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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

-1 creased above 0.085 cm , this broad wing tends to disappear 

and only a sharp head, narrower than the A type head, remains 

-1 -1 at 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

-1 meter. At B' = 0.084 cm , the band shows two broad maxima 

~ 10 cm-l apart. As B' increases an additional sharp head 

-1 develops 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 v21 shown in Fig. 3.11. 

-1 If the prediction of the origin band at 30132 cm is 

1 correct, this band should be type A, with the type B 21 0 band 

having its origin at approximately 2.4 cm-1 to higher frequen­

-1 1 1 cies. The band at 1169 cm (7
0

21 0 ) to the blue should also 

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 

was 2.3 cm- 1 , 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 A2-A1 transitions are 

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
2
co, which indicates that less 

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 B2-A1 vibronic bands in the v 21 progressions increase 

in the spectrum, as more quanta of v2 1 are excited, the 

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 3 bands like 21
0

45 0 , 21
0

45
0

, as well as their combination with 

the v21 mode, should be hybrid (A+C) type bands, the A and C 

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 CHh10 can be very 

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 

obtained for AA(*)= + 0.007, AB = -0.003, AC = -0.002 cm- 1 . 
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, e2 and R2 (see Fig. 4.1) 

were also varied to get a better fit. The same process 

described previously for the ground state was used. 
0 

R1 was varied from 1.31 to 1.34 A in increments of 
0 

0.01 A; e1 (the out-of-plane carbonyl angle) from 25° to 32° 
0 0 

in increments of 1°, R2 from 1.52 A to 154 A in increments of 
0 

0.01 A and e2 was increased from 120° up to 122° in incre-

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,by c c 

means of the formula 

R = 
(~At-~Ac)2 (~Bt-AB2)2 

~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; 

~he out-of-plane 

0 

R1 = 1.31 ± 0.02 A 

0 

R2 = 1.53 ± 0.01 A 

e1 = 29° ± 2° 

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
1
-c

2
-c6 angle in the excited state, also ah 

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. 



CHAPTER 5 

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 A2-a1 , a
2

-A1 of type B. The type B character presumably 

borrowed intensity from the 1a 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
2 

state. This vibration 

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",a2 ) and v 21 (b
1

) vibrations, and can borrow intensity 

via a 1B1 Cn*,cr) state. The A type bands probably borrow 

intensity via the (n,n*) state by means of an (a2 ,a") vibration. 

there are more bands of A type character in cyclohexanone 

than in cyclopentanone. 

The vacuum ultraviolet spectra of cyclic ketones< 39 ) 

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 

maximum at about 1732±2 cm- 1 • 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 (v21 and v 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 

-1 
structure. CHh10 shows two maxima at 490 and 480 cm CHd4 

-1 -1 at 454 and 447 cm , CHd10 at 460 and 450 cm • The highest 

of these two values correspond to the value of the ground 

" state frequency v21 observed in the ultraviolet spectra 

and can be assigned to the CO out-of-plane vibration. In 

most related ketones the carbonyl bend-in-plane v 43 is be­

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 

v cm-l I v cm -1 I v cm -1 I v cm -1 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 
31212 vs 

m 
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 

v cm-l I v cm -1 I v cm -1 
I 

vacuum vacuum vacuum 

60 trs 29478 m 30320 ms 31039 w 

29489 vw 30346 ms 31045 w 

29505 vw 30367 s 31052 w 

29521 vw 30398 vsb 31063 w 

29566 m 30435 wb 31097 mw 

29589 w 30484 s 31106 m 

29657 m 30533 mb 31158] w 
40 trs 29678 mw 30557 m 31167 

29765 m 3060~] w 31183 w 

29780 mb 30608 vw 31223 mw 

29820 w 30615 vw 31272 ms 

29852 m 30645 vs 31247 w 

29870 s 30674 mw 31255 w 

29904 mw 30693] w 31293 m 

29440 m 30702 w 31318 w 

29957 mb 3072~] m 31332 s 

29991 ms 30729 s 31404 m 

30031 w 3076J s 31436 m 

30044 w 30771 w 31444 m 

30068Jms 30813] m 31505 wd 

30074 w 30819 m 12 trs 31524 wd 

30115 m 16 trs 30880] m 31684 md 

30127 vw 30890 m 31714 vwd 

30132 w 30929J w 31974 mwd 

30152 s 30943 m 32029 mwd 

30203 m 30992] m 32094 md 
36 trs 30279 ms 31000 w 32100 

30288 m 31008 w 32147 mwd 

(continued next page) 
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v cm -1 
I 

vacuum 

32216 mbd 

32265 mbd 

3.2368 mbd 

32454 mbd 

32537 wbd 

.• 



153 

APPENDIX 4 

BAND HEAD FREQUENCIES FROM THE LOW RESOLUTION SPECTRUM OF 
CHd10 

v cm-l -1 
I v cm 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 

v cm-l 
vacuum I 

60 trs 29057 w 

29077 vw 
29102 w 

29115 w 

40 trs 

29152.4 mw 

29173.1 vw 
29203 w 

29241 w 

29329 mw 

29368 w 

29452.4} 
29458.5 m 

29467.9 

29510 w 

29544.8 

29549.7 m 

29559.5 

29568.0 

29582.0 w 

29639.7}m 
29642.0 

29684.6) 

29693. 2Jw 

29756.3 

29762.5 

29768.6 

29772.3 

29774.8 

29779.7 

m 

v cm-l 
vacuum 

I 

29812.9} w 
29820.2 

29853.3 

29859.4 m 
29863.l 

29866.7 

29871.6 vw 
29887.8 vw 
29905.7 w 

29913.0 w 

29942.9} 
29941.6 m 

29951.6 

29993.9} ms 
29998.9 

30013 vw 
30022.7 vw 

30034.0} 
30037.8 ms 

30042.9 

30052.9 w 
30059.2 vw 

30063.0 vw 

30071.St 
30079.4 m 

30090.8 

30097.2 vw 

2.Ql07. 3 vw 

-1 v cm 
vacuum 

I 

30113.6 w 

30127.61 
30130.2 w 

30136.5 

30150.6 vw 

30154.4 vw 

30163.3} m 

30171.0 

30217.2 

36 trs 30247.4 

w 

vw 

30257.5} m 
30265~0 

30272.6 vw 

30285 vw 

30297.9} mw 
30302.9 

30308.l} w 
30314.4 

30332.2 

30338.5 

30348.7 

30355.l 

30379.4 

30385.7 

30389.6 

30393.4 

30424.2t 
30430.7 

30440.9 

(continued next page) 

ms 

ms 

m 
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-1 -1 -1 \) cm \) cm I \) cm 
I I vacuum vacuum vacuum 

30468.0l 30844.6 vw 31516 w 

3047i.9 mw 30859.3) 
30477.1 30965.9 s 

30509.5) 30869.9 

30515.9 m 12 trs 30889.9 w 

30523.7 30928.8) 
30531.6 vw 30934.2 s 

30564.2) 30940.9 

30569.4 m 30982.0 sb 

30582.5 31028.3) 
30628.7 vw 31040.4 m 

30635.0l 31055.2 

30641.3 m 31096.2) 
30648.9 31101.7 lJl 

30657.8 vw 31105.8 
30693.5 vs 31122.5 w 
30703.9 vw 31147.4 vw 

30725.9 vw 31169.l} mw 
30731.2 vw 31174.6 

30736.4 vw 31223.4 s 

30740.3 vw 31258.9 w 

30749.4 vw 31297.4} 
30752.0 vw 31299.5 mw 

30755.0 vw 31338.6 s 
30761.2 vw 31396. 7} w 
30773.0 vw 31405.0 
30782.3 vw 31429.9} w 
30789.9 vw 31439.7 

30808.9} VS 31474.4} w 
30816.9 31484.l 
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