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SCOPE AND CONTENTS: 

The near ultraviolet absorption spectra of cyclohexa­

none, cyclohexanone a.,a.,a. ' ,a ' d 4 and cyclohexanone d10 have been 

recorded and analysed under low and high resolution. The 

vibrational and rotational structure accompanying the electronic 

singlet-singlet n~n* transition have been analysed. Some com­

plementary information has been obtained from the infrared 

vapour spectrum of cyclohexanones. The geometries of the 

ground and first excited state have been determined. In the 

excited state configuration, the oxygen atom is bent out of 

the plane of the three adjacent carbon atoms by about 30°, 
0 

and the carbon oxygen bond increases by 0.08 A between the 

ground state and the excited state. Some ring modes are 

strongly active in the electronic spectra of the three isomers. 

This may indicate some coupling between the carbonyl group 

and the ring. The results obtained by band contour analysis 
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are consistent with those obtained by calculation of a 

double minimum potential function, as well as those obtained 

in previous work on related molecules. 
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CHAPTER 1 


INTRODUCTION 

In molecular spectroscopy the wave number and in­

tensities of transitions between the various quantized 

rotational, vibrational, and electronic energy levels of 

a molecule are measured and analysed. This yields infor­

mation on the geometrics, dynamics and electronic structures 

of the molecule in its different states. The basic theory 

is to be found in standard reference books (1,2,3). In 

this thesis, only those parts of the theory that are relevant 

to the cyclohexanone molecule are discussed. 

Spectra are usually observed in absorption. In 

microwave spectroscopy, transitions between rotation levels 

associated with the ground electronic state are observed, 

and from these the rotational constants A, B and C, which 

are inversely proportional to the moment of inertia Ia' Ib, 

Ic about the principal axes of inertia, can be obtained. If 

the spectra of sufficient isotopic species are examined, 

then the molecular geometry can be determined from the values 

obtained for the principal moments of inertia. 

In vibrational (infrared and Raman) spectroscopy, the 

normal frequencies of vibration in the ground electronic state 
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are determined, providing information about normal coordi­

nates and force constants for vibration of the molecules. 

In electronic absorption spectroscopy, the molecule 

is excited to higher electronic states, by absorption of light 

in the ultraviolet or visible regions of the spectrum. 

Analysis of the vibrational band structure of an 

electronic absorption spectrum enables the vibrations of the 

molecule in the excited state to be determined. 

Analysis of the rotational structure of bands provides 

information a) about the geometries of the molecule in the 

combining states b) about the polarisation of transitions. 

In the present work, the absorption spectrum of the 

six membered ring compound Cyclohexanone (c 6a10o) in the 

near ultraviolet has been examined. The spectra of two deutera­

molecule were also comparatively analysed. For convenience, 

these three compounds will be referred to as CHh10 , CHd4 and 

CHd10 respectively. 

1.1 	 PREVIOUS SPECTROSCOPIC AND STRUCTURAL STUDIES OF CYCLOHEXANONE 

The infrared and Raman spectra of cyclohexanone-h have10 

been examined several times< 4 ,S,G,?). The spectra of the 

cyclohexanone and fully deuterated cyclohexanone 

have not been published previously. Neither a complete assign­

ment of the fundamental frequencies of vibrations, nor a normal 
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coordinate analysis has been published to date. 

The infrared and Raman spectra of cyclohexanone and 

various deuterated isomers are currently being studied in detail 

by Dr. R. N. Jones and his co-workers at the National Research 

Council in Ottawa, who kindly supplied us with their pre­

liminary results. Consequently the vibrational spectra were 

not reinvestigated in detail, although a certain amount of 

infrared work complementary to that of Dr. Jones is reported 

below. 

The microwave spectrum of cyclohexanone has not been 

measured, and no information on the ground state geometry is 

obtainable from this method. The structure of cyclohexanone 

has been investigated by electron diffraction(B). 

Cyclohexanone (Fig. 1.1) can conceivably exist in 

either "boat" or "chair" forms (Fig. 1.2), the latter being 

more stable than the boat forms{g). The energy difference 

between the boat and chair forms of cyclohexanone is estimated 

to be 5.3 kcal/mole{lO), but a value has not been reported 

for cyclohexanone. The energy for the boat-boat interconver­

sion is unknown. The energy of interconversion between chair-

chair configurations (< 6.5 kcal/mole) {ll) is smaller for 

cyclohexanone, and a1a2 aia~a4 cyclohexanone (< 6.6 kcal/mole) (ll), 

9112113 >.than for cyclohexane {11 kcal/mole) <

No vibrational analysis of the fluorescence and 
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FIG(t· I) GROUND STATE GEOMETRY Of CYC L.OHEXANONE 
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phosphorescence electronic emission spectra is reported in 

the literature. Chandler and Goodman(l 4 ) have studied the 

emission spectra of some cycloalkanones in solvents, and 

observed that cyclic carbonyl compounds, like other aliphatic 

carbonyl compounds , and contrarily to aromatic carbonyls 

show i) weak emission, 2) the possibility of photo decompo­

sition, 3) a diffuse emission spectra, 4) a diffuse excitation 

spectra, except for cyclopentanone, 5) a small singlet-triplet 

1interval for the (7T* ,n) , configuration (rv 1500 . cm- ) , leading 

to overlapping of the phosphorescence and f luorescenc~ spec­

tra (14 ) • 

From the polarized photoexcitation spectra (measured 

in EPA solvent at 77°K), of cycloheptanone, cyclohexanone, 

cyclopentanone, cyclobutanone, Chandler and Goodman(l 4 ) measured 

the oscillator strength of the singlet-singlet n+7T* transitions 

(see Table 1.1). In Table (1.1) are also listed the values 

of Emax. for these molecules. The values given represent the 

intensity of the n+7T* absorption transition measured in a 

solution of n-pentane at 20°C. 

From the phosphorescence excitation spectra of cyclo­

alkanones, the authors previously cited(l4 ) conclude a) the 

n.-r7T* absorption transition (singlet-singlet) is polarized 

predominantly perpendicular to the plane of symmetry of the 

molecule, b) the n+7T* transition has considerable electronically 

allowed or vibronic type A character increasing in order of 
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TABLE l.l 

INTENSITIES OF n+TI* SINGLET-SINGLET ABSORPTION FOR 

SOME KETONES ( 14 ) 

(a)
Molecule Oscillator Strength e: 

x10 4 Max. 

rormaldehyde 2.4 

Cyclobutanone 5.4 15 

Cyclopentanone 4.8 18 

2,5 Dimethylcyclopentanone 4.7 20 

Cyclohexanone 3.9 14 

Cycloheptanone 4.2 16 

a) e:max· is the intensity of the n+TI* absorption transition 

measured in solution of ~pentane at 20°C. 
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distortion of the molecule from c2Y symmetry in the ground 

state (Cyclopentanone>cycloheptanone>cyclohexanone) , c) the 

major path for non totally symmetric vibronic intensification 

of the n+TI* transition is through a £-type vibration. 

Under low resolution the ultraviolet absorption spec­

trum of cyclohexanone vapor, like most of the simple ketones, 
0 ( 15) 

shows four absorption regions between 3000-1500 A • These 
0 

consist of a weak absorption at 3000 A, two moderately intense 
0 0 

regions at 1900 A and 1750 A and a very intense region at 
0 

1500 A. Whereas the assignment of the first and last regions 

to the n+TI* and TI+TI* transitions respectively is fairy cer­

tain (lS, lS), the second band can be assigned to either a n+cr*(l?) 

or Rydberg(lS) transition and the third band to a transition 

involving the c-c cr orbitals(l9 ). Barnes( 20) reassigned the 

second transition as n'+~* (n' is an oxygen orbital extending 

opposite to the Co axis) and the third to an n+cr* transition. 

1.2 THE STRUCTURE OF CYCLOHEXANONE IN THE GROUND STATE 

-Geometry-

The electron diffraction study of cyclohexanone 

structure shows that ,at room temperature, in the vapour phase, 

cyclohexanone, like cyclohexane, exists predominantly in the 

chair form(a). The result of this study shows that the 
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Fig. 1.1). The first of these angles was found to be 117°±3° 

and the other two to be both 121°.5±1.5°. 

It was assumed in the above work that the C=O band 

is coplanar with the ring atoms c c c • The C=O bond length1 2 6 
0 

was found to be 1.24±0.02 A. The large error in the derived 

values of the angles obtained in this electron diffraction 

study will be discussed later in connection with the results 

of this work. 

-Symmetry-

In a rigid chair form, cyclohexanone has just one symmetry 

plane and comes under the C point group, see Fig. (1.3). The s 

same point group applies if the molecule is in a rigid boat 

configuration. There are two boat and two chair forms. If 

the potential barriers :impeding interconversion of these forms 

are sufficiently low, then the molecule can, in effect, be 

regarded as having a planar carbon-oxygen framework, and 

comes under the c2v point group as its delocalised domain. 

Granger and Claudon( 2l) on the basis of NMR studies, suggest 

that the actual physical interconversion of the two chair 

forms does occur via the planar form. 

Character tables for the c2v and Cs point groups are 

given in Table (1.2). These also show the symmetries of trans­

lation vectors (x,y,z), rotations (R , R and R ) and the x y z 

http:1.24�0.02
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Cs 
if the rinQ is in 

a chair form 

Oh(u) 

•
z 

•
' • 

if 	the ring '' 

planarH8,9"/l7 
[~/-~7 

C2V 

2 6 c2 a long z axis 

fry cJl z) 

GV• <yz > 

f1G(l·3) POSSIBLE SYMMETRIES OF CYCLOHEXANONE 
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TABLE 1.2 

CHARACTER TABLES 

c2v E c 2( z) cr (xz)v crv' (yz) 

Al 1 1 1 1 

A2 1 1 -1 -1 

Bl 1 -1 1 -1 

B2 1 -1 -1 1 

c 
s E crh(xz) 

z axx'a.yy'a.zz 

aR xyz 
ax,R xzy 

y,R a x yz 

a a. a. a.A' 1 1 x, z ,Ry xx yy zz xz 

A" 1 -1 y,R ,R a axy yzx z 

http:axx'a.yy'a.zz
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components a of the polarisability tensor. Cyclohexanone has 

N=l7 atoms, and therefore 3N-6 = 45 normal modes of vibration. 

The symmetries of these can be found by the method described 

in Herzberg( 3 ) or King(l). 

c2v point group 

The characters of the matrices corresponding to the 

coordinate transformations produced by the symmetry operators 

on a set of 3N vibrational displacement coordinates for the 

nuclei are 

I 

E c (z) av (xz) a (yz)2 v 

xcr3N) 51 -3 5 7 

These include the representations for the three translational 

and the three rotational motions, which must be subtracted out 

X (TT ,R) 6 -2 0 0 

so the characters for the internal coordinates which represent 

vibrational motion are 

45 -1 5 7 
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Under the C point group, the same procedure gives
s 

E oh (x,z} 

x(r3N) 51 5 

minus x(rT,R> 6 0 

X (T )v 
45 5 

These representations decompose into irreducible represen­

tations, or symmetry species,as follows. 

cs group r v = 25A I E920 .A". 

In infrared spectroscopy, the intensity of a transition is 

proportional to the square of the transition moment R, where 

(I .1)R = f 
where ~~and ~~are the wavefunctions for the combining states, 

and P is the electric dipole moment operator, which has com­

ponents, Px' p and P that transform under group operationsy z 
like the corresponding translations. For a transition to occur, 

one of the components of the transition moment 

1 
R. = f ~ *P.~ 11 d't (i = x,y,z) (I. 2)

1 v 1 v 

must be non-zero; this requires that the direct product 
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must transform under the group operations as one of the f (Ti). 

Hence the polarisation of a particular transition, along the 

x, y or z axes in the molecule, can be determined. The 

spectral band is called type A, B or C according to the 

direction of polarisation; I >Ib >I are the principal moments c - - a 

of inertia of the molecule which· coincide with the symmetry 

coordinates x, y and z in the manner shown in Fig. (1.3 ) • 

Computed type A and C infrared bands are shown in Fig. (1.4). 

The type Bis studied in the band contour section (Fig.(4.2). 

Similar arguments show that a Raman transition can 

' " occur if the direct product f (~v)~r(~v) transforms like one 

or more of the compoments of the polar~sability tensor r(a .. ) . 
l. J 

An important measurable property of bands in the Raman 

spectrum is the depolarisation ratio P: 

(I. 3) 

where Il and II I are the intensities of the light scattered 

perpendicular and parallel to the plane of polarisation of the 

electric component of the polarised exciting radiation. If 

the scattered light is observed at right angles to the latter, 

then a totally symmetric fundamental Raman band is expected 

to be polarised (p = 0 to 6/7) while any n on totally symmetric 

vibration is depolarised (p = 6/7). 

It follows from the above theoretical considerations 

that the 45 normal modes of vibration of cyclohexanone can 
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A TYPE 

"'..J 
c 
(,,) 

th 

>­... 

th 
z 
...
"" 
z 

a: 
c 
z "" :::; 

C TYPE 

IOcm-•-10 

FIG(l·4) COMPUTED A AND C INFRARED TYPE BAND 



16 

be analysed as follows: 

c 2v group; 14a1 [I.R.(A) ,R~m(p)] + Ba [Ram(dp)]2 

+ llbl[I.R.(c)l(Ram(dp)]+l2b2[I~R.(B) ,Ram(dp)] 

(I. 4) 

' "-C group ; 25 a [I.R. (A+c) ,Ram(p) ]+20a [I.R. {B) ,Ram(dp)] (I. 5)s 

where the infrared and Raman activities, types of infrared band 

and depolarisations of Raman bands for the fundamentals are 

shown in parentheses. 

The symmetries of combination and overtone levels 

are obtained by taking direct products for each vibrational quantum 

excited~ Table (1.3) gives direct products for the ~ and Cc 2 8 

point groups. 

1.3 CYCLOHEXANONE AS A NON-RIGID MOLECULE 

A non-rigid molecule is one which can pass easily from 

one configuration to another. The symmetry point group under 

which such a molecule must be classified is a subject requiring 

special attention. A simple example of a non-rigid molecule 

is ammonia NH • In each of its stable pyramidal forms, it is3 

classified under the c 3v point group. But when its inversion 

motion via a planar form from one perpendicular shape to 

the other is considered, the vibrational states have to be 

cla~sified under the o h point group, which is the "delocalised3

domain". The height of the barrier to the inversion is 2076 
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TABLE 1.3 


DIRECT PRODUCTS FOR THE c2v AND THE cs POINT 


GROUPS 


c2v Al A2 Bl B2 

Al 

A2 

Bl 

B2 

Al 

A2 

Bl 

B2 

A2 

Al 

B2 

Bl 

Bl 

B2 

Al 

A2 

B2 

Bl 

A2 

Al 

c s 
I

A "A 

I 
A 

II 

A 

I
A 

II 

A 

II 

A 

A' 



18 

-1 
cm Clearly, whether a molecule can be regarded as rigid 

or non-rigid depends upon the heights of the potential barriers 

between interconversion of different configurations. 

Many molecules containing large rings have easily 

interconvertable different conformations. In the case of 

cyclohexane and cyclohexanone, the most important configura­

tions are the chair and boat forms. The infrared spectrum of 

cyclohexane( 22123124 ) is consistent with it being in a stable 

chair form. NMR studies( 9 ,lO,ll) also confirm this, and indi­

cate that the boat form is some 5.5 kcal/mol (1925 cm- 1 ) less 

stable. The barrier impeding chair-chair interconversion is 

about twice as large as this, being estimated as 11.1 kcal/rnol 

(3885 cm- 1 ) ( 9 ). As is also shown by electron diffraction(S), 

cyclohexanone is also stable in the chair form. The relative 

energy of the boat form has not been calculated, but NMR work 

by Granger and Claudon( 2l) shows that the chair-chair inter­

conversion barrier is smaller than in cyclohexane. Jensen 

and Beck(ll) estimate the barrier to have a maximum value of 

6.5 kcal/mol (2270 cm- 1 ). 

Apart from boat and chair configurations for the ring, 

it has been postulated( 4 ) that in cyclohexanone and some of 

its derivatives the oxygen atom is not coplanar with the 

adjacent c -c1-c ring atoms. The main evidence upon which2 6 

this is based is an apparent doublet structure for the carbonyl 

stretching fundamental at 1710 cm-l in the liquid phase 

infrared spectrum of CHh10 . Only a few investigators have 



19 


observed that this band has two components; Bauman and Thor­

sen (2S) have shown that one of the components is identical 

in frequency to a water vapour absorption band, and dis­

appears from the spectrum when the instrument is thoroughly 

flushed with dry nitrogen. We assume here, in common with 

5 18most other investigators ( ' ' 26 ) that ~the c -c -c and oxygen
2 1 6 

atoms are coplanar, or at least sufficiently close to coplanar 
I 

that they do not give rise to separate :absorbing species. 

The questions to be decided are; firstly whether 

cyclohexanone has to be considered as a rigid or non-rigid 

molecule in its ground and lowest excited states, and secondly, 

what is the most appropriate point group to use in classifying 

its vibrational levels. To a certain extent, the first 

question is a matter of degree, since the non-rigid clari­

f ication depends upon the heights of potential barriers im­

peding the interconversion of different forms. 

In the ground electronic state, the experimental evi­

dence from analyses of the infrared and Raman spectra (see 

below) is that the vibrational levels can be classified under 

the Cs point group. Theoretically,this classification may 

not be strictly valid for vibrational modes of high frequency, 

of magnitude of the order of the barrier impeding chair-chair 

interconversion. However, because of their small Boltzmann 

population factor, transitions from such levels are not ob­

served in the electronic spectrum, and so their symmetry 
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classification is not important for this. 

In the electronic state produced by n~n* electron 

promotion, we have no a priori knowledge of the barrier height 

between chair-chair interconversion. It might be expected to 

be slightly lower than in the ground state, since an n~n* 

promotion has the effect of increasing the carbonyl bond length, 

and so decreasing non-bonded interactions between the oxygen and 

a-hydrogen atoms. On the other hand, there is the additional 

complication that n~n* excitation in carbonyl compounds related 

to formaldehyde( 27128129 ) and in cyclopentanone( 30) produces a 

bending of the oxygen atom out of the plane of the adjacent 

carbon atoms. This leads to a further inversion doubling, at 

the carbonyl group. The molecule can now be non-rigid with 

respect to motion of the oxygen atom through the c 
2
-c

1
-c ring6 

atom plane. In cyclopentanone, the barrier for this inversion 
-1(30)

is relatively low, 700 cm , and the molecular vibrations in 

both the ground and (n*,n) excited states can be classified 

under the c2v point group. 

Theoretically, it appears that the c v point group is
2

the most appropri~te for the (n*,n) excit~d state of cycle­

hexanone, for two reasons. The first is that the n~n* 

transition is highly localised in the carbonyl group, so that 

the vibrations associated with the group are primarily active 

in the electronic spectrum. The local symmetry at the carbonyl 

end of the molecule is c 2v' so, for selection rule purposes, 
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we can classify the vibrations under the c2v point group. 

The same is true for the ground state vibrations localised in 

this region of the molecule, although the assignments of 

other authors for those under the C point groups will be used s 

below. However the c2v classification will not apply to 

other modes,such as ring vibrations for the above reason. 

The second reason is that if the barrier to chair-chair 

inversion is low, the delocalised domain of the non-rigid 

molecule is now c 2v. This can be demonstrated as follows by 

the methods of Altmann( 31132133 ) and Longuet-Higgins( 34 ). 

Recent theoretical work by Altmann(Jl) and Longuet-Higgins(J 4 ) 

use different approaches to the problem. Both of these theories 

will be applied here to cyclohexanone. 

In both approaches the usefullness of this classi­

fication depends on the feasability of motion from one con­

formation to a different one of the same energy. 

34Longuet-Higgins( ) extended the concept of molecular 

synunetry to non rigid molecules by including nuclear permu­

tations and permutation inversions as permissible group operations. 

According to his notation Eis the identlty operation, 

P any permutation of position and spin of identical nuclei, 

or any product of such permutation, E* is the inversion of 

all nuclear positions, and P* the product PE* = E*P = p* is 

called the "permutation-inversion operation". 

The molecular symmetry group is then the set of 
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1) all feasible P, including E 


2) all feasible p*, not necessarily including E*. 


Cyclohexanone has a plane of symmetry (see Fig. 1.1) 

ov(xz ). Then any !eflection through this plane corresponds 

to a permutation of nuclei. Using the L.H. notation the 

permutation operation P is (26) (35) (ai) (bj) (cg) (dh) (see Fig. 

1.5). E* has no connection with the "inversion" belonging to 

,, * 
the point group of a centrosymmetric molecule. L.H. says E 

must be understood as being an operation which would not permute 

' b f h . l 1 f. . ,,( 34 ) Fnuc1ei ut reverse the sense o t e mo ecu ar con 1gurat1on . or 

cyclohexanone it is the operation which takes the molecule 

from one chair to the other chair . form (see Fig. (1.5)). 

for cyclohexanone 


____.
E E 

P ( 2 6 ) { 3 5) (ai ) ( b j ) (cg ) ( dh) • ~ a (xz).v 


E* .. .... av' (yz) 


p * ( 2 6 ) ( 3 5 ) ( a i ) { b j ) ( cg ) ( dh ) * E ;illl c <z)

2 

For the L.H. notation the set of symmetry group for cyclohexanone 

is isormorphous to c2 . 
" 

According to Atlmann( 31132133 ) the symmetry group of a 

non rigid molecule possesses two subgroups: one is that of 

all symmetry operations of the Schrodinger groups of the mole­

cule and the other is a group which is called an isodynamic 

group. The total group, called the Schrodinger super group (S), 
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FIG(l·5) OPERATIONS OF THE NON-RIGID MOLECULE 
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is a semidirect product of the Schrodinger group (G) and the 

isodynamic group (I) 

(I-6) 

The Schrodinger group (G) is made of symmetry operations 

defined, exactly as for rigid molecule, in the usual manner. 

for cyclohexanone 


G rv C ( I-7) 

s 

The isodynamic group (I) is made of isodynamic operations, 

the latter involves isodynamic configurations. 

Altmann means the following by Isodynamic Configurations. 

If a molecule posses two different configurations that cannot 

be transformed one into another by a Schrodinger group operation 

but have nevertheless identical eigenvalues , these configurations 

are called isodynamic. Thus cyclohexanone possesses two chair 

forms and two boat forms (Fig. 1 &2). The two configurations 

(a,b) have the same eigenvalues. According to Altmann's defini­

tion they are isodynamic configurations. But (a) is not 

isodynamic to (c) or (d) because the energy of a chair form 

is different from the energy of a boat form. The two configura­

tions (c,d) are also isodynamic configurations, but we said 

previously that we consider in this work only the chair forms 

which are the more probable forms. 

Isodynamic operations are the operations which transform 

isodynamic configurations into one another. They are not 

symmetry operations but motions (translations or rotations) of 
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an atom or group of atoms with respect to the rest of the 

molecule. 
I 

For cyclohexanone the isodynamic operation is av(yz) 
I 

{Fig. 1.6). The isodynamic group contains elements E,av(yz) 

(prime indicates the orientation of the symmetry plane) . 

I = E + av ' (yz) ( I-8) 

By the use of (I-6), (I-7) (I,8) formula · 

1 1s = IAG = cc') 1 c =(C ) e c ~ c2v s A s s s 

where~ means "is isomorphous to". The semidirect product 
I 

can be replaced by the direct product since C and Cs commute. 
5 

Thus the approaches of L.H. and Altmann give the 

same result. 

Fig. (1.7) illustrates the effect of a double minimum 

potential on the ring flapping mode. For a barrier lower than 

zero point energy, the vibrational levels are only slightly 

perturbed from their values if the barrier were not present. 

For a medium energy barrier (of the order of one or two vibra­

tional quanta) , the components of the inversion doublets are 

well separated. For a high barrier (of the order of many 

vibrational quanta) the levels below the top of the barrier 

are coalesced into closely spaced inversion doublets; the 

doublets splittings near the potential minima may be too 

small to be observed. These splittings are additional to any 



, 1av (yz)
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0
/ 

FIG(l·6) ISODYNAMIC OPERATION FOR TWO IS ODY NAMI C CHAIR 
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that may result from the inversion at the carbonyl group 

in the excited (n*,n) state. 

1.4 INFRARED AND RAMAN SPECTRA 

Only points of particular relevance to the analysis 

of the electronic spectra will be mentioned in this section. 

As mentioned above the n~n* transition involves promotion of 

an electron localised in the carbonyl bond. This, in general, 

causes vibrations of the carbonyl group and its neighbouring 

atoms to be active in the electronic spectrum. 

For other cyclic ketones, some ring modes are also 

found to be active in their electronic sp~ctra. In cyclo­

pentanone, for example, Howard-Lock and King(JO) found that 

the ring puckering mode of a synunetry was active in the
2 

n>+n* system. 

The infrared and Raman spectra of cyclohexanone (CHhlO) 

have been examined several times, and many of the fundamentals 

have been assigned( 4 , 7 ). In particular, the C = 0 stretch 

. . (4 5 6 7 26 35 36)
fundamental frequency has been studied extensively ' ' ' ' ' ' 

The absorption spectra of isotopes, cyclohexanone aaa'a'd4 

(CHd 4 ), and cyclohexanone fully deuterated CHdlO) (see Fig. l.B), 

have not been reported in the literature. Forel and Petrissans(?) 

(their work will be referred to below as F.P.) analysed the 

liquid infrared spectra of CHhlO and assigned most of the bands 

by comparison with that of cyclohexane. Apart from the above 
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little definite information about the vibrational ground 

state has been published. 

Currently force constant calculations upon the cyclo­

hexanone isomers CHh CHd
4 

, CHd 6 , CHd {see Fig. 1.8),
10

, 10 

using data from their infrared and Raman liquid spectra, 

are being carried out by Dr. R. N. Jones and his coworkers 

at the National Research Council of Canada in Ottawa. Dr. 

R. N. Jones kindly supplied us the latest results of their 

work(a), which will be referred to below as RNJM{ 26 ). 

The results of RNJM{ 26 ) and F.P(?) are slightly different. 

Neither of them investigated the infrared spectrum of the 

vapour phase. 

Although the vibrational spectra was not reanalysed 

here, some of the infrared bands were examined in detail, in 

the vapour phase, in order to obtain information relevant to 

the electronic band analysis. 

The infrared liquid spectra and Raman liquid spectra 

examined by RNJM{ 26 ) shows that most of the vibrations are 

infrared and Raman active as fundamentals; only a few weak 

bands in the infrared liquid spectra did not appear in the 

{a) We wish to thank Dr. R. N. JONES and Dr. H. H. MANTSH for 
communicating the liquid infrared and Raman data in 
advance of publication. 
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Raman spectra. If the molecule were classified under the 

c 2v point group, one would not expect this, since all the funda­

mentals of symmetry a would be infrared inactive. If all the
2 

modes are active in both spectra, then the molecule must 

be classified under its "rigid" point group (Cs). The c 2v 

point group, will later be used for.classification of the 

excited state vibrations. 

VIBRATIONS OF THE CARBONYL GROUP 

The three carbonyl vibrations are sketched in (Fig. 1.9). 

The carbonyl stretch numbering of the modes are those given 

by RNJM . , and correspond largely to a stretching mode along 

the(C = 0) bond. The carbonyl "in-plane-bend" is av43 

bending mode in the plane of the carbons c -c -c • The
1 2 6 

carbonyl "out of plane wag" v refers to a motion approximate­21 

ly perpendicular to the cl-c2-c6 plane. 

In the present high resolution study of the vapour 

1phase spectrum the fundamental v was found to be at 1735 cm- .1 

some authors have found a shoulder at slightly lower energy 

and have explained it as resulting from either a Fermi 

resonance or the possibility of two configurations arising 

from a small angle between the carbonyl group and the c -c -c1 2 6 

plane( 4 ,S). But these ideas have been criticized< 7125 >. 

Baumann and Thomson( 2 S) showed that the shoulder found in 

the liquid spectrum corresponds to an absorption band of 
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water vapour, which disappears when the spectrophotometer 

is flushed with dry nitrogen. It is also extremely difficult 

to remove traces of water from cyclohexanone. · More detail 

on the infrared results will be given in Appendix I, but we 

note that the profile obtained in this work for the carbonyl 

stretch absorption band in the vapour has a maximum at 1735 

-1 
cm and does not show any shoulder due 	to cyclohexanone 

-1 -1absorption. Two weak bands at 1717.5 cm and 1700 cm can 

definitely be identified as water vapour absorption bands. 

Consequently, in the rest of this thesis we will assume that 

the oxygen atom lies in the plane of three adjacent carbons. 

The band observed under high resolution definitively shows 

true P,Q and R branches, and can be identified as a hybrid 

of type A plus C, mainly type A. 

The two other carbonyl frequencies Fig. (1.9) are 

expected to occur below 700 cm-1 • The values of the fundamental 

frequencies below 700 cm-l obtained experimentally, from the 

infrared and Raman liquid spectra, are listed in Table 1.4. 

These values were measured by RNJM for the deuterated isomers. 

Table (1.4) also gives the results of potential energy distri­

bution calculations done by RNJM( 26 ) for CHh • The results 
10 

obtained for the deuterated molecules are slightly different 

but these differences do not change the band assignment. 

The notations given in Table 1.4 for torsions, bendi~g, and 

wagging are those used by RNJM. "p" represents the carbonyl 



TABLE 1.4 

FREQUENCIES -OF CYCLOHEXANONES BELOW 700 _cm-l(GIVEN BY RNJM (26)) 

FREQUENCIES IN cm-l ASSIGNMENT 
CHn10 CHd4 CHd6 CHdlO RNJM(26) FP (7) 

Ra) c) P.E.D. 
I.R. p I .R. R p I.R. R p I.R. R p for CHhlO 

lQSb) 101 91 l 93 A' wa(32)Tf3y(l3)p(l3)x(l2) not m observe 

189m 0.68 175 164 163 A" lf3 (46)wf3 (20)w (16) not
Y Y a observe 

313m 0.39 308m 254 0.57 254m 0.62 A' Wf3 (34) Tf3 (33) W (10)y y Ct 

yf3(10}p(6) 

410m 411 0.71 366 36lin__ c 435 435 0.89 349 351 A' xC33)wf3y(l9)E(l4)p(6)s m m w s 

460vw 390m 392 0.85 38lm 388m 0.87 368w 366 0.81 A" wf3y(36)wet(28)yet(l5)m s 
yf3(12) 

490s 49lm 0.77 462* 483 486m 0.78 450 452s 0.70 A" E (70) w~ (10)vs vs 

491* 480d) 454vs 455 379m 379m 0.77 s 

652m 655 0.06 616m 614vs 0.06 603m 6055 0.20 ~aomvs 

a) Raman ~v(cm-·) obtained with a laser source 
b) Subscript gives the relative intensity of the band 
c) p=polarisation ratio of Raman lines 
d) Value given by F.P. (7) and observed by (4) in Raman 

381 A' wf3y(36)yet(2l)y 8 (~8)m 
p(16)yy(l4) 

583vs o ·~ 2s . A' p(33)RB(l4)R (ll)yf3(11)
(10) CtY.y . 

* Not observed in liquid IR or R spectra 
obtained by RNJM (26) by theoretical 
calculations w 

~ 
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out-of-plane wag deformation, and "E", the carbonyl in plane 

bending motion. The assignments given by F.P(?) are also listed 

in Table 1.4 but do not correspond to those of RNJM. 

A study of the infrared spectra of different cyclic 

ketones below 700 cm-l has been performed by Katon and Bent­

ley(6). Five, six, seven member rings all show a very strong 

absorption band around 500 cm-l Cyclopentanone vapour(G, 3 0) 

1shows a strong band at 467 cm- , with a shoulder at 446 cm- 1 • 

the first band has been assigned by Howard-Lock and King( 30) 

to the carbonyl bending mode and the second to the carbonyl 

out of plane wag. These two bands are more clearly resolved 

in deuterated cyclopentanone( 30) and in the 3-methyl cyclo­

pentanone(G). This strong absorption band around 500 cm-l 

shows a well defined shoulder at lower frequency. In the case 

of acetone< 59 ,GO) the carbonyl in plane bending fundamental 

is assigned to the band at 530 cm-l while 484 cm-l is the value 

of the carbonyl out of plane wagging mode. In all these cases, 

as well as the other listed in Table 1.5, the carbonyl out 

of plane wagging mode appears at lower frequency than the carbonyl 

in plane bonding mode, and generally forms a rather weak satel­

lite of the intense band attributed to the former. The liquid 

phase absorption spectra of the four isomers of cyclohexanone 

CHh /CHd 4/CHd /CHd10 , show a very strong band respectively10 6
1at 490/454/484/450 cm- . This strong band is reported de­

polarized in the four respective Raman spectra by RNJM( 2 G) with · 
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a depolarisation ratio of~ 0.75. The irregular isotope 

shift is unusual if one assigns the strong band to a ring mode 

as suggested for CHlO by F.P(?). The frequency of a ring 

mode is expected to decrease as the molecule becomes more 

ring deuterated. 

On the other hand the molecules CHh10 /CHd as well6 

as CHd4/CHd are identical in the region of the carbonyl10 

group, CHhl0/CHd having only hydrogen atoms close to the6 

carbonyl group (see Fig. 1.6) and CHd /CHd have only deu­
4 10 

terated atoms here. 

A similar "irregularity" in the isotope shift has 

been also observed for the carbonyl stretching mode, which 

is at 1715/1709/1715/1709 cm-l respectively .for CHh /CHd /CHd6/10 4

CHd10 in their liquid spectra. 

The same effect had been observed for the carbonyl 

3modes of other molecules related to cyclopentanoneC 0). 

This variation presumably reflects differences in non bonded 

interactions between the oxygen atom and the a substituted 

hydrogen and deuterium atoms according to Howard-Lock and 

K . (30) 1 . . . h (26) .ing . Consequent y in agreement wit RNJM we assign 

the strong band at ~ 490 cm-l to the carbonyl in-plane-bend. 

Our observation under high resolution in the vapour phase 

infrared spectrum of CHhlO and CHdlO show that the 

band at 490 cm-l is broad and does not have a clear structure. 

According to RNJM's theoretical calculations a normal mode 
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involving the carbonyl wagging motion is active very close to 

-1the 490 cm frequency (see Table 1.4). Moreover some workers 

report a very weak band in the Raman liquid spectrum of CHh10
-1(4,7) 

at 480 cm From our observations it is not possible to 

decide this point definitely, the band being too broad. There 

is a possible shoulder at 5 to 10 cm-l lower frequency than 

the main band in the CHh spectrum.10 
According to RNJM's calculations no band can be 

definitely assigned to the carbonyl out of plane deformation 

motion. They write; "The C = 0 out of plane wag is distributed 

is to the band at 653/615/604/581 • This is highly de­

among several a' modes and couples strongly with C-C bend 

coordinates. The main contribution (circa 30%) see table (1.4) 

1 cm- a 

localized mode. It is meaningless to attempt to characterize 

any band in the spectra as the C = 0 out of plane wag". 

Such an interpretation is quite different for cyclo­

hexanone than for other cyclic ketones for which, as Table (1.5) 

shows, the out-of-plane carbonyl wag gives a well characterized 

band at slightly lower frequency than the in plane bend. 

Furthermore, the out-of-plane wag is, by analogy with the n~n* 

transitions in other carbonyl compounds, expected to be 

strongly active in the electronic spectrum, but the 653/615/ 

581 cm-l interval is not observed in the electronic spectra 

of the cyclohexanone isomers, whereas intervals of ~ 490 cm 
-1

/ 

1454 cm- /460 cm-l are.Of course, no fundamental can be 
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said to be entirely localized in a particular band in cyclo­

hexanone. Nevertheless, calculations as to the degree of 

delocalization depend closely upon the type of free field used, 

and it is suggested here that cyclohexanone follow the other 

ketones rather more closely than RJNM suggest, having a weak 

band at rv 480 cm-l which is predominantly an out-of-plane 

wagging motion. 



39 

TABLE 1.5 

(C=O) DEFORMATION FREQUENCIES 

O(C=O) out-of-plane o(C=O) in-plane ReferenceMolecule 
-1 -1 cm cm 

Vinylene 
. carbonate 

s propiolactone 

Cyclobu tanone 

Cyclohe ptanone 

Acetone 

cw.a. acetone d3 

acetone d 6 

Cyclopentanone 
h 8 

Cyclopentanone 
a.a.a. 'a.' d 4 

Cyclopentanone 
da 

*notation 

s = strong 

sh = shoulder 

w = weak 

532 

490 

395 

470 

484 

438 

405 

446 

375 

378 

sh 

w 

w 

sh 

565 

513 

454 

500 

530 s 

501 s 

475 s 

467 s 

438 

433 

61 

62 

63 

6 

64 

64 

64 

30 

30 

30 



CHAPTER 2 


EXPERIMENTAL WORK 


2.1 ORIGIN, PROPERTIES AND PURITY OF SAMPLES 


Cyclohexanone and two of its deuterated isotopes 

were studied. These are the a 1a 2 aia~d 4 cyclohexanone and 

fully deuterated cyclohexanone. 

Cyclohexanone (CHh ) was supplied by Matheson10 

Coleman and Bell Co. It was stated to have 99% purity, and 

was used without further purification, except for a trap to 

trap distillation under vacuum immediately before sp.ectral 

use. The sample was stored in a blown glass bottle and kept 

in a refrigerator. 

Pure cyclohexanone is a clear, colourless liquid 

which boils at 155°C and has a vapour pressure of 3 mm at 

25°C. (G 9) A plot of vapour pressure versus temperature is 

shown in Fig. 2.1. 

Although cyclohexanone dissolves stopcock grease and 

attacks teflon tubing, this did not cause problems because 

most of the ultraviolet measurements were made using a metal 

multireflection cell. 

The infrared, Raman, and vacuum ultraviolet spectra 

40 
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of the samples of CHh used were very similar to such spectra10 

of the molecule as have been previously reported( 7 , 39 ) The 

NMR spectrum also agreed with the published( 2l, 40) spectra and 

did not show that any impurities were present. 

Fully deuterated cyclohexanone (CHd10 ) was supplied 

by Diaprep Incorporated Co. The purity is given by the 

Company as being 99.9%. 

This isotope was used without further purification 

other than a vacuum distillation, since only small quantities 

were available. 

Cyclohexanone a 1a 2 a~a~d4 (CHd4 ) was synthesised using 

the procedure described by Montgomery< 4o). A solution consisting 

of 67.5 g (0.69 mole) of cyclohexanone, 15.0 g (7.5 moles) of 

deuterium oxide (99.8%), 8 ml of triethylamine and 475 ml 

of anhydrous diopane was refluxed for 22 hours. Deuterium 

oxide, water, triethylamine , and diopane were removed by dis­

tillation. The exchange procedure was repeated four more times 

using fresh 80 g portions of deuterium oxide in combination 

with 10 ml of triethylamine and 500 ml of diopane. The 

NMR and infrared spectra were recorded after each exchange. 

The compound was then dried over calcium chloride. 

Proton NMR analysis of the deuterated ketone showed 

that the four a hydrogens had been deuterated to an extent 

greater than 99%. The boiling point of cyclohexanone 
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2.2 INFRARID SPECTRA 


Infrared spectra of cyclohexanon~ were recorded Qn 

a Perkin Elmer 521 double beam grating spectrophotometer in the 

-14000-250 cm region. 

For vapour phase work a io cm path length absorption 

cell fitted with cesium iodide windows and wrapped with a heating 

tape was used. 

Most of the bands were strong enough to be observed 

with the sample at room temperature. A few required cell 

temperatures of 60°C. 

An evacuated 10 cm cell with Cs! windows was placed 

in the reference beam of the double beam spectrophotometer, 

in order to compensate for absorption bands of atmospheric 

water vapour and carbon dioxide. 

The spectrophotometer was thoroughly flushed with 

dry nitrogen before use, but even so, traces of water vapour 

absorption remained in the spectra. These could come from 

residual water vapour in the instrument, from water adsorbed 

on the cell windows, or from traces of water in the samples. 

Even when the latter were thoroughly dried with a molecular sieve, 

the water bands remained. (The prototype molecule ace~one, 

CH 3cocH3 is notoriously difficult to obtain free of all water). 

In the ultraviolet work, the water presents no problem since it 

does not absorb in the near ultraviolet. In the infrared work, 

the water absorption only gave trouble when it was at the same 

frequency as a cyclohexanone band and distorted the profile of 
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the latter. 

2.3 ULTRA VIOLET SPECTRA 

-Low Resolution Spectra-

Preliminary work on the gas phase ultraviolet 

abso~ption spectrum of CHh was carried out on a Cary Model
10 

14 recording Spectrophotometer. A 10 cm quartz cell, wound 

with nichrome wire which could be heated electrically to 150°C 

was used. The spectrum showed a strong continuous absorption 
0 

with a maximum at 2900 A (See Fig. 2.2). As the temperature was 

increased the continuum increased in intensity and some vi­

brational structure appeared in superposition. 

Most of the spectra were obtained on a Bauch and 

Lomb 1.5 m grating spectrograph, model 11. The regions 3700­
0 0 

7000 A in the first order and 1850-3700 A in the second order 

could be photographed on single film strips. The discrete 

absorption of the cyclohexanones appears in the region of 
0 0 

2500 A to 3500 A ~nd was photographed in the second order of 

the Baush and Lori)h spectrograph. Separation of the first 

and second order spectra was accomplished by use of different 

combinations of optical filters and spectral emulsions for 

the film. 

The instrument has a reciprocal dispersion at the 
0 0 

film of 14.8 A/mm and 7.4 A/mm for these two orders and 

theoretical resolving powers of 35,000 and 70,000 respectively. 
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A slit width of lo microns was used. 

The above spectrograph was used first in conjunction 

with a 1.8 m multireflection cell of the White type( 4l), which 

enabled absorption path lengths up to 36 m to be obtained. 

Discrete bands first appear in the spectrum at a path 

length of 24 m, which correspond to a pressure path of 0.1 m. at. 

Much longer path lengths were required to observe the other 

discrete bands at the red end of the spectrum. 

The 6 m multireflection cell which was also used, 

gives path length from 12 m up to 480 m. The cyclohexanone 

spectra were photographed µsing path lengths from 24 m up to 

360 m. The corresponding pressure paths are respectively 0.1 m 

at to 1.4 m at. at room temperature. 

The light source was a 450 watt, 115 volt d.c., high 

pressure OSRAM xe arc lamp, which was run at 25 amps. In order 

to minimize photo decomposition, a glass filter corning , o 54 

was placed immediately in front of the light source. This cuts 
0 

off light below 2600 A. 

Cyclohexanone does not attack the aluminised mirrors 

in the multireflection cell as does cyclopentanone( 3B). Neverthe­

less the mirrors were cleaned and realuminized before each 

series of experiments. In the case of CHh and CHd the sample10 4 

was never left overnight inside the cell, but was kept frozen 

out in a liquid nitrogen trap. The cell was degassed by con­

tinuous pumping during the night. Fresh sample was then intro­
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duced into the cell the next morning by vacuum distillation. 

A certain amount of sample was lost during these 

numerous distillations, and so a slightly different procedure 

was used for CHd • The sample was kept in the 6m cell during10 

the whole periods of experiments. After a week of photography 

with short path lengths and pressure path of 0.1 m at a very 
0 

sharp spectrum was observed at 2500 A, but this did not inter­

fere with the cyclohexanone spectrum CHd • It appeared to be the10 

benzene (C H ) spectrum. Since CHd does not have any6 6 10 

hydrogen atoms, the benzene could not have been produced by 

decomposition of CHd • It probably originated from degassing10 

of the 0 rings of the cell which had been cleaned, several 

months before, with benzene. 

-High Resolution Spectra-

High resolution ultraviolet spectra of the cyclo­

hexanone isomers were taken on a 6 m Ebert plane grating 

spectrograph in the first order. The first order reciprocal 
0 0 

dispersion at the plate at 3300 A is 0.72 A/mm. The resolving 

power is about 150,000 n where n is the order. 

The disc.r~ce absorption bands always appear superimposed 

on top of the strong continuum. Exposure times of several hours 

were necessary to photograph these bands. Although the opti­

mum slit setting is around 35 microns for the region of interest, 

a 50 micron slit was used to give reasonable exposure time. 
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The discrete spectrum could be photographed over the range 
0 0 

3500 A to 3150 A. 

Only the 6 m multireflection cell was used for 

the high resolution work. The same experimental procedure as 

described above for low resultion work was used. 

Because of the intensity of the strong continuum be­

neath the discrete spectrum increases at shorter wavelengths, 

the vibrational structure had to be photographed over a wide 

variety of absorption pressure paths. The spectrum was recorded 
0 6 0 0 0 0 

between 3500 A to 3350 A, 3350 A to 3250 A, 3250 A to 3150 A 

at respective pressure paths of 1.4 m at, 0.9 m at, 0.7 m at. 

The discrete spectrum of CHh merged into broad, diffuse bands
10 

0 

below 3200 A. 

For the isomers CHh10 , CHd 4 , CHd in this order,10 

under the same pressure path conditions. The relative intensity 

of the continuous absorption spectrum increases and the dis­

crete spectrum becomes weaker with respect to the continuum. 

Under high resolution only a few bands of CHd showed4 

up on the photographic plate, and none of the bands of CHd10 were 

observable under high resolution. 

2.4 LOW TEMPERATURE WORK 

Attempts to observe the absorption spectrum of CHh10 

in the solid phase at liquid helium temperature were made with 

the aid of a Cary liquid helium dewar. 
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Two types of experiments were tried, one with pure 

crystals of CHh the other with the substance dissolved10 , 

in an SF matrix at a concentration of 1%.6 

In both cases, the sample (plus any solvent) was . 

sprayed on a quartz crystal window, the latter being cooled 

by conduction through a copper holder attached to the bottom 

of the liquid helium dewar. 

The spectrum was observed on the Cary 14 Model spectre­

photometer and pictures were also taken on a Hilger E-492 
0 0 

Littrow prism spectrograph over the range of 4000 A•2600 A. 

The spectrum in the SF matrix is shown in Fig. 2.3. Very
6 

little information could be obtained, since the spectrum 

showed only few very broad bands. However the samples may 

have been above liquid helium temperatures; their temperature 

could not be determined with the apparatus available. 

2.5 PHOTOGRAPHY AND MEASUREMENTS 

Spectra were recorded on Kodak spectrum analysis 

film No. 1 and Kodak film type l~o. The latter was found to 

be experimentally six times faster than spectrum analysis 

film No. 1. Kodak film type 1-0 was used for most of the 

high resolution work mainly because of its high speed but 

spectrum analysis No. 1 was preferred for low resolution work 

because of its fine grain and good resolution. Both types 

of film were developed by recommended procedures. 
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0 
3100 !200 3300 3400 A 

FIG(2·3) LOW TEMPERATURE ABSORPTION SPECTRUM OF CHhlO 
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Iron emission lines from a Pfund arc( 4 B) were photo­

. graphed adjacent to each absorption spectrum for calibration 

purposes. Accurate values for the wave length of the iron 

lines were obtained from Table~ issued by the National Research 

Counci1< 42 ). 

The relative positions of band heads of cyclohexanone 

and iron emission lines were all measured by quadratic interpo­

lation from traces made off the spectrograms on a Joyce-Loebl 

MKIIIdouble beam microdensitometer. 

The wavelength of the measured iron lines was fitted 

to a quadratic y = a +a1x+a2x 2 by means of a least squares
0 

fit, and the wavelength of the absorption bands obtained by 

interpolation. The calculated air wavelengths of the 

absorption bands were converted to vacuum wavelengths accor­

ding to Edlen's formula< 43 >, then converted to vacuum wave 

numbers. 

The microdensitometer cannot record simultaneously 

traces of iron lihes and absorption bands, and the small 

displacement of the pen in its holder necessary to record 

both spectra could introduce a very small shift between 

iron lines and absorption bands. To avoid this type of 

error, several traces (usually five) of each band were 

recorded and then measured in the way described previously. 

An average value for each band was then taken. 
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-1
The accuracy is estimated to be ±1 cm to 

for most of the low r .esolution spectrum, depending upon the 

sharpness of the bands. Under high resolution from 1st order 

Ebert pictures, the accuracy of measurement of band heads 

-1
is estimated to be less than ± 0.5 cm • 



CHAPTER 3 


ANALYSIS 

The prototype carbonyl-containing molecule is formal­

dehyde tt co. A qualitative diagram of the electronic energy2

levels obtained in simple molecular orbital (Mo) approximation 

is given in Fig. 3.1. The atomic orbitals (Ao) are represented 

on the left and the Mo's on the middle in order of increasing 

energy. The ordering of the orbitals in cyclohexanone follows 

that given for formaldehyde( 44 ). On the far right are indi­

cated the symmetries of the Mo's under the C and the c points 2v 

groups. 

In the electronic ground state, all the orbitals up to 

the (£) orbitals are filled with electrons, so that the ground 

state configuration is (cr) 2 
(n) 2 (£) 2 , which gives a singlet 

state only. 

The lowest electronically excited state is obtained by 

promoting an oxygen lone pair electron from the n orbital 

into the antibonding TI* orbital. The configuration of this 

excited state is 

(o) 2 (n) 2 (n) (TI*) 

and gives either a singlet or a triplet state. Formally, the 

n~TI* electronic transition can give rise to both a triplet+ 

singlet transition and a singlet+singlet transition. 

53 
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1T 1! 

_.......H-- a• a, 

FIG (3·1) LOCALIZED MO'S AND n..-rr" ELECTRONIC TRANSITIOM 

FOR THE CARBONYL GROUP 
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The triplet+singlet transition ~s always much weaker 

than the singlet+singlet one. Consequently it can only be 

observed in absorption at very long vapour path lengths, in a 

region of lower energy than the singlet+singlet transition. 

The triplet+singlet absorption transition is very weak in the 

formaldehyde spectrum, and has not been observed in the spectra 

of cyclopentanone( 3 B), as in that of cyclohexanone. 

The relatively strong absorption in the near ultra 

violet of formaldehyde and related molecules is due to the 

n~n* 1A + 
1A singlet+single.t transition, and it is the analogue 

- I 2 1 

of this transition in cyclohexanone which is studied here. 

~he transition is of interest for two special reasons. 

·rirstly, in formaldehyde, the molecule is pyramidal in 

the 1A (TI*,£) excited state, the potential function with
2 

respect to inversion of the molecule through the plane of 

synunetry through the nuclei in the ground state showing two 

minima. This leads to a doubling of out-of-plane vibrational 

energy levels below the central potential hump, Fig. 3.2, 

where e is the out-of-plane angle. Similar out-of-plane 

equilibrium geometries are found for other related molecules, 

as summarized in Table 3.1. The question arises as to whether 

a similar bent geometry occurs in the excited state of 

cyclohexanone, and to what extent this is constrained by the 

presence of the carbon ring. 
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FIG(3·2) " AE--A1 TRANSITION IN FORMALDEHYDE 



Compound 

H2co 
(Formaldehyde) 

HFCO 
(Fluoroformal­

dehyde) 

CH CHO3
(acetaldehyde) 

H2C=CHCHO 

(Aerolein) 

H-C::CCHO 
(Propyna.l) 

c5H80 

(cyclopentanone) 

C6Hl00 
(Cyclohexanone) 

SINGLET-SINGLET n+n* 

Absorption Transition 

0 lA _lA3500-2300 A 2 l 

TABLE 3.1 

TRANSITIONS IN CARBONYL COMPOUNDS 

II 0 

r' (CO) Ar (CO)A out of Jtlane 
angle e 

1. 22 1. 32 "v 31° 

0 

2700-2000 A A - A' 1.18 1. 35-1. 38 20° 

0 

3500- 2300 A A - X 1. 22 (l.32) ?. 

0 

4100-3200 A A
11 

- A
1 1. 22 (1. 32) ? 

0 

3800-3000 A 

0 

3470-2760 A 

II I
A - A 

lA _lA 
2 1 

1.22 

1.24 

(1. 32) 

1.35 

? 

32°-35° 

3500-2500 
0 

A 
II 

A '- A 1.24 1. 32 "v 30° 

Remarks Ref. 

Absorption 27,28, 
bands become 45 
diffuse at 0 

about 2750 A 

Predissocia- 46 
tion suggest-ed 
for A<2200 A 

Sharp bands 2,47 
followed by 
diffuse bands 
and continuum 

Bands become 48,49 
diffuse and 
merge into a 
continuum be­
low 3600 ~ 

Sharp bands 50 

Sharp bands fol- 30 
lowed by dif­
fuse bands and 
continuum 

UlThis work -...J 
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Secondly, the A + A transition in formaldehyde,
2 1 

as well as cyclopentanone, is an electronically forbidden transi­

tion and has to "borrow" intensity from another low-lying 

electronic transition. The other low lying excited states 

1 1are 1B 2 (cr*,~), B (n*,cr) and A (n*,n) and vibronic mixing1 1 

with all three of these has been invoked( 2S) to explain the 

appearance of bands of different polarizations in the 

1 1A - A formaldehyde spectrum. A, B, C types of band,
2 1 

respectively z, y, x polarized - Fig. 3.3 - arise in the 

. 1 ( * ,~)+ lA;forma1e dhyd e spectrum. Th e e 1ectronic. transition. B a2 1 

is an allowed transition polarizsd along the y axis • If the 

1B2 (cr*,~) state is close to the A state, then transition
2 

+ A can "borrow" intensity from the B (cr*,n) state1A2 
1

1 
1

2 

because of the mixing of the electronic wave functions of 

1A2 (n*,~) and 1B (cr*,n) by vibrations of b symmetry. This
2 1 

mixing depends on vibronic interaction, ie, mixing between 

the electronic and vibrational wavefunctions, so that only 

states ~ of the same vibronic species interact. Fig. 3.3 ev 

gives the species of vibronic states for the X A
1 

, A2 (n*,~), 

B 2 (cr*,~), B (n*,cr) and 1A (n*,n) electronic states when a 1 ,1 1 

a 2 , b 
1 

, b vibrations are excited , and shows that the inten­
2 

sity of the Type B bands which appear in the spectrum of the 

+ forbidden transition is derived from the B (cr*,g)
1

A2 A1 
1

2 

state via the b vibration. The intensity of the type C bands1 
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is probably borrowed from the 1B
1 

(7T*,o) state via a b 
2 

vibra­

tion. The intensity of A type bands in the 1A
2 

- 1A
1 

transition 

can be borrowed from the 1A1 (7T*,7T) state via an a 
2 

vibration~ .. 
But formaldehyde has no vibration of a species, and ' the only2 

way in which A character can be introduced is by combination 

. b . ( 28 ) c 1 d . bo f b and b vi rations • ye opentanone oes possess vi ra­1 2 

tions of a species, and King and Howard-Lock(JO) showed that2 

the strong c type bands in the cyclopentanone spectrum result 

1from an admixture of B (7T*,cr) state via a combination of a
1 2 

and b 1 vibrations. The expected polarizations of the bands 

1in the A2 + 
1A1 transitions for odd or even quanta change 

of the four species of normal modes are summarized in Table 3.2. 

If the principal axis a does not coincide with the 

c = 0 bond, then hybrid bands of mixed polarization can occur 

in the spectrum. More important is the fact that vibrations 

may have components along the three principal axes, and in 

principle, these vibrations can mix electronic states of 

different symmetry species with the 1A state. Does the n+n*2 

cyclohexanone spectrum result from a similar mechanism as 

the one of cyclopentanone? Or does it contain more allowed 

character as suggested by Goodman and Chandler's work(l 4 )? 

These are questions whose answers will be sought in the 

following chapters. 
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TABLE 3.2 

POLARIZATION OF THE BANDS (C v) IN THE n~rr* transition2

' " v - v 
I " species Band Type1'Jev1'Jev 

al a2 El 02 

unrestricted even even even A (magnetic dipole)A2 

II even even odd cBl 
ti even odd even BB2 

even odd odd A" Al 

II odd even even A
Al 

odd even odd B" B2 


" odd odd even c
Bl 

odd odd odd A (magnetic dipole)" A2 

POLARIZATION OF THE BANDS (C ) IN THE n~rr* transition s 

"v' - v I II 
Species Band Typea' a" 1'Jev1'Jev 

unrestricted even A" B 

II odd A ' A+C (hybrid) 
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NEAR ULTRAVIOLET SPECTRA 

In the near ultra violet spectral region, the 

-1
absorption 	spectrum of cyclohexanone extends from 2000 cm 

1to 3600 cm- . At long wavelengths, the absorption bands for 

the vapour phase are discrete and have very low intensity. 

The intensity and diffuseness of the bands rapidly increase 

as the wavelength decreases. Some band structure can be 

discerned in the spectrum at a pressure path of 0.1 m at, 

but pressure paths up to 1.4 rn at are required to observe 

the discrete bands at the red end of the spectrum. 

Detailed analyses of the vibrational structure of 

the singlet-singlet £~TI* transitions of CHh10 , CHd4 and CHd10 

will be given in the following sections. The intense bands 

are assigned and some weak band~ are explained. The labelling 

convention of Brand and Watson(Sl) is used for vibrational 

bands in the electronic spectrum: transitions are labelled 

a c 
~nd ... where m, n ••. designate the normal modes of vibra­

tions; the superscripts, a, c and the subscripts, b, d give 

the number of quanta of a vibration excited in the upper and 

the lower electronic states, respectively. For example, 

successive members of an excited state progression in v a 

are labelled l a 
0 

2 3 ,a ,a ••.. 
0 0 

The three spectra of CHh CHd CHa have been4 ,10 , 10 

photographed under the same experimental conditions. In all 
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three spectra the first discrete absorption bands appear 
0 

around 3450 A at a pressure path of 1.4 mat. Under low 

resolution, at this pressure path of 1.4 m at, CHh shows10 

bands without rotational structure, the main ones at the 

red end 	of the spectrum having a regular separation of 

about the frequency, 90 but showing two apparent 

' 
~ 

-1 
cm • In the same region, the bands of CHd 4 are slightly 

weaker than those of CHh10 , the main ones being separated by 

-1 same ~ cm , 

heads separated by 20 cm-l The spectrum of CHd10 is much 

weaker than the other two. 

All three spectra appear as weak bands superimposed 

upon a continuum whose intensity increases very rapidly to 

shorter wavelengths. It was possible to get meaningful spectra 

at high resolution only for the CHh spectrum, which is10 

relatively the strongest of the three. The spectra of the 

deuterated isomers showed no additional structure under high 

resolution than could be observed under low resolution. 

Consequently, most of the analysis was performed upon the 

low resolution spectra. However the high-resolution spectra 

of CHh10 was used for band contour analysis, see Chapter 4 . 

3.1 	 LOW RESOLUTION SPECTRA 

The low resolution spectra of CHh10 /CHd 4/CHd10 show 

1band structure from 28850-36000 cm-1/29478-32537 cm- / 

29467-31321 cm-1/ respectively (see Fig. 3.4.) About 110/85/34 
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bands are observed for the respective species. The intensities 

of the bands measured with respect to the continuum are ir­

regular, but none of the bands is very strong. The maximum 

ratio of observed band intensities is about seven to one. 

We will see below that in the high resolution spectrum 

of CHh10 , some bands of strong intensity under low resolution 

are in fact two bands of medium intensity which are strongly 

overlapped. For this reason, some bands in the low resolution 

spectra of CHh have two different assignments.10 

In the spectra of the three isomers, it will be shown 

that two carbonyl group vibrations are active. These are the 

carbonyl stretching mode and the out-of-plane wagging mode, 

and will be referred to as v (a') and v Ca'). This numbering
7 21 

follows RNJM's( 2 G) assignment for the ground state fundamentals*. 

Also observed is the v (a") mode, see Table 1. 4, which is
45 

-1observed at 189/175/163 cm in the infrared spectra. 	 This is 

2
a low frequency ring mode, which is identified by RNJM( G) as 

*The standard convention is to number the normal modes in order 
of decreasing frequency,starting with the 25 a' modes and con­
tinuing with the 20 a" modes. For a large molecule such as 
cyclohexanone, however, it is always possible that some of the 
fundamentals have been misassigned, and this will alter the 
numbering. As was discussed above, see Table 1.5 we believe that 
the band at 490/454/451 is not purely the in-plane-bend, but 
overlaps the out-of-plane wag which is at slightly lower fre­
quencies in the vapour, however this does not affect its label­
ling as .v • RNJM's numbering will be used for the vibrations21which are active in the UV spectrum. 
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an antisynunetric out-of-plane twist which tends to take the 

chair into the boat ring shape. 

In common with the main features of n~n* transitions 

in other carbonyl compounds( 2712812913 0,J?) the gross pattern 

of the spectra of the three isotopes consists of a progression 

' -1
in ~ 1150 cm to higher frequencies. The bands of this 

progression, which become increasingly diffuse, are at 

CHh
10 CHd4 CHdlO Assignment 

30127 30132 30135 cm -1 o-o 

31295 31272 31244 71
0 

32464 n/o n/o 72 
0 

33623 n/o n/o 73
0 

-1The first interval is 1168/1140/1109 cm This is believed 

to be the value for the excited state frequency of the CO 

stretch vibration. This assumption seems to be reasonable if 

one compares the value obtained for other ketones - Table 3.3. 

7
'If (v 1

" -v ' )/v 7 
" represents the percentage drop between the 

ground state frequency apd the excited state frequency, ~ 32% 

for CHh10 , Table 3.3 shows that all the saturated molecules 

have a higher percentage drop (~ 30%) than the non saturated 

molecules (<30%). This could be due to a conjugation effect 

between the bonding electrons of the carbonyl group and the 

rest of the molecule, an effect which can occur for molecules 

like E-benzoquinone but not for saturated molecules like cycle­

hexanones. 
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TABLE 3o3 

SINGLET SINGLET n+w* TRANSITION IN CARBONYL COMPOUNDS. THE 
VIBRATIONAL WAVE-NUMBERS ARE GIVEN FOR THE C=O STRETCHING 

MODE 

Compounds 

H CO2
(Formaldehyde) 

HFCO 
(Fluoroformaldehyde) 

CH 3CHO 

(Acetaldehyde) 

H2C=CHCHO 

(Acrolein) 

HC::CCHO 
(Propynal) 

. (CHO) 
2 


(Glyoxal) 


0 =<=:>= 0 
(Benzoquinone) 

c H8o5

(Cyclopentanone) 


C6Hl00 
(Cyclohexanone) 

II -1
\J cm 

1738 

1837 

1743 

1720 

1697 

1740 

1667 

1742 

1714 

I -1 
\J cm 

1177 

1111 

1125 

1270 

1304 

1390 

1220 

1225 

1170 

% Drop 

32.3 

References 

27-45 

39.5 46 

35.5 47 

26.l 

23.l 

I 

48-49 

50 

20.l 52-53 

26.8 54 

29.6 30 

31.7 This work 
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Again as in other ~~TI* transitions, each band of the 

progression 7~ (except for the very weak band 7~ for CHd10 ) 

acts as an origin for a progression in the ground state fre­

q.iency 490/454/460 cm-1 • This same interval is observed in 

the vibrational spectrum, and is assigned here to the carbonyl 

out -o f -p1ane wag v " ( a ') • Up to four members of this pro­21 

gression are observed. 

Other prominent bands can then be fitted into the 

typical pattern which would be expected for inversion doubling 

at the carbonyl group in the excited state. This is illus­

trated in Figs. 3.5, 3.6, 3.7) for the bands associated 

with the orig~n transition for each of the three isomers. 

Each band whose frequency is given in Tables 3.5, 3.6, 

3.7) acts as origin for a progression in v
45 

(a " ) • This mode 

is active in both the ground and the excited state. Up to five 

quanta of the progression are observed. For CHh10/CHd 4/CHd10 , 

the fundamental frequency of v~ 5 is respectively 190/175/165 

-1 I -1 cm , and equals 130/75/82 cm • A positive anharmoni­v45 

city is apparent in the first overtone of the ground state 

f requency of v " •45 

v ' shows a small irregular isotope shift; normally
45 

the most deuterated molecule has lowest frequency. We note 

that vi ta') shows a similar anomaly in the ground state.
1 

This is probably due to slight changes in the normal coordi­

nates. Similar small irregular shifts have been observed in 
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the infrared spectra of cyclopentanone. Table 3.4 gives 

the values of the frequencies v' and v"derived from the ultra­

violet spectrum. The results for v 
II 

from the infrared are 

also given. 

In the column on the right are listed the percentage 

drop. 

v" - v ' i.e. II 

v 

It can be seen that, for the two-carbonyl frequencies, the 

percentage drop increases on deuteration. But for thev 45 

higher percentage drop is obtained for CHd 4 ; nevertheless, 

the percentage drop in the case of CHd is also very high,10 

compared to that of CHh •10 

As was mentioned previously the ultraviolet spectrum 

of CHd10 is the weakest of the three, and only relatively 

few bands are observed above the continuum. These can be 

fitted into the assignments given above. But in the spectra 

of CHh10 and CHd4 , after the assignment of most of the bands 

to the v 7 , v 21 , v normal modes, three strong bands are45 

left unassigned in both spectra. The strongest is at +726 

cm-1/+629 cm-l from the origin band at 30127/30132 cm-l 

The two bands a:-e also origins for frequencies in v~ 5 . 
The +726 cm-l interval in the CHh spectrum can also be

10 

observed in conjunction with up to two quanta of the carbonyl 

. ' stretching mode v •7 
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TABLE 3.4 

FREQUENCIES OF THE NORMAL MODES OBSERVED IN THE n~n* 
SINGLET-SINGLET TRANSITION OF CYCLOHEXANONES 

Fre9uencies (cm-1 ) 

Description \)" v" \) I % Drop 
From the Raman From u.v. From U.V 
liquid spectrum Vapour Vapour 

( 2 6) Phase Phase 

C=O stretch 
\)7(a') 

CHh10 

CHd
4 

1710 

1708 

n/o 

n/o 

1169 

1140 

31.6 

33.2 

CHd10 1709 n/o 1109 35.1 

C=O out-of-plane 
Wag \)

21 
(a') 

CHhlO 490 490 398 18.7 

CHd 4 

CHdlO 

454 

452 

454 

460 

262 

251 

42.2 

45.4 

Ring mode 

CHhlO 

\) (a")
45 

189 190 130 31.6 

CHd4 

CHdlO 

175 

163 

175 

165 

75 

82 

57.1 

50.l 

Mode \)x 

CHhlO 726 

CHd 4 629 
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It is not possible to assign this frequency to a 

normal mode. No corresponding ground state frequency is 

observed in the ultraviolet spectrum. From band contour 

anaiysis, some information can be obtained about the polari­

sation of the band. It is called vx in the assignment here. 

Table 3.5, 3.6, 3.7 gives the wavenumbers of the heads of 

bands for CHh /CHd /CHd observed under low resolution.10 4 10 

Assignments are given for most of the bands, apart from a few 

extremely weak ones. 

Some bands are given two assignments in the low reso­

lution spectrum of CHh • They can all be resolved in the10 

high resolution spectrum. Moreover in the low resolution CHd 4 

spect rum, the ana ogous b an s are spl i.t by ..., 20 1 •1 d ~- cm- They are 

in fact two different bands. 

On the other hand, there are several bands to the blue 

of the origin in the low resolution spectrum of CHd which4 
-1apparently contain two components split by some 5-10 cm 

It is very unlikely that this appearance results from rota­

tional structure, because the bands in the spectrum of CHh10 

under the same conditions do not show any rotational structure 

and neither is such an appearance predicted by band contour 

calculations. A similar doubling may be present in the low 

resolution spectrum of CHd but the bands are too weak for10 , 

this to be certain. Most of the bands with two components 

are assigned to transitions in which one or more quanta of v ' 
45 
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excited in conjunction with other excited states modes. It 

is suggested here that this particular doubling arises because 

the upper state vibrational levels involved are approaching 

the barrier to chair-boat interconversion of the ring. Clo~e 

to the top of the barrier, and above, the motion of the 

carbonyl out-of-plane wagging could be strongly coupled to the 

ring modes. However a theoretical treatment of such coupling 

is not feasible on the basis of the limited amount of infor­

mation available. The doubling is not observed for bands in 

the CHh spectrum; but the normal coordinates for the vibra­10 

tions of CHh in the excited state can differ from those for
10 

the deuterated isomers. 

3.2 LOW TEMPERATURE WORK 

Very little information was available from these 

experiments. However the spectra taken of CHh at low
10 

temperature under the conditions described in the experimental 

section shows three broad absorption regions (see Fig. 2.3). 

1The first one is between 29950-30160 cm- , the second one from 

130600-3100 cm-l and the third from 31000-31300 cm- , with maxima 

-1 -1 -1at ~ 30050 cm , 30800 cm , 31200 cm The first maximum 

is in the region of the origin band (30132 cm-l in the vapour 

phase), and provides support for this assignment. The second 

1 1maximum corresponds to the 21 x vapour band, and the third to 
0 0 

1 1the 7 21 band.
0 0 
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TABLE 3.5 

BAND FREQUENCIES AND ASSIGNMENTS FOR THE LOW RESOLUTION 
SPECTRUM OF CHhlO 

-1
\J cm Relative · 
vacuum Intensitya) Assignment 

129064 	 m 21 2 
429369 	 m 21 3 

29457 s 21°4s0 
1 1 

29510 w 11
l 211 

2 

329547 	 s 21 2 

29597 w 11
l 211 

0 

29639 	 s 21°1 

29684 m 21 245° + 21 3451 
1 2 2 0 

29770 sb 211 45° + 21°451 
0 2 1 0 

29819 w 211 
2451 

2 

29864 	 s 211 
245°l 

29900 	 w 21°452 
1 0 

29921 w 211
0451 

2 

29954 	 m 2Ii. 1
0

45o
l 

29997 	 s 21 5 + 21 2451 
2 l 1 
230040 	 s 211 

\ l l
30081 	 s 21 0451 

13012·7 	 w 21 0 

30162 vs 211 
2451 

0 

30214 	 m 211
045 l 

2 

30256 	 m 211 451 
O: 	 0 

i (continued next page) 
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-1 
v cm 	 Relative Assignment. a) 

. .vacuum . 	 Intensity 

30268 	 w 211 
4451 

0 

30298 	 m 21 2 45 2 
1 0 


30310 w 211
0451 

3 


4
30342 	 m 211 


30385 s 211
045 2 

0 

2 3
30438 	 w 21 451 0 


30462 m 211
0451 

4 


30478 	 w 211 
4451 

0 

30508 ms 211
045 0 

3 


3
30557 	 m 210 
1	 430630 	 s 21 450 0 


30676 vs 210 
3451 

0 


11 3
30731 	 w 210 2 
630768 	 w 211 
130784 	 w 21 045 0 

5 

30804 	 vsb 11 21° + 21 0 
345 0 

2 
0 1 

X130857 s 211
0 0 

1456
30886 	 w 210 	 0 

30930 	 s 1121°4s1 + 21 345 3 
0 	 l 0 0 0 

1 45130976 	 m 211x0 0 0 
531037 	 vsb 21 0 

11 
I 

(continued next page) 
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\) cm .. 	 Relative a) Assignment 
. . vac.uum 	 Intensity 

1 1 45 231094 	 w 21 x0 0 0 

31122 w 11211 45°0 0 1 
545131166 	 w 210 0 

1 231212 	 vs 7 210 1 

31253 w 11211 45 1 
0 0 1 

31295 m 71
0211 

0 

31329 	 s 1121 2451 
0 1 0 

31430 m 71211 451 
0 0 0 

31468 m 217 
0 

31519 	 vw 7121121 4 
0 0 1 

31559 vw 11211 45 2 
0 	 0 0 

31648 	 m 71 21 4451 
0 1 0 

31690 m 11 21145 3 
0 0 0 

31731 m 71211 21 3 
0 0 0 

631768 	 w 21 l 
1	 1 431796 	 w 1 21 450 	 0 0 

345131856 	 m 71 210 0 0 
2 331898 	 m 7 210 2 
1 631945 	 w 7 210 1 

31918 s 12
021°1 
1 1 l32025 	 s 10210x0 ~· 

32096 	 s 1 221°451 
0 	 1 0 

(continued next page) 
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v cm-1 Retati±ve Assignment 
vacuum Intensity 

. 32138 	 vs 11211x 1 451 
0 0 0, 0 


32210 s 11
0215 

0 


32260 	 s 11211x1 4s1 
0 0 0 0 


32300 w 12211 45°
0 0 1 

32332 . w 12215 


0 2 


32377 s 1 0 
2211 

2 


32420 	 w 12211451 
0 0 1 


32464 w 1 0 
2211 

0 


32498 	 s 12212451 
0 	 1 0 

1 45132581 	 w 1 2210 0 0 
1 732632 	 m 1 210 0 
2 432679 	 vw 1 210 1 


32735 ms 1 221145 2 

0 0 0 
2 445132818 	 m 1 210 1 0 
2 1 332853 	 m 1 21 450 	 0 0 

332899 	 vw 10 
2210 

32980 	 m 1 2211 45 4 
0 0 0 


33020 m 1221 3451 

0 0 0 


33065 w 10 
3212 

3 


33109 	 vw 10 
2211 

6 

33138 	 m 10 
321°1 

(continued next page) 
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v vm-1 Relative Assignment 
.v.a.c.uum . . Intensity 

33183 ms 7 2211x1 
0 0 0 . 

33254 w 1321°451 
0 1 0 

33299 ms 1 2211x1 45 1 
0 0 0 0 

33365 m 1 2215 
0 0 

33413 ms 1 2211x1 45 2 
0 0 0 0 

33455 w 1 3211 45°0 0 1 

33534 m 7321 2 
0 l 

33577 w 1 3211 451 
0 0 1 

33623 mw 1 3211 
0 0 

33648 m 13212451 
0 1 0 

a) Notation I intensity measured with respect to the continuum 

w = weak 1 < I < 2 


m = medium 2 < I < 4
-
s = strong 4 < I < 6 

vs = very strong 6 < I < a 


b = broad 


d = diffuse 
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TABLE 3.6 

BAND FREQUENCIES AND ASSIGNMENTS FOR THE LOW RESOLUTION 

SPECTRUM OF CHd


4 

-l
'V cm Relative Assignment 

. .vacuum In.tensity 

329478 	 m 21 2 

29505 	 w 21°45°1 l 
3 129566 	 m 21 452 	 0 

129589 	 w 21°451 l 
3 229657 	 m 21 452 0 


29678 mw 21°
1 

29765 	 m 21°451 
1 0 
129780 	 mb 21 45°0 	 2 

29852 	 m 21°45 2 
1 0 


29870 s 211
0451 

2 


29904 	 mw (21 245 2 )1 1 
229940 	 m 211 
7 1 029957 	 ms 21 + 21 4s2 0 1 
2 129991 	 ms 21 451 	 0 

130031 w 211
0451 

3


30044 	 w 21 45°0 2 
2 230068 	 ms 21 451 0 
1 230115 	 m 21 450 1 
130132 	 w 21 0 
430152 	 s 211 

(continued next page) 
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-1 v cm Relative Assignment 
vacuum Intensity 

30203 m 21 1 451 
0 0 

30288 mb 211 45 2 
0 0 

30320 ms 213451 
0 1 

30346 ms 216 
1 

30367 s 211 45 3 
0 0 

30398 vs 213 
0 

30435 wb 211 45 4 
0 0 

30484 s 21 3451 
0 0 

30533 m 211 45 5 
0 0 

30557 m 21345 2 
0 0 

30604 w 21345 3 
0 . 0 

30615 vw 11213 
0 2 

30645 vs 215 
0 

30674 mw 21345 4 
0 0 

30693 w 11213451 
0 2 0 

30729 s 215451 
0 0 

30761 s 2l1x1 
0 0 

30813 m 211x1 451 
0 0 0 

30819 m 11 
021°1 

30880 m 211x1 4s2 
0 0 0 

30890 m 217 
0 

30929 w 11211 4s 0 
0 0 2 

(continued next page) 
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v cm-l Relative Ass~gnment 
vacuum Intensity 

30943 	 m 211x145 3 
0 0 0 

30992 m 1121°45 2 
0 1 0 

31008 w 71211451 
0 0 2 

31063 w 11
0211 

2· 

712114s0 131097 mw 	 or 1 217? o m 1 0 2 

31167 m 11 211451 
0 0 1 

31183 w 1121345°0 0 2 

3122'3 mw 1121245 2 
0 1 0 

31272 ms 11211 
0 0 
1 431293 	 m 1 210 1 

31318 w 1121 3451 
0 0 2 

31332 s 11 211451 
0 0 0 

31404 m 71 21145 2 
0 0 0 

31436 m 11
0211 

6 

31505 	 vwd 1121145 3 
0 	 0 0 

331524 	 vwd 11
0210 

31684 	 md 1121 345 2 
0 0 0 

31974 mwd 12211 45 2 
0 0 3 
2 132029 	 mwd 1 21 45°0 0 2 
2 1 132094 	 md 1 21 450 0 2 
2 1 232147 	 mwd 7 21 450 0 2 

(continued next page) 
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-1v cm Relative Assignment 
vacuum Intensity 

32216 mbd 1221 14s 0 
0 0 1 

32265 mbd 7221 1 45 1 
0 0 1 

32368 mbd 1221 1 45 2 
0 0 1 

32454 mbd 1 2211 451 
0 0 0 

1 2 232537 wbd 21 1 450 0 0 
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TABLE 3.7 

BAND FREQUENCIES AND ASSIGNMENT FOR THE LOW RESOLUTION 

SPECTRUM OF CHd
10 

\) cm-l Relative Assignment 
vacuum Intensity 

29467 w 

29508 m 

29552 m 

29590 m 

29633 ms 

29674 ms 

29715 ms 

29760 s 

29847 s 

29925 ms 

29971 ms 

30014 s 

30050 row 

30098 ms 

30135 m 

30182 row 

30217 ms 

30226 ms 

30270 m 

30307 ms 

3
211 

21°45°1 1 

21 3451 
2 0 

21°451 
1 l 

3 2
21 452 0 

21°1 

3 3
21 452 0 

21°451 
1 0 

21°45 2 
1 0 

2
211 

211
045°1 

21 245 1 
1 0 

1 1 


210451 

21 245 2 
1 0 

211 
0 

21 2 45 3 
1 0 

21 0 
345°1 

1 45 1
21 0 0 

2 4
21 451 0 

1 2
21 450 0 

(continued next page) 
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-1\) cm Relative Assignment 
vacuum Intensity 

330388 	 row 21 0 
3 130473 	 m 21 450 0 
3 230565 	 m 21 450 0 

31051 mwd (7 1 21 2 )0 1 
1 131106 	 mwd (7 21 245 )0 1 	 0 

131139 	 mwd (7 121 1 45 )0 0 	 1 

31188 	 mwd (7 1 21 2 45 2 )0 1 0 
1 131244 	 mbd (7 21 )0 0 

31321 mbd . (7 1 211 45 1 )
0 0 	 0 
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3.3 ISOTOPE SH!FTS 

Brand et al. (SS) have found that the chlorine isotope 
0 

shift in progressions of the S340 A band system of thiophosgene 

is a linear function of quantum number. The same isotope 

effect has been found for oxalyl chloride( 5 G) and cyclopertta­

none(30). Deviation from linearity is found(JS) when the energy 

levels involved correspond to a double minima potential function. 

v'In cyclohexanone the 21 progressions do not show a linear0 

isotope shift because or the splitting of the energy levels due 

to the double potential minima (see Figs. 3.5, 3.6, 3.7). 

Calculations on the double potential minima energy levels of 

CHh10/CHd 4/CHd are given below. In the case of the carbonyl10 

out-of-plane progressions of cyclohexanone the linearity 

cannot be checked for the ground state because only two members 

are observed. 

The long progressions of the ring puckering mode which 

are observed both in the ground state and in the excited states 

do show a linear isotope shift between CHh and CHd as well10 4 
as CHh10-CHd •10 

The observed isotope shift of the assigned origin 

-1 -1bands are -5 cm /-8 cm respectively for (CHh -CHd )/10 4 

(CHh10 -CHd )10 

Deuteration slightly shifts the origin to the blue 

in the case of cyclohexanone. 
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The isotope shift of the origin band of a system is 

given by the relation 

' " ' " ( G (o) -G (o)) - (G (o) -G (o)) isotope 

where G ' (o) and G" (o) are the zero point vibrational energies 

of the excited state and the ground state respectively. 

For cyclohexanone, there are 45 normal modes of vibration which 

all contribute to the zero point vibrational energy by the 

relation 
45. 1 

G(o) = L: - hv 
n=l 2 n 

Only a few vn ' are observed experimentally for CHh10/CHd 4/CHd10 

and there is not enough information to predict the shift of 

the origin band. 

Each band of the carbonyl out-of-plane vibrational 

progression is an origin for a progression of the ring 

puckering mode in the excited state. The isotope shifts in 

these 	progressions are plotted in Figs. 3.8, 3.9 and 3.10. 
' 

Fig. 3.8 shows the isotope effect in the 45~ progressions 

' based on the bands of the 21~ progressions as origins. A 

very long progression, up to five quanta, is observed based 

upon the origin band of the system itself. Shorter progressions 

are observed originating from the 21~ and 21~ bands. The 

isotope effect is slightly greater for CHd than for CHd • This
4 10 

implies that the v normal mode involves slightly more45 

motion of the ~ deuterated atoms in CHd than in CHd Fig.
10 

.
4 

' 
3.9 shows the isotope shift of some progressions of 45~ 
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based on bands in the 21r
I 

ground state progression. Fig. 3.10 

represents the isotope shift for the 45 " progressions for v 

CHh10-CHd (the isotope effect is not shown for CHd10 because
4 

only one member of the 45v" progression is observed. 

3.4 THE HIGH RESOLUTION SPECTRUM OF CHhlO 

Because of its higher intensity relative to the back­

ground continuum, the spectrum of CHh could be photographed10 

under high resolution, revealing ·a large number of additional 

peaks ahd band heads. The results of the high resolution work 

for this species can therefore be used to refine and improve 

upon the analysis of the low resolution spectrum given above. 

It should be emphasized, however, that the basic interpretation 

of the high and low resolution spectra remains the same. 

The high reso l ution spectrum of CHh10 shows discrete 

-1 -1bands from 'V 29300 cm to 31500 cm . Bands at higher energy 

than 31200 cm -1 become increasingly broad and diffuse. 

So most of the additional information is obtained from 

1bands associated with the origin band at 30132 cm- , and not 

from those associated with members of the excited state 

carbonyl stretching progression which extends to higher fre­

quencies, and which cannot be measured very accurately. In the 

n-+-7T* spectrum of related ketones< 27128130,J?), the more pro­

minent features are progressions in the carbonyl wagging 



93 


frequency and the carbonyl stretching mode. 

In the low resolution spectrum of CHh long progressions10 

in the carbonyl stretching mode v
1 
' do appear. In the region 

measured under high resolution, only two members of the 

progression in v~ as well as combination bands with 7~ occurred. 

The most obvious frequency interval in the spectrum is 

-1490 cm This frequency is assigned here to the carbonyl 

out-of-plane wag, or at least to a normal mode which contains 

a large component of this motion. 

As discussed in the previous chapter RNJM( 26 ) on the 

basis of forceconstant calculations for the electronic ground 

state found about 30% of carbonyl wagging motion in the infra­

red band at 653 cm-1 • Their theoretical work suggested that 

several fundamentals involved the carbonyl out .. of-plane 

1motion. One of the frequencies is at 490 cm- . In the ultra­

-1
violet spectrum attempts to find progressions in 653 cm were 

unsuccessful. This frequency does not seem to be active 

-1in the spectrum. Only the 490 cm interval, which drops 

-1 . -1to 454 cm in CHd and 460 cm in caa is clearly observed.10 ,4 

As has been d i scussed in the section on low resolution 

work, the corresponding progression in the excited state is 

about 398 cm-l and shows a measurable splitting of the v; = 21 

and 3 levels. The first member of the progression in the 

corresponding ground state vibration gives a weak band at 

' -1 rv 30132 cm To the red of this band appear two other bands 

at 29642 cm-l and 29152 cm-l which could be members of the 
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ground state progression in v • This interval of 490 cm-l
21

is not repeated in other ground state progressions based on 

3 5 7210 , 210 and 21 • It appears instead that the difference in0 
II 1 

energy between the v (21)= 1 and v"(21) = 2 levels at 540 cm-

which is somewhat larger than the fundamental frequency, see 

Fig. 3.11. One possible reason for this is that the 29102 band, 

at an interval of 1030 cm-l to the red of the origin, arises 

from excitation of another fundamental instead of from 2 quanta 
ti 

of v • There are several observed bands in the infrared21 

spect rum o f the 1qu1 w ic cou correspon o is un­1 . ·d< 26 ) h' h ld d t th ' f 

damental, but according to RNHM( 26 ), none of these has an out­

of-plane wag component. From the low resolution spectra of 

the isotopic species, see Fig. 3.6 and 3.7, the corresponding 

intervals in the CHd spectrum give only a small positive4 
II 

anharmonicity for and no anharmonicity at all for CHd10 •v 21 

Two possible ex:Planati ons for the apparent large anharmonicity 
II 

of the first overtone of v in CHh are a) that it is ·caused21 10 

by a Fermi resonance with some other mode, which disappears 

1 upon deuteration, or b) that the 1030 cm- interval is approa­

ching most closely to the barrier to chair-boat ring inter­

" conversion, and some coupling is occurring between v and21 

a ring flapping mode. Whatever the reason, the ease with which 

the 1030 cm-l = 490 + 540 cm-l interval fits into the analysis, 

Fig. 3.11, indicates on Franck Condon grounds that it results 

from a vibration containing carbonyl wagging motion. 
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On the other hand three bands can be assigned to the 

0 2 421 3 , 21 3 , 21 3 transitions, see Fig. 3.11. All these transitions 

are very weak and the polarization of the bands cannot be 

determined. Nevertheless they are observed under both high 

and low resolution. This gives the v"21 = 3 level at rv 

980 cm-l = 2x490 from the v"21 = 1 level. This tends to rule 

out two of the possible explanations given above and favours 

the explanation that a Fermi resonance occurs between the 

v"21 = 2 level and another mode. 

In Fig. 3.11 the dashed lines show the transitions 


= 0,2,4 which are forbidden by electric dipole selection
Av21 

rules. These transitions are weaker than those with 

~v = ±1,3,5 but do appear in the spectrum , especially those 

of lower energy. The same transitions are found in the n~TI* 

transition in formaldehyde, where the origin o~ band has been 

shown to be due to a magnetic dipole transition. 

The expected polarization of the bands is given in 

Fig. 3.11. More details are given in the band contour section. 

-1The progressions of Fig. 3.11 are repeated at 1170 cm 

to the blue. The band at 1170 cm-l to the blue of the origin 

band shows the same contour. It is composed of overlapping 

B+A type bands. More details are given in the band contour 

section. 

Each allowed transition (B type) shown in Fig.3.11 

http:Fig.3.11


97 

is an origin for a progression in the v ring mode of a"45 

symmetry. About 190 cm-l to the red of these bands is the 

" first member of the corresponding progression.v45 

To the blue of th~ band at 30132 cm-l it is a long 

1progression of about 130 cm- , the wavenumbers of the bands 

being 

Wavenumber (cm-1 ) -1
b. (cm ) Assignment 

30132.0 211 
0 

130.0 

30262.0 211 45 1 
0 0 

127.6 

30389.6 21 1 45 2 
0 0 

126.3 

30515.9 211 45
3 

0 0 

125.1 

30641. 3 211 45 4 
0 0 

To the blue of the band at 30571.6 assigned as 21~ , is 

another progression in \)45 

Wavenumber (cm-1 ) 6 (cm -1 ) Assignment 

3
30571.6 21 0 

119 .o 
3 130690.6 21 450 0 

123.3 

3 230813.9 21 450 0 

120.3 
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3 330934.2 21 450 0 

121.0 

31055.2 210 
345 0 

4 

119.4 

3 531174.6 21 450 0 

2The progression to the blue of the 21 transition isV45 l 

-1 · Wavenumber (cm-1 ) b. (cm ) Assignment 

230037.8 211 

130.2 

30168.0 211 
2451 

0 

129.9 

30297.9 211 
245 0 

2 

126.2 

30424.2 211 
2 450 

3 

A schematic level diagram and the observed transitions based 

on the 21~ origin are given in Fig. 3.12. The ground state 

frequency v~ 5 is 190 cm-l and the first overtone is 186 cm-l 

These intervals are observed for transitions te~minating 

on the levels with v~ 5 = O, l and 2. The energy differences 

. 1 3 1 3 1 4 1 4
between the bands 21 45621 0451 and the 21045 0 - 21 0 45 1 are0

~ 200 cm-l instead of 190 cm-l observed for other bands. 

' .
This suggests a splitting of the . v 45 = 3 and 4 levels. It 

must be realized that none of the normal modes corresponds 

exactly to a one dimensional out-of-plane escillation of 

the oxygen, but in principle many o~ the normal modes contain 
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a component of out-of-plane deformation. 

-1 1At 731 cm from 21 is a strong band which does0 

not fit in any of the previous pattern but is itself a new 
I 

pseudo origin for a progression of two quanta of • Thev45 

assignment of this frequency is rather more difficult, no 

value for the ground state frequency can be obtained from 

the ultraviolet spectrum. It is possible that this frequency 

" -1corresponds to the ring mode v at 861 cm in the infrared12 

spectrum which according to R.N.J.M. (2 G) calculations 

involves some carbonyl out-of-plane motion. Another possi­

bility is that this mode increases from its ground state 

" . -1frequency and corresponds to the v 8 (a') = 652 cm , which 

also involve a high percentage (33%) of carbonyl out of plane 

motion. An increase in an excited state frequency is not 

unusual and has been observed in the cyclopentanone spectrum( 30). 

1 1 l 1We shall call this band 21 0x0 . The 21 0x0 band is 

an origin for two quanta of V45 frequency. 

-1Wave number (cm ) D.(cm-1 ) Assignment 


1 1
30863.0 21 x0 0 

119·0 

1 1 130982.0 21 X 4S0 0 0 

119.7 

1 1 231101. 7 21 X 4S0 0 0 

Under low resolution these bands are repeated strongly at 

a 1170 cm-l interval to the blue. This mode is also active in 
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the low resolution spectra of CHd at 629 cm-l to the blue of
4 

the origin band. 

The assignment of the high resolution spectra oc cyclo­

hexanone is given in Table 3.8. The frequencies given are 

those calculated for the band origins. In Appendix 5 are 

listed the frequencies for the band heads. 

3.5 THE DOUBLE MINIMUM POTENTIAL 

The method used in this section for calculating the 

double minimum potential function has been described by Coon 

and All( 29157 ). The double minimum potential function used 

was 

( 3. 1) 


where Q is a mass adjusted coordinate defined by 

2T = 02 (3.2) 

The minima of this three parameter function are located at 

± Qm, given by 

2 2
Qm = (l/a ) ~n (2a A/ X) ( 3. 3) 

A parameter p is defined by 

2 
a = eP 'A./2A (3.4) 

The parameter v (cm-1 ) is introduced through the relation 
0 

(3.5) 


and a dimensionless parameter B is defined so that the barrier 

height is Bhc v • 
0 
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TABLE 3.8 

BAND FREQUENCIES AND ASSIGNMENT FOR THE HIGH RESOLUTION 
SPECTRUM OF CHhlO 

-1\) cm Relative Type of Assignment 
vacuum Intensity Band 

229057 vw 	 21 3 

29102 w 211 
2 

29152.4 w 	 71 26 1x1 
l 0 0 

29241.4 w 11 211x1 451 
1 0 0 0 

429368.5 w 	 21 3 

29458.5 	 m (A,C) 21°45°1 	 1 
329549.8 m 	 21 2 

1 129582 vw 	 7 261 	 0 

m 	 B 21°2963 9. 7} 1 
129642.0 m 	 A 21 1 

29684.6 mw 	 211 
245°2 

29756.3 vw 	 211
0 45°2 

129771. 0 m 	 21°451 	 0 
2	 129820.0 w 	 21 451 	 2 
229859.4 m 	 21 45°1 	 1 

229905.7 w 	 21°451 	 0 
129913 w 	 21 1

0 45 2 

m 	 A,C 211
0 45°29942.9! 1 

29951. 6 m 	 211 
4 45°2 

(continued next page) 
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-1\) cm Relative Type of Assignment 
vacuum Intensity Band 

29993.9} B 2 1 
211451 

29999.9 
ms 

(B) 21 5 
2 

30037.8 s (B) 21 2 
1 

30071.8) 

3008l.6f 
s 

A 

211 45 1 
0 1 

21
3 
1 

30129.7} 

30132.0 
mw 

A 

B 

21°
0 

211 
0 

30154.4 vw 21 4 45°1 1 

30168.0 m A,C 211 451 
0 0 

30217.0 w 211 45 2 
0 1 

30262.0 m A,C 211 45 1 
0 0 

30272,0 vw 21 4 45 1 
1 0 . 

30297.9 mw 21 2 45 2 
1 0 

30314.4 w 21 1 45 3 
0 1 

30350.7 ms B 21 4 
1 

30389.6 ms (B) 21 1 45 2 
0 0 

30424.2 w 21 245 3 
1 0 

30440.9 m 211 45 4 
0 1 

30471.9 mw 21
4

45
1 

1 0 

30515.9 m A,C 21
1

45
3 

0 0 

30531.5 vw (A) 21 2 
0 

30571.6 m B 21 3 
0 

(continued on next page) 
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~1 v cm Relative Type of Assignment 
vacuum Intensity Band 

30641.3 m 211
0 45 0 

4 

30690.6 vs 21 0 
3 45 1 

0 
1 21 330731.1 vw 10 2 

21 630761.2 vw 1 
530773.1 vw 45 0 

30809.5} 71
021°l vs 

30816.9 21 345 2 
0 0 
430844.6 w A 21 0 

130863.0 s 211
0x0 

30889.8 vw 21 1
0 45 6 

0 
3 330934.2 s 21 450 0 

30940.9 m 11 211 451 
0 0 0 

1 1 1
30982.0 sb 21 X 450 0 0 

31030.0 w 21 5 
0 
331055.2 m 21 045 0 

4 

1 1 231101.7 mw 21 x 4S0 0 0 

31123.l w 11 211 4s 0 
0 0 1 

31169.1 w 21 0 
5451 

0 
331174.6 w 21 0 45 5 

0 
1 231215.9 vs 7 210 l 

31229.5} A 11
021°0 w 1B 11
021 0 

(continued next page) 

31301.5 
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-1 
\J cm Relative Type of Assignment 
vacuum Intensity Band 

31335.9 vs 11212 451 
0 1 0 

31429.9 m 1 121 1 45 1 
0 0 0 

31474.l m 1121 2 45 2 
0 1 0 

31485.0 mw 21 7 
0 

31516.0 w 1121 4 
0 1 

NOTATION 

w = weak, vw = very weak, m = medium, ms = medium strong 

mw = medium weak, vs = very strong. 

Bracket between two frequencies means that the two bands are 

strongly overlapped. 
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From equations (3.1), (3.3), (3.4) 

Bhcv = V(o) - V(Q ) = A(ep-p-1)/ep (3.6)
o m 

-1
The barrierheight b in cm is 

b = BV (3.7)
0 

and the positions of the minima are given by 

2.p h BQ2 = (3. 8) 
m p -:--2 v e -p-1 47f c 0 

where h/4rr 2c = 55.9810xl0- 4o g.cm. 

2
We may determine the parameters A.., A, a of equation 

(3.1) if the parameters v , B and p are known. 
0 

If the potential function along an asymmetrical coor­

dinate Q has a double minimum, the function may be approxi­

mated by making an appropriate choice of v , B and p. The 
0 

barrierheight is then given by equation (3.7) and the position 

of the minima by equation (3.8). The shape of the potential 

is shown in Fig. 3.13 . For the potentials plotted, the two 

quantities Q and bare held fixed while pis varied.For low . m 

values of p the outer walls of the function rise more steeply 

than the walls of the barrier. For p = 1.5. The minima are 

parabolic, (o3v/i>Q 3 ) = 0 at Q • For larger values of p
m 

the walls of the barrier rise more steeply than the outer 

walls of the potential function. 

If three energy levels for a double minimum potential 

function can be determined spectroscopically, a potential 

function with the same levels and the form of equation (3.1) 



p =0·6 


1-5 

T 
2Qm 

FIG (3·13) THE EFFECT OF p ON THE SHAPE OF THE DOUBLE 

MINIMUM POTENTIAL FUNCTION· (AFTER COON AND AL· <
57>· ) ~ 

~ 
0 
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may be found. For a given value of p the other two parameters 

may be determined from two known levels by use of tables of 

eigenvalues for the function(S 7). The same tables give 

the ten lowest eigenvalues for the double minimum potential. 

If the calculation is then repeated for different p values, 

the final choice of p is the one which leads to best agreement 

between observed and calculated levels. 

Coon's tables l(a) and l(b) (sn, give energy levels 

G/v as a function of B for p = 0.6. In order to conform
0 

with the notation in this paper, we label the successive in­

+ - + ­version levels v'21 = 0,1,2,3, ••• as 0 , 0 , 1 , 1 , etc. 

-1respectively. The vibrational energy in cm may be written as 

G(v.) = G(O+) + G (v.) (3.9)
1 0 1 

For CHh the level separations l+-1- = 43.B cm-l and
10 

, 


1
o+-1+ = 398.1 cm- were used in the calculation of the paten­

tial. (The interval o+-0- was not used because it is too small 

to be measured accurately from the spectra.) For an assumed 

value of p, the theoretical value of the ratio [G(l+)-G(O+)]/ 

57
[G(l-)-G(l+)] was calculated from tables l(a) and l(b) < ) 

and plotted as a function of B. The experimental value of 

this ratio is 9.09 for CHh • Graphical interpolation shows
10 

that this figure corresponds to a B value of 1.740 for p= 0.6. 

Table 3.9 gives the B values deduced by interpolation using 

different values of p. All the calculations are based on the 
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TABLE 3.9 

PARAMETERS OF THE DOUBLE MINIMUM POTENTIAL FUNCTION 

B(b) v(b)cm-1 -1 G(b) (O+)p Bv = b cm 
0 0 

.60 1. 740 445.3 774.8 231.9 

.90 2.172 359.9 781.9 229.1 

1. 2 2.572 309.6 796.3 226.8 

1. 5 2.92 274.9 802.8 223.9 

G(l+)-G(O+) = 9 • (a)09 
G(l-)-G(~+) 

(a) observed experimentally for CHh
10 

(b) deduced by graphi cal interpolation. 
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The value of v was obtained from the identity
0 

v = [G(l+)-G(O+)]/[G(l+)/v - G(O+)/v] (3.10)
0 . 0 0 

The numerator is obtained as the experimental frequency 398.1 

-1 . 
cm for CHh and the denominator by graphical interpolation,10 

which gives 0.894 for B = 1.74 and p = 0.60. 

·The results for v . at different p values are listed 
0 

in Table 3.9. 

G(O+) was calculated by the same method. 

G(O+ )/v = 0.52085 was deduced by graphical interpola~
0 

57tion using Coon's tables l(a), l(b) < > at B = 1.74 and v
0 

was calculated previously using equation (3.10) G(O+) = 231.93 

for B = 1.74. 

The barrier height was then calculated using relation 

(3. 7) • 

The lowest 8 levels were calculated from equations , (3.9) 

G (v.) = [G(v.)/v ]v - G(O+) (3.11)
0 1 1 0 0 

Calculations similar to the above were carried out for 

p = Q.6, p = 0.9, p ~ 1.2 and p = 1.5. For these p values 

the average deviations of the observed from the calculated 

' -1 -1 -1 -1
levels were ~ 11 cm , 7 cm , 4 cm , 9 cm respectively 

for CHh10 • The value p = 1.2 gave the best fit. 

Similar calculations were carried out for CHd and4 
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CHd10 for p = 0.6 and p = 1.2 but the accuracy is less for 

these isomers, as bands could only be measured from the low 

resolution spectra. The average deviation of the observed 

from the calculated levels were 3 cm-l for p = 1.2, and 6 cm-l for 

p = 0.60 for CHd • Insufficient experimental data were
4 

available to calculate the best value of p for CHd10 • 

The resultant calculated levels are compared with the 

observed levels in Table 3.10 for the three isomers. 

The best values for the parameter p, B, v are listed
0 

on Table 3.11 as well as the zero 
+

point energy G(O ), and the 

barrier height b. Qm was calculated for CHh10 using the 

relation (3.8) 

2Q~ = Q.99638XlQ- 4Q g. 	 cm 

1 / 2Q = ±0.998188xl0- 20 g cm. m 

Qm was only calculated for CHh because the observed fre­10 

quencies for this molecule could be determined from the high 

resolution spectra, and are the most accurate. The potential 

function is shown in Fig. 3.14. 

Let e measure the displacement of a molecule along 

the normal coordinate corresponding to the bending mode which 

has a double minimum potential. The kinetic energy T is 

expressed in terms of the reduced mass µ by 

(3.12) 

where r is a bond length and Q is the mass adjusted coordinate. 
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TABLE 3.la 

OBSERVED AND CALCULATED VALUES OF THE INVERSION LEVELS 

G lA(v.) FOR THE STATE 
0 l. 2 

CHhla CHd
4 CHdla 

v. 
J. 

obs. calc. obs. calc. obs. calc. 

0+ o.o a.a a.a a.a a.a a.a 

0 ­ 2.4 2.3 0.12 0.05 

l+ 398.la 398.6 262a 262 25la 250 

-1 441. 9a 443.1 266a 266 253a 253 

2+ 711. 0 709.9 474 472 462 

2 90a.3 882.2 513 515 488 

3+ 1122.Sb 1120.6 668b 657 630 

3 ­ 1348.7b 1360.8 758b 77a 722 

a Values on which calculations are based 

b Data from band assigned after calculations. 
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TABLE 3.11 

THE DOUBLE-MINIMUM POTENTIALS 

CHdCHhlO 10 

p 1.2 1.2 (1. 2) 

B 2.572 3.562 3.867 

vo 310 -1 cm 185 -1 cm 175 -1 cm 

*b -1796 cm -1660 cm -1678 cm 

G(O+) 226.8 138.5 131. 5 

Qm .9982 x 10-20 1/2g cm 

e m 30° 

G(O+-) =zero point energy 

b = barrier height 

em = oxygen out of plane angle at minimum. 

*The difference in barrier height between CHh CHd4 , CHd10 ,10 , 

probably reflect the fact that what is being measured is 

the barrier of inversion along the normal coordinates v 21 • 

This can change between the isotopic species. 

In any case the accuracy of frequency measurement for the 

deuterated species is far less than for CHh10 . 
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ENERGY (cm-•) 

v' calculated observed 

------------------------------------------------1360--135~--

4 

3 
2 

796 cm·• 

l -

2·3 
0·0 

226·8 

711 

442 
398 

2·4 
O·O 

Q 

I 
0 

-0·8 ..0.4 O·O 0•4 0·8 

FIG(3·14) THE DOUBLE MINIMUM POTENTIAL FUNCTION 

OF - CHhlO ­



115 

1/2Q = µ r 6 (3.13) 

This relation, together with equation (3.8), permits a calcu­

lation of the angle em' the position of the potential minimum 

(3.14) 

In the case of a large molecule like cyclohexanone the reduced 

mass 	cannot be calculated in a simple way. But the kinetic 

5energy can be expressed in terms of internal coordinates( S) p 62 

2T = · E (3.15) 
tt' 

where st and St, are internal coordinates. 

For each atom, a, each internal coordinate has a 

displacement vector ;ta associated with it. The quantity 

Gtt' is given in terms of ;ta by 

N -1 ~ ~ 
Gtt' = E 

a=l 
ma sta·st'a (3.16) 

where m is the mass of the atom a. There will be one a 

element, Gtt'' for each pair of internal coordinates, St,st,. 

If the internal coordinate St is assumed to be a normal coor­

dinate then st is orthogonal to St' and Gtt' = O. The G 

-1
matrix only possesses diagonal elements and the (G )tt matrix 

element is equal to the reciprocal of the Gtt matrix element. 

If we assume that the carbonyl bending motion is a 

normal mode, that is, there is no coupling between this motion 

and other displacements then one need consider only that part 
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of the molecule adjacent to the carbonyl bond, that is 

for such displacements,Wilson, Delcius and Cross have 

expressed the ;ta vectors in terms of unit vectors e along 

the interatomic connecting lines, see ref. (58) p. 60 for this 

displacement St = 68. The kinetic energy expressed 

in equation (3.15) becomes for this particular mode t 

(3.17) 

so 

(3.18) 

or 

(3.19) 

The Gtt matrix element was calculated using formula (3.16) 

and 
.+ 

vectors given in ref. (58) p. 60 or in (38) 201.Sta P· 

The matrix element Gtt is a function of e. An iterative 

procedure was used to calculate the final value of em. Qm 

was the value calculated previously in Table 3.11. 
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The angle e was calculated for different values of m 
I 

the geometrical parameters around the carbonyl group. The 
0 0 

C=O bond length was varied between 1.31 A up to 1.34 A by 
0 0 

steps of 0.01 A. The c-c fvom 1.52 to 1.53 A. The c.c.c. 

angle from 1 17 ° to 120° by step of 1°. For geometries within 

the ranges, the out-of-plane angle em was found to be 30°±2°. 



CHAPTER 4 


BAND CONTOUR ANALYSIS 

4.1 GEOMETRY OF CYCLOHEXANONE IN THE GROUND STATE 

The electron diffraction study by Romers(S) gives 

for the geometry of the ground state the parameters listed 

in Table 4.1. Using these parameters, one can calculate the 

coordinates of the nuclei with respect to a coordinate system 

of axes u,v, w see Fig. 4.1 and then calculate the moment 

of inertia IA' IB' IC of the molecule with respect to the 

principal axes of the molecule. The rotational constants 

2
A = h/8TI IA' etc. for the ground state can then be calculated 

also. 

A set of relative nuclear coordinates for the nuclei 

in cyclohexanone have been calculated by Yoh.Han.Pao and 

D. P. Santry(l6 ). These authors used an idealized model in 

which it was assumed that all bond angles were tetrahedral, 

save those between the carbon carbon bonds joining the carbonyl 

group, for which angle a value of 120° was assumed. The 

carbon carbon bonds adjacent to the carbonyl group were assumed 
0 0 

to be 1.52 A, all other carbon carbon bonds being 1.54 A. 
0 

The carbon hydrogen bonds were assumed to be 1.09 A and the 

118 



119 

TABLE 4.1 

GEOMETRICAL PARAMETERS OF CYCLOHEXANONE IN ITS GROUND 
ELECTRONIC STATE BY ROMERS (8) 

Distance Angle 

C-H 

c-o 

0 
1.09±0.02 A 

1.24±0.02 

c c 
\I 

c 

109.5°±2.5° 

c-c 

c c 
\/

c 

1.54±0.01 

2.51±0.02 
c Ci c 
"!

c)s
I 
0 

Ci = 117° ± 

s = 121. 5° 

30 

± 1.5° 
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0 

carbonyl oxygen 1.23 A. 

The coordinates of cyclohexanone were recalculated 

in this work using a vector analysis method. First, the 

coordinates were calculated using the geometry of Pao and 

Santry, and found to be in good agreement with their results(lG). 

The coordinates, moments of inertia, and rotational constants 

were thencalculated using Romers'(S) geometry. The rotational 

constants obtained in this case are 

II -1
A = 0.138 cm 

-1
B 

II = 0.084 cm 

c " = 0.058 cm 
-1 

The degree of asymmetry is measured by the dimensionless para­

meter 
2B-A-C

K = (4.1)
A-C 

The Kvalue in this case is -0.35941. · 

The molecue is thus an asynunetric top molecule. This 

Kvalue is closer to the limiting prolate top case (K =-1.0) 

than the oblate top case (K = +1.0). Using those values of 

the ground state rotational constants one can calculate the 

contours of A,B, C types of band of the molecule in its ground 

electronic state. 

For the ground state, a check on the rotational con­

stants can be made by using them to calculate an infrared band 

profile (assuming the same values for the constants in both 

combining vibrational levels), and then comparing this with 
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an experimental profile. If good agreement is not obtained, 
I 

then the A", B", C" values used in the calculation do not 

correspond to the true values. When this was carried out using 

the rotational constants derived above from Romers' geometry, 

the observed and calculated contours matched rather poorly. 

This is not surprising, in view of the magnitude of the limits 

of error in the electron diffraction work, see Table 4.1 

and the fact that band contours are often very sensitive to 

small changes in the rotational constants. Consequently, 

improved values of the ground state rotational constants were 

obtained by systematically varying their assumed values until 

the experimental and calculated infrared profiles agreed. 

The procedure is described in the following section. 

-Band Contour Analysis-

The computer program used to calculate band contours 

for asynunetric top molecules is based upon one described by 

Parkin(GS), and successively improved by Balfour(GG) and 

Kidd(G 7 ). The program calculates the frequencies and inten­

sities of all rotational lines up to J = 70, K = 30, in 

asynunetric top approximation, and then up to J = 70, K = 60 

in symmetric top approximation. It then divides the whole 

band interval into boxes 0.2 cm-l wide, distributes the 

intensity of each line into adjacent boxes in accordance 

1with a gaussian function of half width 0.1 cm- , and prints 
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out the sum of the intensities in each box against its 

wave number. Each contour takes some 65 seconds to compute 

. on a CDC6400 computer. 

-Rotational Constants Deduced from 
Band Contour Analysis ­

The theory of asymmetric rotor levels and selection 

rules for transitions is to be found in {l) and (2). Here 

we shall simply identify the quantum numbers used to label 

the rotational levels. 

The rotational term values {in cm- 1 ) for a prolate 

symmetric top in a vibronic state, v, are given by 

F {J,K) = B J{J+l) + {A -B )K2 (4.2)v v v v 

where J is the total angular momentum quantum number and K is 

the quantum number for the component of the total angular 

momentum along the a axis. K has the value O, 1, 2 --- IJI; 

all levels with K values greater than zero are doubly 

degenerate. 

The rotational term values for a vibronic state, v, 

of a molecule which is an asymmetric top are given by 

F (J,t) = 1 (A +C )J(J+l) + 1 (A -C . )E (K) (4.3)
v 2 v v 2 v v v 

where T is a running number which labels different levels 

and E{K) is a function which depends on k, J, t. 

The rotational term .values for a vibronic state, v, of 
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a molecule which is nearly a prolate symmetric top are 

given approximately by 

2= Bv J(J+l) + (A -~ )K (4.4)v v 

where 

1
B = (B +C )v 2 v v 

In asynunetric top molecules, K is not a valid quantum number, 

although for small asymmetry it is still approximately defined. 

The double degeneracy of K ~ 0 levels is removed when the top 

is asynunetric. The deviations from the synunetric top approxi­

mation decrease as the quantum number K increases. 

From the high resolution infrared spectrum of CHh10 in 

its vapour phase, two bands at 1120 cm-l and 1222 cm-l which 

appeared to be pure type B bands were selected. A grid 

search, which consisted in varying each of A", B", C" in 

successive incremental steps and calculating the resultant 

type B profile, was carried out until good agreement between 

the calculated and the observed infrared band profile was 

obtained. It was found that the calculated contour is very 

sensitive to small changes in the rotational constants. 

A comparison between the observed and the best calcu­

lated band profile is given in Fig. 4.2. Because of the 

very low intensity of the infrared bands recorded in a 10 cm 

cell at room temperature vapour pressure, the height of the 

recorded infrared bands had to be expanded five times. In 
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order to increase the resolution, the slit of the spectropho­

tometer was kept fixed at 80 µ and the amplifier gain was 

increased to compensate for the decrease in radiation falling 

on the detector. Because of the low power level, the average 

noise level on a high resolution spectrum was of the order of 

2 to 3%. The scanning time was kept very long; it took about 

4 hours to run one band. Because of the high noise level it 

was not possible to get an exact match between the observed 

and calculated spikes. The fitting was considered to be good 

when the general features of the observed and calculated bands 

matched, particularly the width of the heads and of the inside 

hump of the band. 

The values of the rotational constants obtained by 

this method are 

-1A II = 0.140 ± 1 cm 

-1B II = 0.082 ± 1 cm 

-1C" = 0.057 ± 1 cm 

-Geometry of the Ground State-

The geometrical parameters e ,e 3 ,e ,e 5 , R2 , R3 , R4 ,2 4 

(see Fig. 4.1) were then varied over the experimental error 
(8)

limits given by Romers (see Table 4.1), and the values 

of the rotational constants calculated for these different 

cases. The possible geometries which give A", B", C" (within 

the limits of accuracy obtained by band contour analysis) 
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that correspond to the values of the parameters are listed in 

Table 4.2 and are shown in this table with those of Romers(S). 

Our results are in good agreement with those of Romers 

but show that the carbon-carbon bond to the carbonyl group 

is probably shorter than the other carbon-carbon bonds of 

the ring. Our results also suggest that the 0 ,0 and
2 3 e4 

angles (see Fig. 4.1) are very slightly greater than those 

predicted by Romers. This implies a more planar ring than 

the one predicted by the electron diffraction results. 

The rotational constants obtained by the method described 

above were then used for the band contour analysis of the 

electroriic spectrum. Fig. 4.3 shows the directions of the 

principal moments of inertia of the molecule in the ground 

state. The center of mass of the molecule is in the (u,w) plane. 

Its coordinates with respectto the u,v,w system of axis are 

0 

0.342 A 

0.000 

-0.251 

The principal axes a and c are in the symmetry plane of the 

molecule (u,w); the b axis is parallel to the v axis. The a 

axis is at an angle of 14° to the C-0 bond in the ground 

state. 

4.2 GEOMETRY OF CYCLOHEXANONE IN THE EXCITED STATE 

-The Electronic Band Structure-

Comparison of the observed and calculated rotational 

band profiles in the electronic spectrum should give infoirffiation 
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TABLE 4 .2 

GEOMETRICAL PARAMETERS OF CYCLOHEXANONE IN · ITS 
GROUND ELECTRONIC STATE 

PARAMETERS Calculated from IR 
(Notation of Fig. (4.1) band contour analysis Romers ( 8) 

0 0 

C=O = Rl 1.24 ± 0.02 A l. 24 ± 0.02 A 
0 

c-c = 1.53 ± 0.01 AR2 0 

1.54 ± 0.01 A 
0 

c-c = R3 = R4 1.54 ± 0.01 A r 
0 0 

C-H = 1.09 0.02 A 1.09 ± 0.02 AR6=R7=Ra ± 

el (out of plane angle) 0.00° 0.00° 

119° ± 30 117° ± 30~2 

111. 5° ± 1.0°83 


20
111° ± 109.5° ± 2.5°84 }
es=es=e7=ea 109.5°± 1.0° 

590 (a)P* 53.5 ± 2.5° 

y* 18° ± 20 12.5° (a) 

(a) calculated by us using Romers'geometry 

* p angle between planes (C2 ,C3 ,CS ,C6) and (C3 ,C 4 ,CS) 

* y angle between planes (Cl,C2,C6) and (C3,C4,C5) 
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about the polarisation of the bands, and, from the calculated 

best values of the exc~ted state rotational constants, about 

the excited state geometry. If the ~ ~ n* system is similar to 

that in formaldehyde, the strongest bands involving the v 21 

progressions and based on the true electronic origin should be 

B type bands, i.e., A
1

-B
2 

and A
2

-B 1 (see Fig. 3.11). On the 

other hand, in cyclopenatone, the strongest progressions are 

based on a hot pseudo origin and are vibronically A
2

-B2 with 

C type profiles. 

It has been shown for formaldehyde( 28129 ) that the effective 

carbonyl out-of-plane angle in the 1
A2 (n*,~) state, as well as 

the C=O bond length, both vary considerably according to the 

number of quanta of the out-of-plane mode which are excited. 

The profiles of bands corresponding to transitions to levels 

above the barrier to carbonyl inversion in the excited state 

can be drastically altered from those of bands close to the origin. 

Theoretical band contours were obtained using the computer 

program described above. Lines up to J = 70 and K = 30 were 

calculated in asynunetric top approximation, and the remainder 

up to J = 70, K = 60 in synunetric top approximation. The 

-1 -1
frequency interval was 0.2 cm and the line width was 0.3 cm 

For the ground state, the rotational constants obtained from 

the infrared band contour analysis, A" = 0.140, B" = 0.082, 

1C" ~ 0.057 cm- , were assumed. In order to obtain a first 

approximation to the rotational constants in the excited state, 
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it is reasonable to assume that, as in other ~~n* carbonyl 

transitions, the transition is primarily localised in the 

carbonyl group, and the main changes in geometry are in the 

carbonyl bond length and the out-of-plane angle between thee1 

carbonyl bond and the c -c -c plane. The geometry of the rest6 1 2 

of the molecule was held constant at the values calculated from 

the infrared band analysis, Table 4.2. 

The effect of changing both r(C=O) and e on the rotational1 

constants A', B', C' for excited state are shown in Figs. 4.4, 4.5 

-1cuid 4.6. These show the differences ~A= A"-A' cm , etc., and 

enable rough limits to be set on the change in rotational con­

stants on excitation. The double potential minimum calculation 

indicates that e is around 30°,and the carbonyl bond length, by1 

analogy with other carbonyl compounds, see Table 3.1, should 
0 

increase by some 0.1 A. With this in mind, the following preli­

minary limits were set: A' decreasing over the range 0.134 to 

-1 -10.131 cm , B' increasing over the range 0.084 to 0.087 cm 

and C' increasing from 0.059 to 0.061. 

A grid search was then carried out over this range of 

excited state rotational constants in successive incremental 

-1steps of 0.001 cm • Type A, B, C band contours were calculated 

for each set of values. The results in summary are 

Type A bands 

-1The type A bands show a single head of about 4 cm 

width. This profile was almost insensitive to the change in 

rotational constants. 



132 

AA = (A" - A1
) cm· 1 

0·012 B, 
0·011 

0·010 

-x 
0·009 

O·oos 

0·001 


0·006 

. 0 ·004 

0·005 

HS 0 
-~ )( x 

1·25 l 
1·30 l rcc=o>i 

1·35 ' .. 
1·40 

FIGC4·4) CHANGE IN ROTATIONAL CONSTANT A WHEN 

r CC=O) ANO G1 ARE VARIED· 
A" . 

:: o · 14o c rn -' · 



133 


B
1

AB=(B
11

- ) cm- 1 

-0·0090 

-0·0080 

-0·0070 

-0·0060 

-0·0050 

-0·0040 

-0·0030 ~ 

-0·0020 

-0·0010 

-0·0005 

1·25 1·30 1·35 1·40 

FIG(4·5) CHANGE IN THE ROTATIONAL CONSTANT 8 WHEN 

H Ir ( C=0 ) A N D 9 1 ARE VARIED · 8 = 0 ·082 cm-· 



134 


-0·006 

e, 
-0•005 

-0·004 

......... 
-0•003 " 

-0•002 

-0•00 J 

•1·25 

FIG(4·6) CHANGE IN THE ROTATIONAL CONSTANT 

C WHEN r(C=O) AND Q1 ARE VARIED·C 11 = 0·057cm-1• 



135 

Type B Bands 

As B' was successively increased f !rom 0. 084 cm-l, 

this band develops a sharp head at about -2 cm-l from the 

origin, with a broad wing at about +4 cm-1 • When B' is in­

-1creased above 0.085 cm , this broad wing tends to disappear 

and only a sharp head, narrower than the A type head, remains 

-1 -1at about -2 cm • When A' = 0.134 cm , the· B type band is 

a broad featureless hump. As A' is progressively decreased, 

this starts to show some structure at -2 cm-l + 4 cm-l from 

the origin. The greatest amount of structure is obtained at 

about A' = 0.133 cm-l With A' decreased still further, this 

disappears to give a broad band with just three superimposed 

-1
weak heads. As C' was increased the sharp head at -2 cm 

from the origin decreases in intensity. Successively, three 

heads are prominent in the structure, and then these disappear, 

and the band becomes broad without any sharp feature. 

Type C Bands 

As A' was decreased, little change in profile occurred. 

The contours are not very sensitive to changes in this para­

-1meter. At B' = 0.084 cm , the band shows two broad maxima 

~ 10 cm-l apart. As B' increases an additional sharp head 

-1develops at -6 cm from the origin, as well as a weaker one 

at about -2 cm-l The broad maximum to the blue becomes even 

broader. As C' was increased the head to the red end increases 

in intensity. 
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-Rotational Band Contour-

The best fit between calculated and observed profiles 

was obtained for the B type and A type bands that occur in the 

progressions of the CO out-of-plane mode v shown in Fig. 3.11.21 
-1If the prediction of the origin band at 30132 cm is 

1correct, this band should be type A, with the type B 21 band0 
1having its origin at approximately 2.4 cm- to higher frequen­

-1 1 1cies. The band at 1169 cm (7 21 ) to the blue should also
0 0

show approximately the same profile, and also consist of two 

overlapping components. Certainly the observed profiles are 

the same, each band showing three resolved maxima. They are 

both weak bands (see Fig. 4.7). The observed profile can 

be matched by superimposing computed type B and type A bands as 

shown in Fig. 4.8. As is shown in Figs. 4.7 and 4.8 the 

splitting between the origin of the B type band and the origin 

of the A type band in Fig. 4.8 is indeed 2.4 cm-1 • The 

splitting calculated from the double potential minimum function 

1 was 2.3 cm- , see Table 3.10 and Fig. 3.14. 

In formaldehyde( 27128168 ), both A and B type bands 

are active in the 1A
2 

+ 
1A

1 
transition. Callomon and Innes(GB) 

have shown that the A type bands are made possible by magnetic 

dipole radiation, for which vibronic A -A transitions are2 1 

allowed. But in the case of a2co, magnetic dipole transitions 

occur only as weak components in the electric dipole transition 

whose principal components, while forbidden, are much stronge~ 
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on account of vibronic interactions. In cyclohexanone the 

magnetic dipole transition which is the origin band is 

apparently as strong as the electric dipole transition. But 

the cyclohexanone electric dipole spectrum has very low 

intensity compared to that of H co, which indicates that less
2

intensity is borrowed through vibronic interaction. The 

intensity of the magnetic dipole transition is independent 

of the vibronic interaction which give intensity to the electric 

dipole component and so it is possible for the magnetic com­

ponent to appear as strongly as the electric dipole transition. 

It must be mentioned that while the intensity of the electric 

dipole B -A vibronic bands in the v progressions increase2 1 21 

in the spectrum, as more quanta of v2 are excited, the1 

magnetic dipole transitions remain weak throughout. 

If the assumption that the ring mode, v 45 , can be 

classified under the Cs point group is correct, then, all 

l l l 3bands like 21 45 0 , 21 45
0 

, as well as their combination with
0 0

the mode, should be hybrid (A+C) type bands, the A and Cv21 

components having the same origin. This is possible because 

the v 45 (a") mode involves a deformation of the ring which 

twists the CO bond out of the symmetry plane. The electric 

dipole transition can now have a component along the ~ and £ 

axes. Some examples are given in Figs. 4.9, 4.10 and 4.11. 

In these three contours it can be seen that the A and C types 

of band have the same origin. Comparing Figs. 4.9, 4.10 and 

4.11 one can see how a small change in the rotational constants 
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A'B'C' can change the profile of the c type band. The fit 

in Fig. 4.11 is not as good as in Fig. 4.9 and 4.10. But as 

has been said previously, the geometry of CHh can be very10 

much altered even when only one quantum is excited. 

-Geometry of the Excited State-

The computed contours of Figs. 4.8, 4.9, 4.10 were 

1obtained for AA(*)= + 0.007, AB = -0.003, AC = -0.002 cm- . 
c c c 

These figures can now be used to refine the calculated geometry 

in the excited state. None of these changes in rotational 

constant correspond exactly to the constants obtained by varying 

only the carbonyl bond length and angle. So some of the other 

geometrical parameters of the molecule, e and R (see Fig. 4.1)2 2 

were also varied to get a better fit. The same process 

described previously for the ground state was used. 
0 

was varied from 1.31 to 1.34 A in increments ofR1 
0 

0.01 A; (the out-of-plane carbonyl angle) from 25° to 32°e1 
0 0 

in increments of 1°, R2 from 1.52 A to 154 A in increments of 
0 

0.01 A and e was increased from 120° up to 122° in incre­2 

ments of 1°. To compare all the A', B', C' obtained by these 

calculations with those obtained by band contour analysis, 

a short program was written which calculated all the possible 

*The subscript c indicates the value of AA etc ••. obtained 
by band contour analysis while the subscript t indicates 
the values obtained by moment of inertia calculations. 
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(*)
AAt , ABt' ACt, and then AAt, ABt, ACt were compared with 

~Ac' AB , ~C obtained from the band contour analysis,byc c 

means of the formula 

(~At-~Ac)2 (~Bt-AB2)2 
R = ~A + ~B + ~c c c c 

The smallest value of R gives the closest possible geometry. 

The ten smallest values of R correspond to the geometrical 

ranges; 
0 

R = 1.31 ± 0.02 A1 
0 

R = 1.53 ± 0.01 A2 

~he out-of-plane e = 29° ± 2°1 

62 = 121° ± 2° 

All the other parameters of the ring were assumed to remain 

unchanged between the ground state and the excited state. 

Hence, the band contour analysis suggests a small 

increase in the c -c -c angle in the excited state, also ah
1 2 6 

out of plane angle of about 29° ± 2° is obtained, while the 

double minimum potential calculation gives 30° ± 2°. These 

two results are in good agreement. The r(C=O) bond R1 is 
0 

increased to 1.31 ± 0.02 A which is also in good agreement 

with results obtained for related molecules, see Table 3.1. 

*The subscript t indicates the values of ~A ••. obtained 
by moment of inertia calculations. 
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CONCLUSION 

There is no doubt that the geometry of cyclohexanone 

changes between the ground state and the (n*,~) excited state. 

As in related molecules, it is found that the carbonyl group 

in the (n*,~) excited state is bent out-of-plane of the 

three adjacent carbons by about 30°. The carbon-oxygen bond 

length is increased between the ground state and the excited 

state by about 6%. The c-c-c angle adjacent to the carbonyl 

. group is slightly increased by 2° from it ground state value. 

The molecule interconverts from the two equivalent 

carbonyl bent configurations through an energy barrier of 

~ 800 cm-l 

As in related molecules, the vibrations active in the 

n~n• transition involve motion of the carbonyl group, namely, 

the carbonyl bond stretching motion and the carbonyl out 

of plane wag. It has been shown from the band contour analysis, 

that for these vibrations, the molecule can be classified 

under its localized c2v symmetry, which gives vibronic transi­

tions A -a1 , a -A of type B. The type B character presumably2 2 1 
1borrowed intensity from the a 2 (o*,~) closest electronic state, 

as is the case in formaldehyde< 2712812 9). 

An antisymmetric ring mode is strongly active in the 
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electronic spectrum. The latter gives hybrid transitions 

of A and C type. This is to be expected for an antisymmetric 

ring mode, because this vibration may have components along 

the three principal axes and can mix electronic states of 

different symmetry species with ··the 1A state. This vibration
2 

involves motion of the molecular skeleton as a whole, and 

the localized symmetry is not applicable any more. The Cs 

point group becomes appropriate in the classification of 

the vibronic energy levels. On the other hand calculation 

of the principal axes of the molecule indicates that the 

principal axis ~ is the closest to the carbonyl direction, but 

does not coincide exactly with it .in either electronic state. 

Thus hybrid bands of mixed polarisation can be expected in 

the spectrum. 

The C type bands of the spectrum seem to originate in the 

same way as in cyclopentanone(JO), through an admixture of 

v 45 Ca",a ) and v (b ) vibrations, and can borrow intensity2 21 1 

via a 1B Cn*,cr) state. The A type bands probably borrow1 

intensity via the (n,n*) state by means of an (a ,a") vibration.2 

there are more bands of A type character in cyclohexanone 

than in cyclopentanone. 

39The vacuum ultraviolet spectra of cyclic ketones< ) 

show that the intensities of the TI + n* electronic transition 

increase from cyclobutanone, cyclopentanone, cyclohexanone, 

and this could explain why the A character is stronger in 

cy.clohexanone than in other cyclic ketones. 
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APPENDIX l 

In section 1.4, the frequency of the C=O stretching 

fundamental v;(a 
1 

) was briefly discussed. Most of the previous 

studies on its frequency were done using the liquid phase or 

in solution and only one in the vapour phase(S). Also, the 

deuterated isomers have never been studied in this respect. 

The spectroscopic information provided by the deu­

terated isotopes spectra are particularly important for the 

following reasons; on the assumption that the C=O stretch 

band really shows a double head a) Any Fermi resonance be­

tween the CO stretch energy level and one overtone of another 

vibration should disappear on deuteration, b) a double head 

for the band in all three isotopes would reinforce Batuev 

et al's( 4 ) idea that cyclohexanone possesses two configurations 

with the oxygen either slightly above or below the plane of 

the three adjacent carbons in the ground state. 

The infrared spectra of the three isomers CHh10/CHd 4/ 

CHd10 in the vapour phase were recorded in the CO stretch 

region. The three isotopes were previously dried over molecular 

sieves #SA as follows; all the glass containers were dried in 

an oven for about two days. The molecular sieve was dried 

for 3 days, in an oven heated to 140°C, and cooled in a 

dessicator. The cyclohexanones were dried for four days in 

dried containers over molecular sieve. The containers were 
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kept in a dessicator. All the cells used for the experiments 

were previously evacuated. The sample was introduced into 

a side arm attached to the cell together with a small amount 

of molecular sieve. The compound was carefully degassed and 

the spectra were recorded immediately after this operation, 

at room temperature and vapour pressure. 

An identical evacuated cell was kept on the reference 

beam and the spectrometer was continuously flushed during all 

the experiments with dry nitrogen. However it was not possible 

to remove completely the traces of water in the sample. 

The spectrum of atmospheric water vapour was recorded 

on the same chart immediately afterwards. This spectrum was 

obtained by simply removing the sample sell from the cell 

compartment. 

For the three isotopes the CO stretch band shows a 

1maximum at about 1732±2 cm- • In the vapour phase, the shift 

on deuteration is extremely small. All the three isotopes 

show P, Q and R branches and the very weak shoulders at 1717.5 

cm-l and 1700 cm-l can be identified as absorption by water 

vapour. 

From the observation that only a single band is 

observed for the three isotopes, one can conclude that there is 

no Fermi resonance and that the oxygen is certainly in the 

cl-c2-c6 plane. 

The carbonyl bend absorption region (v and v )21 43 

was also examined for the three isotopes. The bands in the three 
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cases are very borad and do not show any well-defined 

structure. CHh shows two maxima at 490 and 480 cm 
-1 

CHd410 
-1 -1at 454 and 447 cm , CHd at 460 and 450 cm • The highest10 

of these two values correspond to the value of the ground 

state frequency v" observed in the ultraviolet spectra21 

and can be assigned to the CO out-of-plane vibration. In 

most related ketones the carbonyl bend-in-plane v is be­43 

lieved to be at a slightly higher frequency that the carbonyl 

out-of-plane. So either JNKM's assignments of the bands are 

wrong (see section 1.4 above), or else cyclohexanone behaves 

anomalously. 
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APPENDIX 2 

BAND HEAD FREQUENCIES AND INTENSITIES FROM THE LOW RESOLUTION 

SPECTRUM OF CHhlO 


-1 -1 -1v cm-l I v cm I v cm I v cm I 
vacuum vacuum vacuum vacuum 

60 trs 28853 w 30298 m 31329 s 32377 s 

29064 m 30310 w 31394 w 32420 w 

29239 m 30342 m 31430 m 32464 w 

29327 m 30385 s 31468 m 32498 s 

29369 m 30438 w 31488 w 32560 w 

29457 s 30462 m 31504 w 32581 w 

29510 w 30478 w 31519 vw 32632 m 

29547 s 30508 ms 12 trs 31559 vw 32679 vw 

29597 w 30557 m 31587 wb 32735 ms 

29639 s 30630 s 31602 m 32818 m 

40 trs 29684 m 30676 vs 31648 m 32853 m 

29728 w 30731 w 31690 m 32899 vw 

29770 sb 30754 w 31714 w 32935 m 

29819 w 30768 w 31731 m 32980 m 

29864 s 30784 w 31768 w 33020 m 

29900 w 30804 vsb 31790 w 33065 w 

29921 w 30857 s 31796 w 4 trs 33109 vw 

29954 m 16 trs 30886 w 31856 m 33138 m 

29997 s 30930 s 31898 m 33183 ms 

30040 s 30976 m 31945 w 33218 w 
30081 s 31037 vs+b 31978 s 33254 w 

30127 w 31094 w 32025 s 33299 ms 

30162 VS 31122 w 8 trs 32096 s 33365 rn 

30214 m 31.166 w 32139 vs 33413 ms 

36 trs 30256 m 
31212 vs 32210 s 33455 w 

31253 w 32260 s 33534 m 
30268 w 31295 m 32300 w 33577 w 

32332 w 33623 mw 

33648 rn 
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APPENDIX 3 

BAND HEAD FREQUENCIES FROM THE LOW RESOLUTION SPECTRUM OF 
CHd4 

-1 	 -1v cm-l I v cm I v cm 

vacuum vacuum vacuum 


3103960 trs 	29478 m 30320 ms 

29489 vw 30346 ms 31045 

29505 vw 30367 s 31052 

29521 vw 30398 vsb 31063 

29566 m 30435 wb 31097 

29589 w 30484 s 31106 

29657 m 30533 mb 31158] 
40 trs 	29678 mw 30557 m 31167 

29765 m w 311833060~] 
29780 mb 30608 vw 31223 

29820 w 30615 vw 31272 

29852 m 30645 vs 31247 

29870 s 30674 mw 31255 

3129329904 mw 30693] w 
29440 m 30702 w 31318 

29957 mb m 313323072~]
29991 ms 30729 s 31404 

30031 w s 314363076J 
30044 w 30771 w 31444 

m 3150530068Jms 30813] 
30074 w 30819 m 12 trs 31524 

30115 m 16 trs 30880] m 31684 

30127 vw 30890 m 31714 

30132 w w 3197430929J 
30152 s 30943 m 32029 

30203 m m 32094
30992] 

36 trs 30279 ms 31000 w 32100 

30288 m 	 31008 w 32147 

w 

w 

w 

w 

mw 

m 

w 

w 

mw 

ms 

w 

w 

m 

w 

s 

m 

m 

m 

wd 

wd 

md 

vwd 

mwd 

mwd 

md 

mwd 

(continued next page) 

I 
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-1 v cm I 
vacuum 

32216 mbd 

32265 mbd 

3.2368 mbd 

32454 mbd 

32537 wbd 

.• 
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APPENDIX 4 

BAND HEAD FREQUENCIES FROM THE LOW RESOLUTION SPECTRUM OF 
CHd10 

-1v cm-l v cmI I vacuum vacuum 

60 trs 29467 w 32 trs 30226 ms 

29500 w 30270 m 

29508 m 30307 ms 

29533 m 30388 mw 

29552 m 30473 m 

40 trs 29590 m 30565 m 

29633 ms 31051 mwd 

29674 ms 31106 mwd 

29715 ms 31139 mwd 

29760 s 20 trs 3115J wd 

29847 s 31165 wd 

29925 ms 31188 mwd 

29971 ms 31208 wd 

30014 s 31215 wd 

30050 mw 31244 msd 

30098 ms 31321 msd 

30135 m 

30182 mw 

30217 mb 
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APPENDIX 5 

BAND HEAD FREQUENCIES AND INTENSITIES OF HIGH RESOLUTION SPECTRUM 
OF CHhlO 

-1v cm-l 	 v cm-l I 	 v cmI 	 I 
vacuum vacuum 	 vacuum 

60 trs 29057 w 	 30113.6 w29812.9} w 
29077 vw 29820.2 
29102 w 29853.3 
29115 w 29859.4 

29152.4 mw 29863.l 

29173.1 vw 29866.7 

29203 w 29871.6 

29241 w 29887.8 

29329 mw 29905.7 
29368 w 29913.0 

30127.61 
30130.2 w 

m 30136.5 

30150.6 vw 

30154.4 vw 

vw 
vw 

30163.3} 
30171.0 

m 

w 30217.2 w 

w 36 trs 30247.4 vw 

29452.4} 29942.9} 	 30257.5} m 
29458.5 

29467.9 

29510 

29544.8 

29549.7 

29559.5 

29568.0 

29582.0 

m 29941.6 m 30265~0 

29951.6 30272.6 vw 

w 

m 

29993.9} 
29998.9 

30013 

ms 

vw 

30285 

30297.9} 
30302.9 

vw 

mw 

w 

30022.7 

30034.0} 
30037.8 

vw 

ms 

30308.l} 
30314.4 

30332.2 

w 

29639.7}m 30042.9 	 30338.5 ms 
29642.0 30052.9 w 30348.7 

40 trs 29684.6) 30059.2 vw 30355.l 
29693. 2Jw 30063.0 vw 30379.4 
29756.3 

29762.5 

29768.6 

29772.3 

29774.8 

29779.7 

30385.7 ms 
30079.4 m 	 30389.6 

30090.8 	 30393.4 

30071.St 

m 

30097.2 vw 30424.2t 
m2.Ql07. 3 vw 	 30430.7 

30440.9 

(continued next page) 

http:30424.2t
http:30071.St
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-1\) cm 
vacuum I 

-1\) cm 
vacuum 

I 
-1\) cm 

vacuum 
I 

30468.0l 
3047i.9 

30477.1 

mw 

30844.6 

30859.3) 
30965.9 

vw 

s 

31516 w 

30509.5) 
30515.9 m 12 trs 

30869.9 

30889.9 w 

30523.7 

30531.6 vw 
30928.8) 
30934.2 s 

30564.2) 
30569.4 m 

30940.9 

30982.0 sb 

30582.5 

30628.7 vw 
31028.3) 
31040.4 m 

30635.0l 
30641.3 

30648.9 

m 

31055.2 

31096.2) 
31101.7 lJl 

30657.8 vw 31105.8 
30693.5 vs 31122.5 w 
30703.9 vw 31147.4 vw 

30725.9 

30731.2 

vw 

vw 
31169.l} mw 
31174.6 

30736.4 vw 31223.4 s 

30740.3 vw 31258.9 w 

30749.4 

30752.0 

vw 

vw 
31297.4} 
31299.5 mw 

30755.0 vw 31338.6 s 
30761.2 

30773.0 

vw 

vw 
31396. 7} w 
31405.0 

30782.3 

30789.9 

vw 

vw 
31429.9} w 
31439.7 

30808.9} 
30816.9 

VS 31474.4} w 
31484.l 
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