski and Folman were 

not certain that the parallel orientation was absent. However, it was 

thought that the larger distance between oppositely charged ions (3.561) 

compared with the NaCl case may not create favourable conditions for such 

an orientation. 

It will be seen from the above that the available data on these 

alkali halide surfaces is somewhat confusing. The present data for EO 

must therefore be ezamined not only to determine the nature of the 

adsorbed NO but also to explore further the characteristics of these 

surfaces. 
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2.3.2 Hitrio Ozide 

The infrared. Tibratioa-rotatioa spectrum of gaseous nitric ozide 

is well-known, consisting of P, Q and 5 branches with the band centre at 

1876 cm ^ 16,17^ %]i the condensed phases NO is almost completely 

dimerised. In an attempt to deduce the structure of this dimer. Smith, 

17 

Eeeler and Johnston recorded infrared and Emman, spectra of the liquid 

and solid and of solutions of NO in liquid krypton and liquid nitrogen. 

Further condensed phase spectra were recorded by Fateley, Bent and 

Crawford using a matrix isolation technique. Relevant data from 

these two studies are given in Table 2.2. 

TABLE 2.2 

Infrared spectral data for condensed NO(cm 

taken from ref.17 and 18 

Molecule 
In NO 

ref.l8 

In CO2 

ref.17 

In argon 

NO (monomer) 

ci8-(N0^2 asym, 

sym. 

trans-(N0^)a^ym. 

1768 

1862 

1883 

1768 

1862 

1740 

1875 1872 (in krypton) 

1776 1770 (liquid NO) 

1866 1865 (liquid NO) 

The band at 1768 cm" was assigned to an asymmetric stretch in a 

non-centrosymmetric dimer on the basis of polarisation and Raman data. 

Similarly the band at 1862 cm"^ was assigned to a symmetric stretch. In 

the relatively rigid CO2 matrix the small and presumably unstable nitric 

ozide monomer was isolated and found to have a vibrational frequency of 
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1883 cm The band observed at 1740 cm ^ in the COg matriz study was 

assigned to the asymmetric stretch of the trans-dimer; this form being 

clearly leas stable than the cis-dimer. 

An extensive Z-ray crystallographic study of N2O2 has been made by 

Lipscomb and co-workers^^*^^. They conclude that their data clearly 

favours an equilateral trapezoidal structure in which the N...N distance 

is about 2'18& and 0...0 is 2*62&. This unusually long distance between 

the NO groups is consistent with the low value of 3710 cals./mole for the 

21 
heat of dissociation of the dimer « 

22 

In 196I Coulson gave the following molecular orbital description 

of bonding in nitric ozide; (i) two inner Is-orbitals exist, one on 

each atom and which take no part in molecular bonding, (il) the valence 
2 2 2 

electrons enter the following molecular orbitals, 28^ , 28g , 6*2%^ , 
2 2 * 

(T2py ' TT 2pg and TI Two electrons in both (r2pg and T^Zpy 

provide a (T- and a II-bond, while the remaining three electrons 

constitute a three electron IT-bond. Removal of the IT 2p2 antibonding 

electron results in increased bond strength and vibrational frequency. 

The nitrosonium ion (NO^) absorbs at 2300-2200 cm ^ in ionic salts^^. 

Addition of a further electron to the IT 2pg orbital reduces bond 

strength and the vibrational frequency. The nitrosyl ion (NO ) absorbs 

at 1100-1000 cm"^ ^4^ 

Spectroscopic studies of nitric ozide in the adsorbed state have 

been confined to adsorption on metals, metal ozides and salts. The spectra 
25 

were reported by Terenin and Roev in 1959 . Several bands were 
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observed in each case, their asaignments varying from an ionic apeoiea 

- (the vertical line representing the catalyst ai^rface) for the 

highest frequencies (2000—2100 cm to species with essentially nitrogen— 

oxygen double-bond character. =lf=0, I -N=0 for the lower frequencies 

(1800-1850 cm ^ and 1750-1740 cm ^ respectively). Of particular note 

are two weak bands at 1865 and 1770 cm"^ which were observed for NO 

adsorbed on a ferric oiide gel and assigned to capillary condensed HO 

dimer. 

2.3.3 Studies of EO/Alkali Heilide Systems 

Three previous studies of this type are known. 

26 

In 1956, Tompkins reported an adsorption isotherm for NO on a NaCl 

powder at -183^0. The shape of this isotherm indicated appreciable 

attractive forces between the adsorbed molecules, and these were attributed 

to induced dipoles of opposite sign adjacent on the surface. 

More recently (l966) Granville and Eall^^ determined isotherms 

for NO adsorption on EOl films evaporated onto a substrate kept at 0°C. 
28 

Since the available data suggested that the quadznipole moments of NO 

and N2 were similar, these workers thou^t it interesting to determine 

whether a large quadrupole interaction with the surface was present in 

NO/kCl, as had been observed by Eayakawa for N2/Na01 and N2/KOI. The 

isotherms were determined at -197 , -185 and -160°0 and all were 

concave to the pressure azis, and thus similar to those reported for 

argon, nitrogen and ozygen on cubic NaOl, and cubic ECl. This contrasted 
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the convei shape reported by Tompkins for BO/NaOl. The low coverage heat 

was of the order of 4 kcal./mole, i.e. about 1 koal./mole higher than 

the experimental zero-coverage heat for nitrogen on cubic EOl and about 

2 kcal./mole higher than that for argon. A comparison between the 

experimental value for nitric oiide and the calculated heat of l.g kcal./ 

29 

mole for argon was made on an approximate basis using intermolecular 

energy parameters for these adsorbates. With the simplified function 

0 = Ar 9 - Br ^ (2.l) 

for the interaction energy between like atoms or molecules and using the 

equilibrium separation energies of 2*71 i lO"^^ and 1'46 i lO"^^ g^gg 

30 

for HD and argon respectively , it is apparent that the heat for nitric 

ozide, excluding guadrupole interaction should be about 1.8 times that for 

argon. This factor is largely due to the relatively small size of NO, 

since the polarisabilities and repulsion constants are about the same. 

The difference of about 0.8 koal./mole between the heat of 3«4 kcal./mole 

estimated on this basis and the experimental value was attributed mainly 

to surface heterogeneity arising from both surface imperfections and the 

presence of different crystal faces. Detailed investigations with argon 

on octahedral EOl and with various non-polar gases on cubic KCl indicate 

that the heterogeneity effect is generally of this order. It was 

concluded that the quadrupole interaction term for nitric oxide on KCl 

is not significant compared with the marked effect shown by nitrogen. No 

explanation was given, it being suggested that this would require more 

definite proof of the guadrupole moment of NO and perhaps more detailed 
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calculations on the lines of Eayakawa. No evidence vas found either 

for dimeriaation or for the strong lateral interactions reported with 

NaCl. In view of Sayakawa's calculations for argon and nitrogen, it was 

thought that the difference between KCl and NaCl was probably due to the 

most favourable adsorption sites being respectively above the centre of 

a lattice square and above a sodium ion. 

More extensive work by Granville and Sail investigated the 

adsorption of nitric oiide and krypton on evaporated films of LiOl, 

31 

NaCl, ECl and CsCl . A fact of particular importance from this work 

was that no significant convex curvature to the pressure aiis was found 

for NaCl, or in fact any of these chlorides. Heats of adsorption were 

again calculated by means of the potential function of equation l2.l) and 

compared with the experimental data. For both krypton and nitric oxide 

the experimental heats were close to those calculated for the (lOO) face 

of ECl, while the results for CsCl indicated that the films had crystallised 

more in the (llO) form than the (lOO) form, (CsCl has been found to 

crystallise from solution as rhombic dodecahedra exposing the (llO) face 

of the b.c.c. structure rather than the (lOO) face 

The calculated heats for both gases on NaCl (lOO) were about 

I'O kcal./mole lower than the experimental values. However, the fact 

that the ratio of the experimental heats, As(NO)/AE(Er), for NaCl 

was in good agreement with the ratio of the equilibrium separation 

energies of NO and krypton, suggested that the discrepancy was not due 

to the 9:6 potential method being invalid, but was probably due to the 
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oryatallisatioa of the MaOl adsorbent ia some form other thaa purely 

(lOO). finally it was concluded that the guadrupole moment of nitric 

ozide ia not of auffioient magnitude to have any effect on the heats 

of adsorption of nitric oiide on RaCl, KCl and OsCl but it does seem 

to have an appreciable effect where the much smaller cation of LiCl 

is concerned. 

This interpretation of Granville and Sail has been based on the 

parameters given by Moelwyn-Eughes for the potential function of 

equation (2.l). Relevant data from this text are given in Table 2.3 

It has not been possible to trace the method of calculation of the 

parameters A and B for BO, but it will be appreciated that if they 

originate from data for the condensed phases the potential function will 

represent an average of interactions between the EO molecules in a dimer 

and interactions between NO molecules in adjacent dimers. This seems 

quite probable since the parameters A and B for NO are somewhat different 

to those for Og and and the resultant equilibrium separation r^ 

for NO (3'58&) is significantly shorter than the separation for Og 

(4'01&) and ^2(4*212). The heats of adsorption which Granville and 

Sail have calculated for NO, will therefore have an implicit contribu-

tion from dimerisation which might well conceal the effects of 

quadrupole interaction. 
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TABLE 2.3 

Parameters for the function # = - Br'^ftaken from ref.̂ o) 

A z 10 B I rg I 10^ z 10^* 
Kolecule 

(ergs) 

A 6.02 151 3.91 

O2 7.70 179 4.01 

1.41 

1.44 

*2 9-90 199 4 . 2 1 1 .19 

CO 10.6 217 4.18 1.36 

HO 5-23 171 3.58 2.71 
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2.4 EESniTS 

Films of NaOl, NaBr, Nal, KCl, CsOl have been studied. The 

background spectra of these films showed no absorption bands in the 

region 2*5 - 25^ Immediately after their deposition. However, after 

annealing at -80°C, a band was always observed in the region 2*9 - 3*0^^ 

its intensity being dependent on the length of the annealing period. The 

band arises from traces of water which desorb slowly from the walls of 

the cell and become adsorbed on the film, There was no way of overcoming 

this difficulty since the cell could not be evacuated at higher tempera-

tures. Kosirovski and Folman have reported, the same effect with their 

apparatus^ and from the low Intensity of the band they considered the 

amount of water vapour adsorbed to be very small, only a small fraction 

of the surface being affected. Nevertheless, it has been the tendency 

in this work to anneal the films for somewhat shorter periods than E. 

and F., in order to keep the water coverage as low as possible. Most of 

the spectra reported here were obtained from films annealed for 10-15 hours 

as opposed to 24 hours. With this reduction in the annealing period it 

has of course been mecessary to ensure that there is no resultant effect 

on the surface adsorption sites. K. and P. reported that the rate of 

annealing is very slow at -80°0. This has been verified by recording 

spectra for NO adsorbed on films annealed for different periods. For 

eiample there was no noticeable difference between the spectrum of NO 

adsorbed on a ECl film which had been annealed for 3 hours and that for 

a film annealed for 10 hours or between films of NaBr annealed for 10 and 

16 hours. A dependence on the annealing time has only been observed for 
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a Bal surface. This will be discussed below. 

Figure 2.5 shows the water band recorded for a NaOl film annealed 

for 15 hours. Its frequency of MOO cm is greatly shifted from the 

gas phase frequency (3756 and 3652 cm indicating a strong perturbation 

by the surface field. This strength of adsorption was also indicated by 

the fact that the water was not removed by prolonged pumping of the system 

at the working temperature. A band of similar intensity was observed for 

all films excepting those of OaCl for which a strong absorption was always 

recorded. 

The spectra of adsorbed NO are displayed in Figures 2.6 to 2.11. 

Bach figure gives data for a particular surface and is divided into two 

parts - part a showing a series of spectra recorded at different surface 

coverages on the adsorption cycle, part b showing similar data for the 

desorption cycle. Two sets of spectra are included for the Hal surface. 

The first set (Fig.2.8) was obtained with a Ral film annealed for 10 hours, 

the second (Fig.2.9) for a film annealed for 18 hours. All spectra were 

recorded for a central window temperature in the range -145 to 150°0 

b.p. of NO -151'8°C). The observed frequencies and their variation with 

surface coverage are summarised in Table 2.4. 

2.4.1 HP/KaOl 

Four bands were observed in the absorption spectrum of NO adsorbed 

on a NaCl surface, and from their intensity variation with surface coverage 

these are readily divided into two pairs with low-coverage frequencies 

of 1893, 1809 cm ^ and 1860, 1751 cm"^. As more gas was admitted to the 



TABLE 2.4 

Frequencies obserred for the NO/alkali halide systems (cm 

Surface coverage ^^high coverage 

RaCl 1893 » 1889 

1860 > 1863 

IQOg —_> 1809 

1751 > 1761 

FaBr 1893 1889 

1857 ———-I?' 1863 

1807 ^ 1807 

1746 1761 

Nal 1889 - 1886 1876 \ 

1861 -- ^ 1861 1852 set A* 

1815 -- 1817 1785 ( 

1757 — 1757 I737J 

EOl 1889 ^ 1883 

1860 > 1862 

1790 > 1795 

1757 ^ 1757 

OsOl v^vl877 » rvl868 

-—'1858 — —^ <^1858 

-"1778 -—---—> r^i772 

^^1753 f ^vl743 

see text. 
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surface, all four bands increased, in intensity, the rate of increase 

being greatest for the second pair. Then, from a certain coverage 

onwards, the first pair of bands ceased to grow, all the intensity increase 

occurring in the low frequency pair. The band of lowest frequency showed 

the greatest variation in frequency with surface coverage, shifting from 

1751 cm ^ to 1761 cm ^ at the highest coverage studied. Its partner 

showed a slight frequency increase to 1863 while the 1893 band 

""1 1 
decreased to 1889 cm . Mb significant shift was noted for the 1809 cm" 

band. On desorption the bands always disappeared in the reverse order of 

their appearance. 

2.4.2 NO/EaBr 

The bands recorded for a MaBr film showed a parallel behaviour 

to that described for NaCl. The low-coverage frequencies being 1893, 

1807 cm'l and 1857, 1746 

2.4.3 NOAal 

The data for the Mai surfaces were more complicated. With the film 

annealed for 18 hours, four bands were observed at 1886, 1815 cm"^ and 

1861, 1757 cm whose behaviour with coverage was again similar to that 

of the NO/NaCl bands. But, additional shoulders were observed on the low 

frequency side of the 1861 and 1757 cm"^ bands. The frequencies of these 

shoulders were approximately 1853 and 1735 cm"^ and they appeared to stop 

growing from a certain coverage onwards. More pronounced bands of similar 

frequencies to these shoulder absorptions were observed on the film annealed 

for 10 hours, and these also ceased to grow from a certain coverage onwards. 
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This latter film shaved, additional features of a weak shoulder on the 

low frequency side of the 1886 cm ^ band (frequency ^ 1876 cm"^) 

which seemed to appear and cease to grow at the same time as a weak 

absorption at 1785 cm . 

2.4.4 NO/EOl 

The spectra for this system differed, slightly from the NO/NaOl 

data in that only one pair of bands was observed at low coverage (l860, 

1757 cm ; the hi^er frequency pair only becoming apparent from a 

certain coverage onwards (I889, 1790 cm . The variation in the 

relative intensities of the four bands resembled that of ITO/NaCl, but 

the band of lowest frequency showed no frequency shift with increasing 

coverage. 

2.4.5 NO/OsOl 

The overlapping of bands in the spectra of this system has made 

it difficult to study variations in intensity with coverage. There 

appeared to be at least four absorptions at 1873, 1861, 1776, 

and 1749 cm and there was a weak indication of a fifth absorption 

.^ 1765 cm"^. 
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2.5 DISOnSSIOM 

It has teen, mentioned previously that the l.r./adsorption system 

is inadequate in two important respects. Firstly, it was not possible to 

degas the metal of the system at high temperature and thereby considerably 

reduce the problem of water adsorption on the films. Secondly, no 

suitable method was available for determining the surface area of the 

films; the eztent of the water coverage; or the eztent of the nitric 

ozide coverage. The following interpretation of the spectral data is 

therefore made bearing in mind the possibility that the spectra might 

arise, in part, from a) NO adsorbed on sites adjacent to adsorbed water; 

b) NO adsorbed on pre-adsorbed water; and at higher coverages; c) NO 

adsorbed above a monolayer. 

2.5.1 Adsorption on Sodium Salts 

The following conclusions seem acceptable from the data for the 

NaCl surfaces. 

For the 1895 and 1809 cm absorptions: 

a) The sites producing the absorptions are limited in number. 

This is inferred from the fact that the absorptions ceased to grow in 

intensity from a certain coverage onwards. 

b) Each band arises from a nitric ozide monomer adsorbed on a 

particular type of site. 

The two frequencies bear no resemblance to those previously 

reported for dimeric (N0)2 while the 1893 cm"^ frequency is similar to 



that observed, for the nitric oxide monomer isolated, in a OO2 matriz. 

c) Some relationship between the two sites is suggested by the similar 

intensity variationa of the two bands with surface coverage. 

d) There is little energetic heterogeneity amongst sites of the same 

type. This is indicated by the fact that the absorption bands are 

sharp and show little variation in frequency with surface coverage. 

for the 1860 and 1751 cm absorptions: 

a) The bands arise from the symmetric and asymmetric stretching modes 

of a cis-dimeric species at the surface. This is inferred from the 

fact that the intensities of the bands increase at a similar rate with 

increasing coverage, and their frequencies resemble closely those reported 

for the condensed phases. 

b) A certain degree of energetic heterogeneity of the surface sites 

involved would seem to be indicated by the shift in frequency of the 

bands with coverage, although there is the possibility that at the later 

stages in the adsorption cycle the banda might arise from cis-dimeric 

NO adsorbed above a monolayer. It is thought unlikely that all the 

intensity in the dimer bands may be assigned in this manner. 

The above two sets of evidence point to an assignment of bands 

to adsorption on sites located at the edges and in the surface planes of 

the edges and in the surface planes of the crystallites, as was previously 

suggested for the NgO/NaX systems. Schulz^^ observed crystallites of 

50% on an edge in films condensed onto a substrate at room 

temperature. The ratio of in-plane to edge sites for a crystallite 
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of this size is about 8:1, which would account for the relative 

intensities of the absorption bands at the higher coverages studied.. 

If the 1893 and 1809 cm absorptions do arise from NO adsorbed at 

crystallite edges, the NO must in one case be associated with the cation 

and in the other case with the anion. Adsorption in this manner would 

explain the limited number of sites; their lack of energetic heterogeneity; 

and also the similar intensity variation of the absorption bands with 

coverage. 

The 1893 cm ^ absorption was the only band to show an upward 

shift from the gas phase frequency of 1876 cm « At low coverage the 

shift was 17 cm . Such a shift must be the result of a partial 

reduction in electron density in the 3-electron If bond. This can only 

be the result of the NO molecule being closely associated with a Na* ion. 

Since the frequency is very high and shows only a very slight shift with 

a change in anion for CI to I , a perpendicular orientation above the 

sodium ion seems probable. With such an orientation a maximum contribu-

tion to the electrostatic potential is obtained from interaction of the 

NO quadrupole with the surface field (see section 2.5.l) and also from 

interaction of the dipole with the surface field, although the dipole 

moment of NO is small (0*161^^). 

The absorption band at 1809 cm ^ is shifted downwards by 67 cm ^ 

from the gas phase frequency. The shift is indicative of an increase in 

electron density in the TT -system of NO on adsorption and suggests that 

in this case the molecule is associated with the anion. A slight increase 
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in frequency was observed for a change in anion from Cl" to I" while 

a somewhat greater ahift was noted for the change 5aCl to EOl, 

This indicates the probability of a non-perpendicnlar edge adsorption 

with the nitrogen atom almost above the anion and the ozygen directed 

towards the cation. 

The fact that a dimer is not formed at the edge sites suggests 

that on the surface plane the dimer is probably formed by the adsorption 

of NO molecules on adjacent sites of the same type. This necessitates 

the two components of the dimer being aligned in a parallel manner, as 

observed in the solid state. With this information and a knowledge of 

the dimensions of the solid-state dimer, the possible adsorption sites 

can be considered. 

a) A parallel orientation above anion or cation. Adjacent adsorption 

in this manner would not be favourable to dimerisation since the separation 

of similar ions in FaOl is and the solid-state dimer has dimensions 

2 "18% 
N — N 

I'loi 

2.62i 

b) Adsorption above the mid-point of a lattice edge. Dimerisation 

would not be expected to occur from adjacent adsorption on these sites 

since the site separation is 2.8li and the adjacent adsorbate molecules 

would not be parallel. 
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o) Perpendicular adsorption above adjacent cationa. Although the 

separation of these sites is 3*971, a slight deviation from perpendicular-

ity would allow formation of a dimer with similar dimensions to the solid 

state dimer 

N 

If quadrupole interaction with the surface is large, this is the 

most favourable site for adsorption even in the absence of dimeri sat ion. 

The reduction in electron density in the II system of MO resulting from 

adsorption above the cation might well prevent dimerisation however, or 

should at least cause the vibrational frequencies to be significantly 

different from those of the solid state dimer. This was not observed. 

Furthermore, although the cation-cation separation is perhaps theoretically 

suitable in the case of BaCl, the separation in NaBr (4'33i) and Nal 

(4'47&) would be expected to be too great to allow dimerisation by this 

means, Dimer has been observed on these surfaces. 

d) A perpendicular adsorption above the centre of the lattice square. 

Since the field gradient perpendicular to this site is zero, there can be nc 
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quadnipole interaction with the surface. In the absence of dimeriaation, 

therefore, only dispersion interactions can contribute to the energy of 

adsorption. However, if dimerisation can accompany the adsorption, the 

sites may be stabilised to the extent that they become the most favourable 

in the surface plane. The separation of such sites for all the surfaces 

studied, would appear suitable for dimerisation and the vibrational 

frequencies should be similar to those of the solii state dlmer. The 

site is probably not in fact exactly above the lattice square centre 

but displaced towards the Ra* ion. Some interaction between adjacent 

dimers might therefore be anticipated at higher coverages, and this 

could account for the quite large shift in the frequency of the 

asymmetric stretching mode with coverage,although the shift could 

equally well be the result of energetic heterogeneity of the surface 

sites. 

It is difficult to draw definite conclusions about the relative 

energies of the adsorption sites. In view of the relative numbers of 

edge and in-plane sites the fact that all four absorptions appear at the 

same time suggests that the edge sites are the most energetic. However 

this argument assumes that the extinction coefficients of the various 

absorptions are not significantly different. A higher energy for the 

edge sites is also suggested by the fact that these sites are quickly 

saturated and that the dimer is removed most rapidly in the early stages 

of desorption. A knowledge of the surface coverage is necessary to 

confirm this argument« 
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Finally, it must be noted that there is no evidence to suggest 

that more than one crystal plane is ezposed at the film surface. 

The data for NaBr are almost identical to those described above 

and the absorptions are assigned in a similar manner, i.e. the bands with 

low coverage frequencies of 1893 and 1807 cm"^ are attributed to anion 

and cation sites located at crystallite edges and the 1857, 1746 cm"^ 

bands to dimeric adsorption approximately above the centres of adjacent 

lattice squares. Although E. and P.'s data for NgO/MaBr indicated that 

more than one crystal plane might be exposed at the surface of NaBr films, 

no evidence for this has been found in the present study. 

Having interpreted the data for MaCl and NaBr, it is now possible 

to attempt an assignment of the more complicated MO/Nal data. 

The dependence of the MO/Nal spectra on the annealing time is 

believed to be due to the size of the anion. Measurements of the 

dielectric properties of alkali halide films^^ have shown pronounced 

aging effects which were attributed to high defect concentrations. The 

annealing rate was found to be dependent on the anion mobility, which 

is highest for a small anion and/or large cation and vice versa. 

Eight absorptions were distinguished in the spectra of MO 

adsorbed on the Mai film annealed for 10 hours. These could be divided 

into two sets of four bands, each set behaving in an analogous way to the 

four bands described for NO/NaCl and NO/NaBr. The sets are labelled A 

and B in Figure 2.8. At the lowest coverage studied only the bands 
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of set A and. the high frequency band, of set B were observed. As the 

coverage was increased, the A bands quickly ceased, to grow in intensity 

while the B bands increased, continuously. From the relative intensities 

of the bands they may be further split into pairs in the manner used for 

NaOl and IfaBr. The approximate frequencies of the bands are: 

for set A, 1876, 1785 cm'^ and 1852, 1737 cm"^; for set B, 1888, 1814 cm"^ 

and 1852, 1761 cm . The absorption at /-v/ 1852 cm ^ was clearly due to 

two overlapping bands at the higher coverages. The spectra recorded for 

the Ral film annealed for 18 hours resembled, the NaCl data. Two pairs 

of bands were observed at 1886, 1815 cm"^ and 1861, 1757 cm"^ corresponding 

to set B of the 10 hour film. The strong bands of set A were observed as 

weak shoulders at approximately 1852 and 1737 om"^ on the low frequency 

sides of the strong bands of set B. 

In view of these observations, it is concluded that two ciystal 

forms were present in the Nal films. Firstly, a somewhat unstable h i ^ 

energy form whose concentration decreased with the time of annealing. 

Adsorption on crystallites of this form occurred at edge sites giving 

rise to absorptions at ^ 1 8 7 6 and 1785 cm"^, and surface sites giving 

absorptions at /^1852 and 1737 cm"^ (set A). Secondly, a more stable 

form (presumably (lOO)) possessing similar sites to the EaCl crystallites, 

i.e. cation and anion edge sites giving 1888 and 1814 cm"^ absorptions and 

sites at the centre of lattice squares on which dimeric adsorption occurs 

producing bands at 1852 and 1761 cm . The differences in the observed 

frequencies for tne two forms are attriouted to the different arrangement 
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of ions in the surface and. underlying planes. This different arrange-

ment could mean that the adsorption sites are somewhat different for the 

""1 

high energy form. The similarity between the 1737 cm frequency and. the 

frequency observed, for the asymmetric stretching mode of the trans-dimer 

isolated in a COg matrix might suggest a similar assignment for the surface 

species. A cis-dimer is considered more likely. 

This analysis of MO/Nal gives support to E. and F.'s study of 

F2O adsorption on Ral in which bands were assigned to adsorption on a 

second, surface plane. In that and the present study the concentration 

of this second crystal form in strongly sintered, films was not sufficient 

to allow observation of banda due to adsorption at the edges of these 

crystallites. 

2.5*2 Adsorption on Potassium Chloride 

The four bands observed for NO/kCl are assigned in the same 

manner as for NO/NaOl. The bands due to the dimer (I86O, 1757 cm 

are observed from the lowest coverage, but the edge adsorptions (1889, 

1790 cm"^) only become apparent from a certain coverage onwards. There 

appear to be two acceptable reasons for this behaviour. Firstly, the 

extent of the annealing may be somewhat greater in KOI due to the some-

what larger cation. This being so, the crystallites would be larger than 

those in the sodium halide films and as a result the ratio of edge sites 

to in-plane sites would be smaller. Providing that the two types of 

site are not too dissimilar in energy, this would explain the order of 

appearance and also the relative intensities of the two pairs of hands. 
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More extensive azmealing might also be expected, to result in leas 

energetic heterogeneity amongst the in-plane sites. This could account 

for the lack of frequency shift in the dimer bands vith increasing 

coverage, 

The second possible explanation is that the heat of adsorption 

of NO on sites in the surface plane of KCl is somewhat greater than that 

for adsorption at edge sites, and. the in-plane sites are therefore 

occupied preferentially. The calculations of Eayakawa for the Ng/NaCl 

and N2/KCI systems have shown that on the (lOO) surface planes the most 

favourable mode of adsorption changes from a perpendicular adsorption 

above the cation for NaCl to a parallel adsorption above the centre of 

the lattice square for KOI. This is partly due to a decrease in the 

energy of interaction with the cation from Na* to E* and partly to an 

increase in quadrupole interaction for the parallel orientation on going 

from NaCl to KCl, In the case of a near perpendicular orientation of NO 

above the centre of a lattice square only the former effect is applicable, 

but this would act to stabilise the dimeric in-plane adsorption with 

respect to perpendicular adsorption on edge located cation. The correct 

explanation is probably a combination of these two effects. 

2,5.5 Adsorption on Caesium Chloride 

Two regions of absorption were found in the spectra for 

NO/CsCl; one from 1850 to 1880 cm" and the other from 1740 to 1780 cm 

At the higher coverages studied the high frequency region appeared to 

be composed of two overlapping bands having approximate frequencies of 
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1868 and. 1858 cm while the second, region comprised two overlapping 

bands at 1774 and. 1746 cm In view of the above assignments 

for the other alkali halide surfaces one might consider an assignment 

of the 1868, 1774 cm ^ absorptions to NO adsorbed at the edges of 

the CsOl crystallites and the 1858, 1746 bands to adsorption 

on the crystallite surface planes. Such an assignment is considered 

unsatisfactory for the following reasons* Firstly, the intensities of 

the two pairs of bands appear to be somewhat similar. This would not be 

expected for adsorption at edge and in-plane sites. Secondly, all four 

frequencies are shifted down from the NO gas phase frequency, whereas if 

the hi^er frequency pair were due to edge adsorptions one of the bands 

would be expected to show an upward shift as a result of association with 

the cation. Thirdly, both pairs of frequencies resemble to some extent 

those reported for the cis-dimer in the solid state. 

Previous i.r. studies of adsorption on these films have 

considered the possibility that spectra arise from adsorption on two 

different crystal faces. The available data (see Section 2.3.l) indicate 

that films of CsCl produced in this manner are almost certainly a mixture 

of b.c.c. crystallites exposing the (llO) face and f.c.c. crystallites 

exposing the (lOO) face. It seems reasonable therefore to assign one of 

these pairs of bands to adsorption as a dimer on one crystallite surface, 

and the other pair to a similar dimeric adsorption on the surface of 

crystallites of the second type; the difference in frequencies being 

attributed to the different arrangement of ions in the surface and 



underlying planes. However, since the absorption due to adsorbed water 

was of high intensity for all the CsCl films studied, this assignment 

must be tentative, since there is the very real possibility that one of 

the dimers at least may be closely associated with adsorbed water. The 

similarity of the /-^1858, 1746 cm"^ frequencies with those observed 

for the sodium halides and potassium chloride suggests that they are 

probably associated with the f.c.c. structure. 

If the above assignment is correct, one might expect to observe 

edge adsorptions on the two crystallite structures. At the lowest 

coverage studied there is some slight evidence for a third absorption at 

about 1767 cm in the lower frequency region and the initial absorption 

at 1877 cm ^ in the high frequency region might be due to an edge 

adsorption. It seems likely, however, that either the crystallites are 

too large to allow detection of NO adsorbed on these sites, or the 

water coverage at the edge sites reduces the number of #0/edge adsorptions 

below the detectable level. The fact that bands due to edge sites have 

not been observed in previous l.r. studies of adsorption on OsCl (assuming 

the assignment to coexisting crystallites to be the correct one), supports 

the idea of relatively large crystallites in these films. This is 

considered to be due to the influence of the large cation producing more 

extensive annealing compared to the Nal and KOI films. 
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2.6 CORCLnsIOMS 

The present infrared apectroscopic study of nitric oxide 

adsorption on high surface area alkali halide films (prepared by con-

densation on a surface at -196°0 and sintering at -80°C) has found 

evidence that a dimeric species is formed at these surfaces. This 

contradicts a previous interpretation of isotherms measured for MO 

adsorption on similar films deposited on a substrate at 0°0^^. The 

dimer has the cis-configuration and is believed to be formed by the 

adsorption of MO molecules at the centres of adjacent lattice squares. 

Further bands in the spectra of NO adsorbed on NaCl, NaBr, Mai 

and KCl have been attributed to two types of monomeric adsorption at 

the edges of the small crystallites present in the films. One is 

thought to be a perpendicular adsorption through ozygen above an edge-

located cation; the other, an orientation with the nitrogen atom almost 

above an edge-located anion and the oxygen atom directed towards the 

cation. 

The spectra provide support for the surface structures suggested 

by previous spectroscopic investigations. Two types of crystallite were 

thought toeaist in GsOl films, one a b.c.c. structure exposing ( l i o ) 

faces and the other a f.c.c. structure exposing (lOO) faces. The spectra 

of adsorbed MO indicate two dimeric species and one is assigned to each 

surface plane. Evidence has again been found for a single crystallite 

type in MaOl films and two crystallite types in Mai films (one being 
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somewhat unstable at -80°C) but contrary to the previous study of 

N20/NaBr only one crystallite was apparent in NaBr films. 

Finally, there are indications that the extent of annealing in 

the films (and. hence the crystallite size) is dependent on the size of 

the anion and cation; being greatest for a large cation and/or a small 

anion, and. vice versa. This is suggested by the intensities of bands 

attributed to edge adsorptions. 
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