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isotopic species are indicated py .leadi~g lines. It was men­

tioned earlier in sec"tion 5-2,. that· the band heads of ·iso-

vibronic transitions in the' 80~80, 78-80 and 78-78 molecules 

are separated by equal ene~gy·interva~s (in this case, each 

interval is 5.5 cm-1 in wavenu~er units) and also have an 

-intensity ratio of 1:2:1. These requirements are fulfilled 

for the 78-78 and 80-80 bands shown at 22744 cm-1 and therefore 

·we conclude that these two bands result from 'isovibronic' 

transitions. Similarly, other isotopic bands in 78-78 and 

80-::-80 were compared with those of 78-80; if the two criter-ia 
'. 

mentioned above are satisfied for all three bands in the 78-80 

~pectra the transiti6ns were identified as isovibronic. The 

intervals between isovibronic bands i.e. isotopic. shifts were 

recorded. However, this method of identification could not 

be used for low intensity bands in the isotopic spectra or for 

those bands which are overlapped or perturbed, as shown below. 

Perturbations are observed in various parts of the 

spectrum. Many band heads are displaced from their 'normal' 

p~sitions in the energy spectru~. Several have anamolous 

intensities and structure. 
r 

It can be shown that these effects 

are present in the system by a comparison· of isotopic spectra. 

F~g. 5-~ b) has been discussed in the earlier paragraph and 

represents the 'normal 1 case of ene~gy and intensity relation~ 

ships amo~g the isotopic band heads of 80-80, 78-80 and 78-78 

species. Fig. -S-3 a) shows the band at 22716 cm-1. Here the 

wavenumber intervals between the 80-80, 78-80 and 78-78 band 
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heads are in the ratio of 8. 2 .: 6. 6 whereas the expected ratio 

is 1:1. Therefore either one, or. two, or all band heads are 

not in their normal position in the spectrum. An· example of 

an intensity anomaly is seen in Fig. 5-3 d)· ,for the bands at 
. :_.-· 

23976 cm-l where the intensity.of the 80-80 band is much less 

than that of the 78-78 band and therefore the expected inten­

sity ratio of 1:2:1 for the 80-80, 78-80 and 78-78 bands does 

not agree with the observed ratio. A third case of apparent 

perturbation is seen in the band at 23930 cm-1 reproduced in 

Fig. 5-3 c). Here, the band in 80-80 appears to be single, 

that in 78-78 seems to be triple, and that in 78-80, double 

headed. The explanation, that the band in 78-78 is a triply 

overlapped band, was subsequently found to be reasonable. Per-

turbations are also evident in the rotational structure of 

strong bands. Members of series of lines forming a branch in 

the rotational structure are often seen to be displaced from 

expected positions or reduced in intensity. Examples of such 

rotational perturbations are not illustrated here. 

5. 4 Evidence in favour of a bent excited' s·tate 

A. Occurence of progressions in the bending vibration 

Many strong bands and a la~ge. number of weak bands occur 

throughout the observed range of the R system absorption. Even 

in the spectrum of a single isotopic species such as 80-80, no 

regularity or repetitive patterns among these bands ·is obvious. 

It is possible that a part of this irregularity is caused by 

the presence of perturbations discussed in the earlier section. 
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_Some -examples of frequency differences amo!lg the stro~gest 

bands are ·approximately 40, .125, 170, 295, 465, 630, 770, 
. -1 

· 930 ••• etc. ·em • However,. among these values, series of bands 

w;ith successive intervals of ""170 and ""465 cm-1 could be 

identified. 

The members of series, which have successive but ir­

regular intervals of 170 cm-1 , form the most prominent groups. 

Within each. group, the intensity of each successive band in-

creases with its frequency and reaches a maximum at the second 

or third member of the group. The relative intensities among 

the bands within each. group varies slowly. If the bands were 

member of a sequence then the intensity variation among them 

should be much more pronounced and show a different distribution 

(Appendix F). Furthermore, spectra observed at low temperatures 

indicate that the member of the most intense group of these 

bands are cold bands, suggesting that all these bands o'riginate 
II II II 

on the vibrationless ground state (v1 = v2 = v3 = 0) . There-

fore it is assumed that each of these groups form a pr~gression 

rather than a sequence.. The frequency intervaJ_ of 170 cm-l 

is too small to be any of the ground state vibrational fre-

. . . . ) . W" 4 -1 w II quenc1es (obta1ned 1n sect1on 3.8 v1z. 1 = 36 em , 2 = 
1 II 1 313 em- and W3 = 1303 em- • Further, it will be shown in 

section 5.4 B, that the excited state synunetric stretching 

frequencyGu1 in a lin.ear state cannot be smaller than its value 

of 364 cm-1 in the ground state. Hence, the interval of 170 cm-1 

is also too small to be the excited state symmetric stretching 
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mode in the linear-CSe2 molecule. Hence we assume that these 

. groups of bands with a frequency intervals of 170 cm-1 form a 

progre~sion in the bendi~g ·vibration. Such an observation of 

pr~gressions in this bendi~g vibration accordi~g to ~ranck-Condon 

princiJ?-...~e implies that. the molecule is bent in the e,:tci ted st-ate. 

(section 4.6). _ .. ,. -:..- : 

Alternatively, the strongest bands can also be arranged 
. ~ 

into groups with a frequency interval of about 460 cm-1 between 
i 

I 
. successive bands. The number o.f members in each_ group is fewer 

than the number in the pr~gression (in bending vibration) des­

cribed in the previous par~grap?. These. groups were a~sumed 

to be progressions in the symme,tric stretchi~g modej the 
. I . 

magnitude of the excited state ~tretching frequency i.e. 460 cm-l 

is compatible with that derived from arguments presented in 

section 5.4 B. Since the intensities of successive members of 

the group are fairly constant they cannot be attributed to 

sequence bands. 

If the transition by which the R systems absorption occurs, 

is between electronic states of the linear CSe2 molecule (i.e • 

. a linear ~<:--·linear transition) progressions in the sYmmetric 

stretching mode should be observed provided there is a change 

in the ~nternuclear dista~ce. rcse• When there is very little 

Change in r CSe 1 SequenCeS ShOUld be ObServed (ref,er diSCUSSiOn 

on the Franck-Condo~ principle 4.6). In either case, alternate 

members of a progression in the nontotally synunetric vibration 

i.e-~ v 2 or 6.v3 ·.-. 0, ± · 2, ± 4 ••• etc. should be observed 

with low intensity. The observation of progressions in the 
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symmetric str.etchi~g mode satisfies. :the· first of the above 

requir·ements for a linear-linear transition. The requirement 

that alternate members of a pr~gression in the bendi~g vibra~ 

-tion -occur is not satisfied b~cause the interval of 17C~m-l 
.. 

is probably too small to be two quanta of the bendi~g fre-

~--..quency W2 for the linear CSe2 molecule. 

For a bent ~ linear transition, however, progressions 

s{lould be observed both in the symmetric stretchi~g modes as 

well as in the bending modes (section 4.6). The observation 

of both types of progression is consistent with this requirement. 

It is therefore likely that the excited state corresponds to 

that of a bent molecule. 

B. Rotational structure 

·The rotational structure of the bands in the R system 

provides more ·evidence in fav6ur of a bent excited state. As 

mentioned in the earlier section, stro~g bands in the.systems 

a~e violet d~graded and reveal sharp rotational lines. These 

lines appear to be regularly spaced; the intervals between 

successive lines suggest only a small value (see section 5.6) 
t 

"for the~ difference in rotational constants between the ground 

and excited st~te vibration~! levels. If the molecule is 

linear in both states, then the intervals between rotational 

lines must be a function of~B and the observed rotational 

structure must be the J structure. It is known from basic 

theory (sections 3.6 and 4.8) that the rotational structure of 

vibronic bands cart be violet degraded only if the rotational 
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constant in the upper vibronic sta.te: ·.(B') is. greater ·than that. 

in the lower vibronic state (B"). If the molecule is linear 

in both s·tates, B' ) · B" implies that r~se ( r~~se ,· since B 

·is inversely proportional to the moment of inertia IB.= 2 msl 

r~se (Equation 3.25). 'If the internuclear dis~ance in the 

excited state (r~se> is smaller than that in the. ground state 
II 

(rcse> , it means that there is a greater bondi!lg in the excited . 

state of the 11near molecule than in the. ground state. This 

conclusion is contrary to expectation; sin?e from a~guments 

presented in section 4.2,·it would imply that an electron pro­

motion has occured from the non~ondi~g l~g orbital to a 

bonding orbital rather than to an antibonding orbital. If the 

molecule is bent in the upper state however, an excited state 

B' value larger than its value in the. ground state can be 

obtained even ·~or .a rcse > r.CSe. This a?=gument is illustrated 

in Appendix ·H, where in the first column of the table several 

' " values of rcse are given. For the sake of a?=gument rcse may 

be assumed to be equal to 1.711 l from the data of Wentink23 
. A 

In the second column, bond angles tSeCSe are given. The third, 

fourth and fifth columns show the calculated rotational con-, 

stants A, B, C in cm-1 for the corresponding geometry and the 

last column p~ows the value of the asymmetry parameter. It 

is found that k~-14 for all the rows and therefore the molecule 

is approximately a prolate symmetric top for any angle of bend­

ing in the given range... It is also shown in the table that 

even if the rcse is larger in the excited state, B' can be 
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la:rger .than B11
• Hence, violet d~gr.aded. vibronic bands are 

possible ·even if th~ internuclear distance ·rcse ·is la:rger than 

that in the_ ground state, provided the molecule is bent in_ the 

-excited state. Therefore, the 'rotational structure of the 

bands also suggests a bent excited state. In section 5.6 the 

-rotational structure of these bands is examined in greater detail. 

c. Isotopic shifts 

A 80 . The values of isotopic shiftS/~o-= ()78 - () .J for. the. 

bands of the R system are_ given in Appendix L. From this iso-

topic shift_data, the fol~owi~g observations and references 

(based upon the discussion in section 4.10) can be made: 

1. None of the bands, for which isotopic shifts could be deter-

mined, have zero or· near zero isotopic shifts. Such a small 

shift is expected for an origin band (see Fig. 4.10). Hence 

lt is tentatively assumed that the origin band correspond-

i~g to t~e (0, 0 ,0) 1 ~<-- (0, 0, 0) 11 transition is not observed 

in the spectrum. 

2. All observed isotopic shifts are positive and lie in the 

range of 3 to 16 cm-1. Smaller shifts are observed at the 

low energy end of the spectrum and large shifts at the high 

energy end.of the spectrum. Most of the intense cold bands 

(which were observed in temperature work) lie in the latter 

region. Large isotopic shif-ts for cold bands indicate that . 
these bands result from transitions between the vibrationless 

II II II . 

(vl=v2=v3=0)_ ground state to the excited vibrational levels 
I I I I 

(vl,v2 and v3 where one or more Vi may be no~zero) ·of the 

upper state. 
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The absence of an observable or~gin band and the pre­

·sence of ·bands due to (v1 ,. v 2 , v 3} ~co·,o·,oy transitions, in~ 

dicates that there is a cha~ge in the equilibrium_ geometry of 

the molecule in the excited state (refer to discussion of the 

Franck-Condon principle in section 4.6). This cha~ge in ge6-

metry could be due to changes in the internuclear distance ·rcse 

or a change in the bond angle set~ Since progressions in the 

bending vibration are observed, it is likely that there is a 

change in the bond angle in the excited state. 

Small i~otopic shifts in the lower ene~gy end of the 

spectrum can be accounted for under the assumption that there 

is a change in equilibrium_ geometry on excitation. Transi-

" tions in this region are from excited vibrational levels vi 
I 

of the ground state to lower vibrational levels vi of the ex-

cited state. It can be shown from equation (4.44) by sub-
I II 

stitution of approximate quantum numbers vi and vi,that iso-

topic shifts are indeed small in this case. 

5. 5 Detailed Vibrational Analysis· o·f· ·the· .R sy·st·em 
1 +-_- - L 

The vibrational levers of a linear g state and the 

rovibronic levels of a bent excited state have been discussed 

before in section 4.5 (the symmetries of these levels are given 

in F~g. 4.9). It has been shown (section 4.7) that for6 K=O 

(i.e. parallel type) transitions, L·:..L, [1-[1,~-~, etc. 

type bands result whereas for6.~ = : 1 (i.e. perpendicular 

type) transitions, L-f1,fl-2:,6,-f1, etc. type bands result. 

In the present work, violet d~graded bands with sharp rotational 
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structure are observed (s.ection 5 .3)' in the spectrum and the 

rotational structure ·of· many of these bands resemble that of 

the L- L type bands in the R system of cs2. In F~g. 5. 7 I an 

example of such a L- L band in the R system of cse2 is shown. 

In addition to these bands' several rr -.IT bands are also ob­

served in the present work~ These bands were identified as 

lf- Iftype bands by their r~tational structure; this method of 

identification is discussed in section 5. 6. .Bands of]T- 2~ 

TI -li, ... etc. types are not observed. A classification of bands 

by their rotational structure into L-L~ IT -IT 1 6-~ ... etc. 

types determine directly the value of the quantum number K for 

each of these bands in the ground and excited states. 

As mentioned in section 5.4.A, progressions ar~ obser­

ved with a separation of about 170 cm-1 between suc~essive 

members. At room temperature '2:- 2: type bands. are the strongest 

bands observed in the spectrum and many of them form these 

(170 cm-1 ) progressions. A typical pr!Jgression of bands has 

members with wavenumbers 23295.2 1 23471.6 1 23641.5 1 23807.7 1 

23976 .. 2 and 24151.3 cm-1 • The successive intervals between 

these bands are 176.4; 169.9, 166.2, 168.5 and 175.3 cm-1 • 

These intervals apparently decrease to .a minimum before in-

cre~sing again. Such a uniform behavior was not always ob~ 

served. In some progressions of L- 2: bands I succ-essiv-e -Inter...:. 

vals were st~~gered. 

Since the frequencies of .all three fundamentals in the 



168. 

W -1 -1 w . ground state, viz. 1 = .364. em ,.w2 = 313 em and 3 = 1303 

cm-1 are known, intervals between band heads correspondi!lg 

to thes·e frequencies were so~ght in the spectrum~ None of 

these intervals occured frequently eno~gh for unamb~gous iden­

tification. 

However, a wavenumber difference of 631.4 cm-1 is 

obtained between two L- L type bands at 23641.5* and 23010.1 

cm-1 . This difference is in. good ~greement with 631 cm-1 , the 
I 

wavenUmber of the observed Raman active overtone band (section 

" " 3.8), corresponding to the (0 2°0 ) ~"' _..._(0 0° 0.) vibrational 

transition in the ground state bendi~g vibration {for.notation 

refer to section 3.5). In addition to the above two ~- ~ 
type bandS 1 three pairS Of rr- rr type bandS are ObServed at 

23034.6 and 22398.9; 22870.1 and 22234.1; 22694.8 and 22059.0 

cm-1. The intervals between bands of each successive pair is 

635.7, 636.0 and 635.8 cm-1 respectively. The mean value of 

the last three number i.e. 635.9 cm-1 is in good agreement with 

636 cm-1, the wavenumber of the observed Raman active overtone 

1 n 1 u 
band, corresponding to the· (0 3 0) ~ (0 1 0) transition in 

the ground state bending vibration. 

It was assumed tentatively that the 23641.6 and 23010.1 

cm-1 ,bands of the ~-~ type occur due to transitions from the 

(0 0° 0)" and (O 2° 0)" vibrational level.s: of the ground state 

* Unless otherwise stated, wavenumbers quoted in text, refer 
to those of the (80-80) isotopic species. 



respectively to a common rovibr.onic level with K' = Oof a 

bent upper state denoted by (v1. v~. v 3 ) '. The.J1- J.rtype 

bands at 23034.6 and 22398.9 cm-1 was assumed to·be due to 

transitions from the (0 11 0) 11 and (0 31 0) 11 levels of the 

169. 

ground state respectively to a common rovibronic level {with 

K = 1) of a bent upper state. The successive intervals between· 

the bands (of the previous par~graph) at 23034.6, 22870.1 and 

22694 .. 8 cm-1 are 164.5 and 175.3 cm-1 and those between the 

. rr- n: type bands at 22398.9, 22234.1 and 22059.0 cm-1 are 164.8 

and 17 5 .1 cm-1. Each set of these three bands,.· therefore form 

progressions similar to that formed by the~-~ type.bands 

mentioned earlier in this section. 
II 

For v3 = 0, the expression for the term values of the 

ground state for the bendi~g vibrational levels can be shown 

(from equation 3.16) to have the following form. 

x (v2 + 1) + 1/4 x13 (5.2) 

It can be shown that if the term value G" {0, 0°) = O, then 

the expression (5.2) above reduces to (5.3) on the following· 

*Notation:- Same as section 3.5 except that the prime and double 
prime refer to upper and ground electronic states respectively; 
also, K is equal to l in the ground state and K represents the 
total angular momentum.in the upper state. Since the quantum 
number V3 is not encountered in this 'analysis the notation is 
reduced to (v1 , ~ ) in each state for convenience. . . 
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page. 

(5.3) 

11 
..t:J" 11 n n n n 

where w 2 = U)2 + 2x22 + 1/2 (x1 2 + x23) + 1/4 (x13) has been 

substituted in (5.2). The interval of 631.4 cm-1 obtained in 

the last section corresponds to the wavenumber difference be-

tween G"{0,0°} amd G"(0,2°) term values and the interval of 

635.9 cm-1 to the difference. between G"{0,31) and G"{O,l1) 

term values. By substitution of these intervals and appropriate 

term values G"{o, v~ ) it was found that x22 = 1.2 cm-1 • 
l 

With this value of x 2i, term value differences G"[O,(v2+2) ] ~ 

G11 (0, v~) for v2 = 2, 3, 4 •• etc. were calculated by the 

use of equation (5.3).· Some of these calculated term value 

differences ar.e given below in cm-1 • 

G"(O,i0 ) G"{0,0°) = 631.4 

G" (0, 31 ) G"(O,l1 ) = 635.9 

G"(0,4°) G n co·, 2°) = 640.7 

G11 co, 42 ) 
., 

640.7 G11 (0, 2""·) = 

G"(o,s1 > G" (0,31) = 644.8 

G11 (0,53) G"(0,3 3) = 644.8 
(5. 4) 

Pairs of bands whose wavenumber intervals ·correspond to each 

of these calculated interva.ls were identified in the spectrum. 

The members _of the pair were th~n assigned the corresponding 

l l quantum numbers 0, (v2 + 2) and 0, v2 _of the ground state 

and assumed to share a common upper· ro'iribronic state in the 

transition. 



171 .• 

In Fig. -~.4, a typical set of bands in each of the 

80-80 and 78-78 spectra, resulting from (isovibronic) transi-

tion from ground state levels and K = 0,1,2,3 •.. sublevels 
I 

of one v 2 level in the excited state are represented schema-

tically. The observed wavenumber differences between ground 

state levels of the same l (=K) which have the same symmetry, 

are shown. The agreement between these differences and the 

calculated differences in (5-.4). may be verified. From the 

scheme in Fig. 5.4 it is seen that bands at 23178.2 and 

22547.2 cm-1 must be of the L- 2:type; and the bands a.t 

22870-..r and 22234·.1 cm-1 must be of the TI-n type. From an 

observation of their rotational structure and band head struc-

ture {see section 5.6) it was found that all the above four 

bands are of the correct types. Such agreements between ex-

pected and assigned band types were found for bands of the 

78-78 molecule also. The relative-intensities· among the bands 

represented in Fig. 5.4 were also consistant with their assign­

ment. The 2- L andfl-IT bands arising from v~ = 0 and 1 

levels respectively were the most intense bands (see Appendix L} 

in each of the isotopic molecules, .as expected {see Appendix F) 

of bands arising from transitions from the ground and a low 

energy (3.13 cm-1) excited vibrational sta·te. For other bands 

of Fig. 5.4, there is a decrease in intensity with an increase 

II • • • in the value of the v 2 level from whJ.ch they orJ.gJ.nate. From 

temperature work it was found that the band at 23178.2 cm-1 

is a cold band and that at 22870~ cm-l is relatively a hotter 
~ 

band (refer Appendix L) • Such a temperature effect supports 

the assignment of the former band to a transition arising 
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" " " from a v 2 = 0 initial state .. The quantum numbers v 1 and v3 

for this state should be zero for the same reason. Several 

such sets i.e. transitions from the ground state vibrational 

. " levels to K sublevels of each successive v 2 level in the 

exbited state, could be picked out. Five or six sets could 

be arranged into progressions with successive intervals of 

approximately 170 ~m-l (between corresponding members in each 

set). Five progressions of such sets are observed. Four 

of these are schematically shown in Figo 5.5.. Each vertical 

line in this diagram represents the first member of a set 

(of Figo 5.4) i.e. a ~-~type band. The wavenumber of this 

band and, in parenthesis, the isotopic shift-6 a-, are given. 

The members of each progression are believed to be transi-
II I I 

tions from the ground state v 1 = 0 level to success~ve v 1 

levels. The successive intervals (mean values of 464;i~., 461-3 _ 

and 
u 

465;j) between v 1 levels are shown .. Each vibrational level 

has been numbered in Fig. 5.5; these numberings are justified 

in section 5.7. The wavenumbers of all those bands which have 

been assigned are given in Table 5.20 Table 5~2 a) lists 

~-~type bands; 5o2 b) lists n-n type bands; 5.2 c) 

lists 6,-6, bands 9 etc. The assignments of v ibra tiona I quantum 

numbers for ~- I and TI-n type bands are shown in the spectro­

grams of Appendix K. 

In each isotopic spectrum, about 100 bands can be 

ass~gned to transitions from the vibronic levels ·of a linear 

ground state to those ·af the same ·bent excited stateo· The 

stro~gest bands in the spectrum, with a few exceptions, are 
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assigned without difficulty in this analysis. The combination 

differences G" [ 0 1 (v2 + 2) K ] - G" ( 0 1 v 2 K) were used as basis 

for checking the correctness of assignments. All pairs of· bands 

which are transitions from [0, (v2 + 2) K. 1'" and (0 1 v~)" l.evels 

to·any common excited state rovibronic level are expected to 

have the same value of G" [0,. (v2 + 2)K]- G" [02, ~j, within 

limits of experimental error. These differences were evaluated 

from the wavenumbers of assigned band heads in Table 5-2 and 

. .. -1 mean values are g~ven below ~n em • 

80-80 78-78 

Pl = G(0 1 20) - G(o,oo> = 631.3 631.7 

P2 = G(O, 31) - G(O,l1 ) = 636.0 636.6 

P3 = G(O, 40) - G(0,2°) = 640.7 641.5 

P4 = G (0 I 42) - G(0,2 2 ) = 640.1 640.9 

Ps = G(O, sl> - G(0,31 ) = 644.8 646·. 8 

P6 = G(O, s3> - G(0,33) = 645.1 (5. 5) 

Since the strongest bands of the system are L- Land IT-IT 
bands the maximum number of individual 'Pi' values were obtained 

for the first two differences (pl and P2) above. The .largest 

deviation from the mean value of 631.3 cm-l was 0.4 cm-l and 

from the mean value of 631.7, it was! 0.6 cm-1 . Similar· 

satisfactory ~greements were_obtained for the Pi values of 

63'6\ 0 and 636.6 cm-1 • These agreements support the vibrational 

analysis. 
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Table 5-2 a) 

L- LBANDS OF THE R SYSTEM· (in cm-1) 

I I II II I a- u I 
v1,v2 -· v]_ v 

I 2 (8.0-80) 80-80 78-78 (78-78) 

0,6 - 0,0 10 2300'2. 3 23010.9 15 
-

0,7 - 0,0 75 23178.2 23188.1 75 

0,8 - 0,0 95rnc * . 23347.4 23356.3 80 

0,9 -. 0-,0 100c 23514.7 23527.1 100 

0,10 - 0,0 70m *23683.7 23697.9. 90 

-· ;. 
0,11 - 0,0 10 23841.3 23856.2 10 

0,6 - 0,2 25h 2"2371. 6 22379.3 30 

0,7 - 0,2 60h 22547.2 22556.5 55 
. 

~,8 - 0,2 50 -22716.4 22724.6 40 

0,9 - 0,2 40 22883.5 22895.5 50 

0,10 - 0,2 55 23052.2 23063.6 55 

0,6 - 0,4 h 21730.1 21738.2 

0,7 - 0,4 h 21906.5 21915.0 

0,8 0,4 h 22075.6, 

1·5 , . .... · a·,o 15 23295:2 23303.4 15 

r·,G_ - o·,o 70 . 23471.6 23481.6 so 

1,7 - 0,0 90mc 23641.5 23653.7 80 

* overlapped; 

c=co1~,· mc=possib1y cold, rn=co1d or hot, mh=possibly hot 
h=hot 
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Table 5-2 a) (in .-1) em (continued) 

u ' II II I a- o- I 
vl.v2 - vl,v2 (80-80) 80-80 78-78 (78-78) 

1,8 - 0 0 '. lODe 23807.7 23821.4 100 

1,9 - 0,0 100 23976.2 23990.8 70 

1,10 - 0;0 20 24151.3 24166.7 10 

1,5 - 0,2 20 22664.0 22671.4 15 

1;6 - 0,2 45 .. 22840.2 22849.4 55 

1,7 -· 0,2 65m 23010.1 23021.~ 70 

1,8 - 0,2 95 23176.5 23189. 6" 75• 

1,9 - 0,2 95me *23347.4 23359.2 25 

2,4 - 0,0 20 23571.8 23577.8 10 

2,5 0,0 25 23755.0 23763.9 20 

2,6 - 0,0 70e *23930.4 23943.3 50 

2,7 - 0,0 90m 24099.4 24112.5 80 

2,8 - 0,0 60me 24270.6 24284.0 25 

2,9 - 0,0 20me 24443.5 24455.2 10 

2,4 - 0,2 10 22938.9 22945.9 10 

2,5 - 0,2 10 23124.1! 23132.4 10 

2,6 - 0,2 15 23298,.8 23311.9 25 

2,7 - 0,2 50 23468.0 23480.6 25 

3,4 - 0,0 10 24046.1 24056.7 15 

3 5 -.I o,o 15 24216.5 24228.3 10 

3,6. - 0 ,o. 40 24394.0 24405.2 30 

3,7 -. cr, o 40c 24563.5 24575.3 50 

3,8 - 0,0 10 24735.6 
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Table 5-2 a) (in cm-1 ) (continued) 

8 ' .. " I () a- I 
Vl V2 

I 
- V!,V2 (80-80) 80-80 78-78 (78-78) 

. 
3,6 - 0,2 10 23762.3 23771.3 10 

3,7 - 0,2 40 ··23932. 7 23944.2 50 
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Table 5-2 b) 

IT-. f1 BANDS OF THE R SYSTEM 

() a-
I I II n 

v_l, v2 - v1Jv2 I 80-80 78-78 I 

0,6 - 0,1 45 22694.5 22702.1 50 
694.8 701.9 

0,7 - 0,1 85 22869.6 22879.6 90 
870.1 22879.0 

o,s-~ 0,1 lOOm '*23034. 6 23044.3 . 90 
044.7 

0,9 - 0,1 so 23219.6 23226.3 30 
220.1 226.8 

0,10 - 0,1 70mb 23388.4 23399.9 90 
400.7 

0,6 0,3 30 22058.4 22065.1 30 
059.0 065.7 

0,7 0,3 50 22233.5 22242.3 45 
234.1 243.1 

0,8 - 0 ,3_ 55 22398.9 22408.1 60 
399.1 409.1 

0;9 - 0,3 20 22583.7 

0,10 0,3 30 22752.2 22763.1 35 

0,6 - 0,5 h 21413,."5 

0,7 0,5 h 21588.3 
589.4 

0,8 - 015 h 21754.6 21761.3 

1;5 - 0,1 22986.7 22994.1 
987.4 .• 994.9 

1',6 -· 0,1 90m 23160 .• 8 23170'. 8 90 
161.3 171.3 
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Table 5-2 b) (continued) 

cr () 
I g l'i IU 

vl,v2 - v1,v2 I 80-80 78-78 I· 

1,7 ·a, 1 60 23340 .. 9 23350.8 80 
351.8 

1,8 - 0,1 90mc 2349.9.4 .23513.4 100 

1,9 ~ 0,1 70m 23683.7 23697.9 90 

1,10 - 0,1 20 23858.4 23873.2 20 

2,4 ·- 0,1 ~5 23267.5 23276.8 15 

2,5 - 0,1 50m 23474.5 23487.5 35 

.2,6 = 0,1 SOme 23623.3 23637.4 60 
624.5 

2,7 - 0,1 70 23803.2 23816.1 80 

2,8 0,1 10 23969.9 23985e8 25 

2,9 ... 0,1 15 '24151. 3 24167.1 25 

1,5 - 0,3 15 22351.1 22360.4 15 

1,6 - 0,3 40 22525.2 22533.9 25 
525.8 534.3 

1,7 - 0,3 10 22705.2 . 22714.9 10 

1,8 - 0,3 22863.8 22876.9 15 

2,6 = 0,3 22986.7 23000.6 10 
987'. 4 

2;7 - 0,3 20 23167.4 23179.1 10. 

3,4 - 0' 1. 25~ 23755.0 23765.6 20 

3,5 - 0,1 70c 23932.7 24942.5 60 

3 ;:6 -· 0,1 15 24103 .·4 24114.9 . 80 

3,7 0,1 · 60mc 24264.9 24284.0 80 



3,4 - 0,3 

Table 5-2 b) (continued) 

I so<!so 

so 23468.0 

., 

o-
78-78 

.• 

181 .• 
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Table 5-2 c) 

6-6BANDS OF THE R SYSTEM 

I v II II cr a-
Vl;V2 - v:1,v2 I 80-80 78-78 I 

0,5 - 0,2 10 . 22225.8 

0,6 - 0,2 ·Jo 22395.4 22402.2 20 

0,.7 - 0,2 80 22570.3 22580.0 75 
570.8 

0,8 ·~ 0,2 50 22744.0 22755.3 60 

0,9 - 0,2 22910.1 22924.1 30 

0,10 - 0,2 10 23096.2 23104.2 15 

0,5 0,4 21585.9 

0,6 - 0,4 h 21754.6 21761.3 

0,7 - 0,4 h 21929.8 

0,8 - 0,4 22103.6 

1,5 - 0,2 25 22687.7 22695.3 20 

1,6 - 0,2 *22863.8 2287b.5 

1~7 .... 0,2 10 *23033.0- 23041.2 20 

1,8 0,2 20 23211.9 23218.9 20 

1,9 .... 0,2 15 22377.9 

2,5 0,2 15 23149.7 23166.0 15 

2,6 - 0,2 35 23329.8 23340.9 15 

2,7 - 0,2 10° 23497.2 23507.0 5 
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Table 5-2 d) 

cp -<PBANDS OF THE R SYSTEM 

' g .. n cr u-
vl,v2 = v]_,v2 I 80-80 78-78 I 

0118 - 0,3 10 2245.5.9 22464.1 20 

0,7 = 0,3 30 22283.4 22292.3 25 

0,6 - 0,3 22100.0 22107.5 10 

0,8 ...... 0,5 h 21809.0 21816.4 

0,7 - 0,5 h 21638.9 

0,6 = 0,5 h 21454.9 

1,7 = 0,3 22754.8 22763.8 

1,6 - 0,3 25 22581.·0 

1,6 - 0,5 h 21934.7 
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A plot of p. {given in 5. 5) against v 2 is shown in ' . . 
n 

Fig·. 5. 6. From this plot, W ~ and x 2 2 were obtained, as in--

dicated in the figure, and are given below. 

For 80-80 o" 313.4 -1 1.1 cm-1 
w2 = em x22 = 

For 78-78 w~ 3l3.5 -1 1.2 cm-1 = c.m x22 = 

The respective values are equal within limits of experimental 

errors. 

Term values in the ground state: 

From these numbers, and the value of pi is given in 

(5.5) the term values of G"(O, v~, 0), forK= 0 and K = 1 

were calculated with respect to the (0 0° 0) 11 level, as shown 

below. 

For K = 0 -1 em 

G {0, 0°, 0) pl G (0, 2°,0) 1!3 G(0,4°,0) 

80-80 0 631.3 631.3 640.7 1272.0 

78-78 0 631.7 631.7 641.5 1273.2 

{.5. 6) 

For· I< - 1 

1 
cm-1 

1 1 p's G (0, 1 _, 0) ~2 G(0,3 ,0) G(O,S ,0) 
.-

80-80 313.4 636.0 949.4 6446 1594.2 

78-78 313 • .s 636.6 950.1 646.8 1596.9 
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645 

640 

P. 
I 6'35 

em-

630 
0 -

1a-1a w
2 

= cs31 .a- 4x 1.2)/2=313.5 

0 
_so-so w2 -= cs31. 3 ..... 4 x 1.1 )/2-= 313.4 

0 3. 

FlGURE 5.6 
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If 'g' in equation (5."3) is known then the term values 

G" (0 1 V~ 1 0)" for K .= 2 1 3 •.•• etc. levels may be calculated. 

-1 In the present work 'g' was found to be equal to 4 f± l.S)cm 1 

from the data on liquid phase Raman spectra (refer to Table 

3-3) and was .judged to be.relatively inaccurate to be used 
n K . . 

for calculations of G (0 1 v~)" values •. 

Term Values in the Upper State: 

From these G"(0 1 v~)" values and the-wavenumber of 

ass~gned bands in Table 5.2 1 the term values of the upper state 

1 1 ( K) ,. - 1 1 d eve _s T y1 , v2 were next ca cu ate . These term values are 

defined by 

where ~ is the wavenumber of the band head (formed by the J 

structure) -corresponding to the transition from (o, v~)" level 

·to Cv11 v~)' level. Mean term values T' so obtained are given 

in Table 5-3 for both isotopic molecules ·cs-o~ao and 78-78). 

I:sotopic shifts T <78-?8 > - T (80-80) _ = 6.cr ~re also given in 

the last two columns of the same table. 
. t 

- ----Rovibronic levels in the upper state which have same 

vibrational quantum numbers v1 1 v2 (and v 3) but which have 

different values K = 0 and K = 1 are separated by wavenumber 

interval given by (equation 4. 3.6) . . 

F' (J, ll v F ~ (J I 0} .v 

. (5 .• 71 



Table 5-3 a. 

TERM VALUES,~G' VALUES, A CONSTANT AND ISOTO?IC SHIFTS 

IN THE UPPER STATE 

·~C"JH= ~"iB_TSO in CM-l IN 

I ' vl1v2 80-80 78-78 K=O K=l 

- - ~(X ~~ K=O K=l ·A K=O K=l A H 

0,6 23002.9 23008.3 5.4 23011.1 23015.7 4.6 8 •. 2 7.4 

~G 175.7 175.2 177.1 177.5 

0,7 23178.6 23183.5 4.9 23188.2 23193.2 5.0 9.6 9.7 

~G 169.4 164.8 168.1 165.5 

0,8 23348.0 23348.3 0.3 23356.3 23358.7 2.4 8.3 10.4 

~G 166.9 1as·.o 170.8 181.6 

0,9 23514.9 23533. 3' 18.4 22527.1 23540.3 13.2 12.2 7.0 

~G 169.1 167.4 169.5 173.4 

0,10 23684.0 23701.7 17.7 23696.6 23713.7 17.1 12.6 12.0 

~G 157 .~~- 159.7 
·-· 

0,11 23841.3 23856.3 15.0 
----

187. 
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vl v2 

1,5 

~G 
1,6 

~G 
1,7 

~G 
1,8 

~G 
1,9 

~G 
1,10 

Table 5-3 b 

TERM VALUES T", 6. G" VALUES, A CONSTANT AND ISOTOPIC SHIFTS 

6.cr= (T~8-T~O) IN (CM-1) IN THE UPPER STATE 
H 

80-80 78-78 K=O 

- - 6.o-H K=O K=l A ·K=O K=l A 

: 

23295.3 23300.7 5.4 23303.2 ·23308. 4 5.4 7.9 

176.2 174.3 178.1 176.2 

' 23471.5 2347.5.0 3.5 23481.3 22484.6 3.3 9.8 

.170. 0 179.1 172.4 180.5 

23641.5 23654.4 12.9 23653.7 23665.1 11.4 12.2 

166.3 158.6 167.7 161.8 

23807.8 23813.0 5.2 23821.4 23826.9 5.5 13.6 

169.8 184.0 169.5 184.5 

23977.6 23997.1 19.5 23990.9 24011.4 20.5 13.3 
·-

171 .. ·7 174.8 175.8 173.3 

24151.3 . 24171.8 20.5 24166.7 24184,7 18,0 15,4 

1aa. 

,,. 

K=1 

16.0H 

7.7 

. 

9.6 

10.7 . 

13.9 

14.3 

12,9 



' ' vl v2 
. 

2,4 

~ 6G. 
2,5 

6G 
2,6 

6G 
2,7 

6G 
2,8 

~G 
2;9 

'Table 5-3 c 

. TERM. VALUES 6G' VALUES, A CONSTANT AND ISOTOP.IC SHIFTS 

'6a':-(T~8-T~O) IN :CM-1)
1 

IN THE UPPE"R !'lTATE 

··r 

80-80 
-

:78-78 

K=O. K:::!:l A K=O !{::::!:0 A 

23571.0 23580.9 9.9 23577.7 23590.3 12.6 

184.2 2oi.o 186.0 210.7 

23755.2 23787.9 32.7 23763.7 23801.0 31.3 
.. 

175.0 147.4 179.8 149.6 

23930.2 23937.3 7.1 23943.5 23950.6 7 ~.1 

169.1 179.4 168.9 . 178.8 
.. 

24099.3 24116.7 17~4 24112.4 24129.4 17.0 

171.3 166.6 171.6 169.9 

24270.6 24283.3 12.7 24284.0 24299.3 15.3 

162.9 181.4 174.2 181.3 

24443.5 24464.7 21.2 24458.2 24480.6 22.4 

189. 

l{:::!:Q K=l 

6.UH ~OH 

6.7 9.4 

8.5 13.1 

13.3 13.3 

13.1 12.7 

13.4 16.0 

14.7 .. 15.9 
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If J = 0, then this (5.7) reduces to 

F' (0,1) - F' (0 1 0) 

(5. 8) 

I I I 

where ~, Bv and Cv are rotational constants in the upper state 

' ' with quantum numbers v 1 a~d v 2 and Av is used as a convenient 

symbol. Values of Av are given in Table 5-3 for each isotopic 

species. 
I 

The assignment of vibrational quantum numbers v 1 , and 

' v2 to the bands of Table 5-2 are tentative. The bands of that 

progression shown at the extreme left of Fig. 5.5, were as-
I 

signed the quantum number v 1 = 0 for the final state of the 

corresponding transitions; no pr~gressions which could arise 

from still lower energy vi levels were obseived with certainty. 

I 
The assignment of quantum numbers v 2 for bands of each pro-

gressions was done by the use of isotopic shifts. Isotopic 

shifts given in Table 5-3 were used for this purpose. These 
I fl 

shifts, for bands whose quantum numbers are v1 = 0, v 1 = 0, 
II I 

v 2 = 0 and K = 0, were plotted against a runni~g number, and 

this plot ·is shown in Fig. 5 .lL The closest in-tegral intercept 

of the curve at~ cr= 0 was assumed to be zero and the number 

axis is renumbered to obtain a petter (but not necessarily exact} 
I 

numbering of v 2 since the isotopic shift for the origin band 

' cannot be exactly predicted for each band. The values of v 2 
I 

given in Tables 5-2 and 5-3 for th~ (O,v2 ) levels are the 

' s~9"gested va.lues based on Fig. 5·.11 The riumberi;ngs of v 2 

levels for each of the r~maining v1 = 1, 2, 3 levels is dependent 
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upon the choice of W' , .the symmetri:c .~t;retchi!lg frequencx ;i.n 
. . . . 1 

I 

the exc.i ted .state. lf (A)· # 460 cm ..... l, :then th.e· numb.er!!l9'S 
1 

for v' giveti in th~ ~bove table~ are ~orrect, ~elative to the 
2" 

v 
1 

I • 
= O, v 2 progress1on. 

I 

IfUJi~630 cm-l (see section 5.7 ) 

each v 2 level in successive progressions has its current 

numbering decreased by one, two and three successively. Since 

the linear relationship between isotopic shifts and v 2 , anti­

cipated from equation (4.44) seems to hold only approximately 

the .values of v; could be jn error by±·2. Plots ot6a-a:v; for 

all progressions observed in the spectrum are not shown in Fig. 

5.11 In general, isotopic shifts for bands .of these progressions 

are irregular. Neglect of anharmonicity effects in the isotopic 

shift formula is not expected to give rise to such irregulari-

ties. The ohly available explanation seems to be the presence 
37 of large perturbations {section 5.2). In his work on cs2 , Kleman 

reported that the isotopic shifts for the higher quantum 

number levels could not be predicted by the simple isotopic 

shift formula. This statement appears to be true for parbon· 

diselenide also. 

From Tables 5-3 a) , b) and c), it is seen that A values 

in general, increase with an increase in v;. Fig./5.8 gives 
- ' . r . the plots of A against v2 in each of the v1 = 0, 1 and 2 levels. 

The shape of these curves +esem.ble qualitatively, those given in 

Fig. 4.7 (by Johns) 99 , but points in the plot show considerable 

- ' ' deviations. By extrapolating the curve of A against v 2 to v 2 = 0 

an intercept of A0 = 1.5 cm-1 is obtained. This value is 

expected to have an estimated error of ± 1. 0 cm-1 or even 
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a higher positive value. Since the A values obtained are 

erratic, the quadratic relationship (section 4.7) 

= constant + A K2 + •• ( 5. 9) 

could not be established between the term values of the 

K''' = 0, 1, 2 • •. etc. sublevels of each v 
2 

level. If such a rela­

tionship could be est~blished, it will be additional proof of a 

bent excited state. 

:. In Fig. 5.5, G' [v
1

, (v2 + l)K] G 1 [vi, v~J = bG 1 

values are marked, for the K = 0 sublevels in the excit~d state. 

Fig. 5.9 shows the curves obtained from plots of 
G• 6 values 

I 

of Table 5-3 against v 2 + 1/2. A qualitative resemblance of 

these curves to that given by ~ohns99 is evident (compare Fig. 

4.7). However, it cannot be established whether the agreement 

in shape is fortuitous or not because of the occurence of per­

turbations in the system. If the minima in the 6, G 1 curves are 

genuine, their observation is an additional proof for a bent 

excited state as discussed in section 4.5. Each curve in the 
I 

figure has been extrapolated to v 2 = 0 to obtain some indica-

A r r 
tion of the magnitudes of ~G 1 for the v 2 = 0 and v 2 = 1 levels. 

I • 

If anharmonici ty effects are neglected 1'::::. G • ~ c.u
2

; from the 

figure, 6,. G is seen to be in the range of 210 to 185 em -l 

A more reliable value of the excited state bending vibration 
I 

frequency (A)
2 

could not be obtained with the present work. 

5.6 Rotational Structure 

Liebermann38 ,. by a detailed rotational analysis, showed 

that many bands of the R system of CS2 are of the L_ - L type. 
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Kleman observed that, in addition to these ~--~ type bands 

. n-n, ~-~ . , "etc type bands are also present in the 

system. S1;1ch a classification of bands by their rotational 

structure enabled Kleman to arrive at a satisfactory vibra-

tional analysis of the R syste~ of ~s2 • 

In this work, a similar classification was attempted 

with the same purpose in view. L-2:: type bands were 

identified . easily. These bands are single headed, have a 

simple sharp line like rotational structure which is degraded 

to the v~olet and resemble the L--~ type bands of cs 2 •. The 

rotational lines apparently form a single R branch; and are 

resolved beyond 2 or 3 cm-1 from the band head. A few of 

these bands were photographed on a high resolution 35 ft 
. 

·spectrograph; one of the bands in which the rotational struc-

ture is very well resolved is shown in Fig. 5.7. Displacements 

of rotational lines from their expected wavenumber positions· -in 

the branch were observed in several bands. Th~se irregularities 

were attributed to perturbations. 

o TheTI-[1, ~.;_~ , etc types of bands in the CSe R 
2 

r 

- - - ----.......s.ystem--,could---not-. be -ident-ified --by . inspec-tion.---or- by -comp-arison 

of the bands of the R system of Cs2 • In the latter spectra 

n-n. bands were observed to be double headed with a 

s~paration of 4 to 5 cm-1 between the two heads;~-A bands 

were also _double he~ded with a separation of about 1 cm-1 

between the heads. Kleman identified these bands by their 

appearence alone in the lower en~rgy end of the cs2 spectrum. 
( . 
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In the cse2 spectrum some double headed bands with a spacing 

of less than 1 cm-1 between the heads were observed at the 

lower energy end of the spectrum. It was, however, difficult 

to assign these bands to e"ither~f1 or 6:"~D types by 

inspection alone. One such double ·headed band in the cse2 
spectrum is shown in Fig. 5.7 and has been classified as a 

fl-IT band. The method by which the identification was 

arrived at is discussed below. 

A band contour program in Fortran IV language was 

formulated for an IBM 7040 computer. With the pro~ram, the 

band contours of L-L ,[1- [1, and6-/i. type bands due to 

parallel transitions as well as those of TI -.2: ~ -TI 
etc type, due_to perpendicular transitions, could be calculated. 

In the first stage of the program the rotational energy levels 

of the ground state, which are very similar to those of a di-

atomic molecule were calculated for a given B value. In this 

·calculation, A·- type or l -type doubling were also taken ·into 

account by the use of expression (~.28). In the second stage, 

the rotational energy levels of the bent excited state were 

calculated from the _formulae of Polo108 .(given in Appendix G) 

··for given -values of the constant"s A,B and C. The wavenumbers 

corresponding to transitions allowed by selection rules in K, 

J and parity, between the two sets of levels were calculated • 
• 

Honl-London formulae for l~ne strengths, stati~tical weights of 

J levels, and the distribution of molecules in each J level at 

a give~ temperature are taken into account in order to calculate 



the relative intensities among rotational lines corresponding 

to each transition. The mechanics of producing a calculated 

rotational band contour for a given spectroscop~c resolution 

was adopted from the asymmetric rotor contour program of 
. rzi Parkl.n. 

The program was initially used to calculate the con­

tours of b.--2 I n~n and 6-~ bands of the R system of cs2. 

A,B and C constants given by Lieberman and Kleman were used 

for the calculation. The contours obtained were found to 

match qualitatively, the rotational line structure of these 

:b-L,TI-TI , ~-~ bands, illustrations 'of whlch are given by 

Kleman. The separation between the two heads of an .:..nor 

~-~ type band head is determined by the asymmetry parameter 

'b' given in Appendix G. It was observed from band contour 

calculations that the appear~nce of each of thes.e[l-[l and~-~ · 

bands in the cs 2 spectrum is not unique; a band contour of a 

fl-[l band with a small 'b' value resembles the band contour 

of a~-~band with a large 'b' value. Therefore a better 

guide to the assignments of TI-f1and~-6.bands in the R sys·tem 

of cs 2 is obtained from the wavenumber of the bands in the 

spectra rather than on their characteri~tic appearan~e. 

The band contour program was used next to calculate the 

contours of ~_; 2:, IJ-fl ,6.-6 as wel~ as L-Il , • • • etc .type 

bands for the cse2 molecule. The rotational constant Av was 

assumed to be equal to the A values in Table 5~3. v 
.A wide 

range of Av values can apply as seen from this table, and there­

fore this constant was varied in the range of 3 to 20 cm-1~ 
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·B• and C' were estimated from the resolved part of. the rota-
v v 

tional structure of ~--~type bands in the R system of cse2 • 

The difference in wavenumbers of successive rotational lines 

R(J) - R(J-2) were plotted against a running number. From 

the slope of these curves,./\. B = 1/2 (B' + C') - B" · (this re-~ V V V' 

lationship may be verified from equations. 4 .• ~3, 3. 20 and 3. 2~) 

were calculated. It was found tha~ 6 B lies in the range of 

0.0005 to .002 cm-1 • 
II 

For each assumed value. of B in the 

range of 0.025 and 0.036 cm-1 (section 3.8), 1/2(B~ + C~) was 

obtained and used for calculating the band contour. It was 

assumed that B~ is nearly equal to C~ and the difference 

between the two constants and Av served as a paramter; for 

calculating b. The contours are determined by the asymmetry 

paramete.r 'b • as well as the difference 6 B rather than the 

individual values of rotational constants. In general, the 

value of 'b' is much s!malla:--·than for cs 2 • In Fig. 5. 8 typical 

2:-L, TI-TI and 6-6·contours calculated in this way are 

shown. By a comparison of Fig. 5.10 with the spectrogram of 

Fig. 5.7, it can be seen that the calculated contour of~-2:and 
[1-[1 type bands show a qualitative resemblance to the observed 

bands in the latter figure. From Fig. 5.1~ it may be observed 

that 6-6 bands are not double heade_d. , It was found that in the 

range of A , B and C values used for calculating contours --v v v . 

only [1-TI ba,nds are double headed; L-~bands are single 

headed and are distingu,ishable from 6-6 bands by the simpler 

rotational structure of the former. The contours of :2:-fJ and 
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n- L: type bands were calculated to be double headed but the 

calculated contours did no·t match .those of observed hands. 

In order to pick out ~~~ bands from other band types 

in the R system, the spectrum of the (77-77) molecule .was 

observed on a high resolution 21 ft. Ebert spectrograph. Since 

s~77 has a nuclear spin of I = 1/2, the intensity of alternate 

rotational lines in L:-2': bands must be in the ratio of 3:1; 

whereas since s~80 h~s a-nuclear ~piri"of I - 0, alternate 

rotational lines, in 2:-2': bands of· the (80-80) molecule should 

be missing. This difference in the structure of2':-l:type bands 

of the two isotopic molecul-es vlas looked for in order to identi-

fy thesebands unambigously. However 1 this method was not 

successful; the rotational structure of the bands of (77-77) 

species was not resolved by the spectrograph. The only evidence 

for the pre!sence of alternate rotational lines in the (77-77) 

bands which must be missing in the (~0-SO) bands, seems to be 

the apparent loss of resolution of yQtatio~al lines in the levels 

of the former molecule in comparison with the resolution of 

line into the bands of the latter molecule. 

5.7 Calculations 

A. Bond angle : 

If the rotational constants A and B at the equilibrium 

position of the bent molecule are known, the bond angle 4 2a-
120 

can be calculated from the relation 

tan2 cr = 
A 

----------~--- x---
B (5 .. 10) 
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where mc.is the mass of the Carbon atom and mse is the mass of 

the Selenium atom. It is assumed that the rotational constant 

A= A1 = 1.5 ± 1 cm-1 (from Fig. 5.8) and that ·B" lies. in the 
00 

range of 0.025 cm-1 to 0.036 cm-1 (section 3.8). According to 

section 5.6, B' values are not greater than B" by more· than 

Therefore the approximation n'= B" can be used. 

This approximation is not in greater error than is the uncer-

t·ainty in the value of A. By substitution of· these values of 

B and A in (5.10) it is found that 2ct= 105° to 140°. 

B. Origin band of the R system : 

As mentioned in seption 5.3, the rr- band (i • e • the vooo 

origin band) ·has not been positively identified in the spectrum· 

It is possible that the origin band transition has a very small 

probability and that all the observed bands at the low energy 

end (where the origin band is expected) of the spectrum are due 
.n 

to transition from excited v; levels. 

An approximate value for cr was obtained from the 
000 

isotopic .displacements of term values 6cr given in Table 5·~3. 
A 0 I U (T values for the levels (0 v 2 0) , were plotted against the 

term values; the intercept on the term value axis for6cr= OJ 
'g .. ives a very approximate value for ·~ ... It was found by-.this boo 

method· that 

.cr000 = 21900 cm-1 

with a large estimated uncertainty of ± 400 crn-1. 
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C. Upper state vibrational frequencies 

An approximate range of values for the bending vibra~ 

tional frequency in the upper state i.e.· 180 to 215 cm-1 has 

been given in section 5.5 . A value of the asymmetric 
I . 

stretching frequency in the upper state UJ
3 

was not found. 

It was mentioned in section 5.3, that progressions were 

also observed in the symmetric stretch corresponding to wave­

number intervals of about 460 cm-1 between members of each 

progression. This value could be close to the correct value of 

the symmetric stretching frequency in the ·upper state. In 

Fig. s~s, these intervals are marked and are obtained from 

wavenumber differences between bands arising from transitions 
I 

between a common ground state to successive v
1 

levels in the 

excited state. The mean interval between successive bands 

• v 1 = 0,1,2,3 are given at the top of the figure. These values 

are 464.~, 461.3 and 465.7 cm-1 (refer to Fig. 5.5). It i.s 

interesting to note that these intervals do not increase or 

decrease uniform~y. However, other possible differences 

• between corresponding bands of each v progression are 293, 630, 
2 . 

805, 972, •• etc cm-1 , and, in principle, one of these values 

could correspond to the symmetric stretching frequency. 

Kleman, in the case of cs2 I chose the most re-as.onable . 

• value of uJ 1 from a similar set of possible frequencies, by a 

• determination 6£ the stretching force constants k
1 

in the upper 

bent state. For this purpose, he used equations (D.2) in 

which the bond angle 
,...,., r 

SCS andW 2 , determined by the analysis of 
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the R system of cs2 were substituted. He chose that uJ { 

as the correct frequency which gave a positive value of k'1 

as well as a value small-a: than ki in the linear ground state. 

Such a procedure could not be used satisfactorily in this 

work because of the uncertainties in the bond angle and W~. 

Therefore it has been assumed that the va.lue of'_. 465 cm-1 

is close to the correct value. The.values 805', 972 ••. etc. 

cm-1 are felt to be too high and the value of 293 cm-1 too 

low. The possibility that Wi could be close to 630 cm-1 

is not entirely eliminated. 

·.PART B 

THE V SYSTEM 

5.8 A brief description and some preliminary remarks on 

the V system absorption of CSe2 is given in this section.· 

A detailed analysis of this system has not been attempted 

at the present time. 

A. Observations: 

10 and 50 em cells which contained the vapour (at 

room temperature) of 80-80 and 78-78 molecules were used for 

recording spectra on. low and high resolution spectrographs. 

A very large number of bands, some strong and many weak, were 
. 0 . • .. 

observed in the 4050-3450 A region,of the absorption spectrum. 

The higher wavelength end of the spectrum just overlaps the 

lower wavelength end of the R system. In this region of 

overlap, there are several weak bands which could not be 
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assigned to one system on the other. The last panel in 

Appendix K shows this region of the spectrum. 

Bands at the higher wavelength (lower_energy) end of 

the spectrum are·violet degraded and have sharp heads. Some 

of the heads in the 80-80 spectrum are double headed with a 

~eparation of 3 to 4 ~~-1 between the heads; in the 78-78 

spectrum, double heads are not as evident, and each band 

head appears slightly diffuse. The number of intense bands. 

in this region of the spectrum are ·relatively smaller, and 

the wavenumber intervals betwee·n thes~ bands are la~ger, 

than at the higher energy region of the spectrum. The most 

intense bands lie in this latter region. Many bands in 

this region do not show a marked violet degradation; they 

appea:t as broad patches, with intensity maxima occuring 

within each patch. For such bands, wavenumbers of band 

... heads _could not be obtained accurately, since band heads 

are.not well defined. These bands could be similar in ap~ 

pearance to those observed in the V system of CS2 by Kleman37. 

-One of the violet degraded bands observed at 26221 cm-1 

is shown at the bottom of Fig. s~7. It is seen, by a compari­

- son of· this band with the -L- Land J1_. I1 type bands of the 

R system given in the same figure, that the rotational struc-

ture of the V system band appears to be more complex. The 

rotational lines rn this band are not broadened in the 

presence of a magnetic field (up to 25000 gauss). 

Many of the intense bands could be arranged into 
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progressions with an interval of about 360 cm-1 between sue-

cessive bands. These bands are shown schematically in 

Fig. 5.12. Wavenumbers and estimated intensities (in_paren­

..:thesis) of each band in the 80-80 molecule are_ given on 

each vertical line representing the band. Isotopic shifts 

J\:., rr-:.1 8 rr 8 Q • • • 
~,(J =-vH - v H · are -also g1.ven next to the 1.ntens1.ty value. 

Double headed bands are indicated by the symbol d.h. and single 

headed bands by s.h.; qll other bands a~e more complex in 

appearance. The intervals between successive bands of each 

progression are given.· Other poss·ible intervals between the 

intense bands are about 125, 245, 485, 830 -1 ••• etc. em • 

These intervals are found between bands.of one pr~gression and 

those of another. 

It is observed from the figure that the intensity of 

ea·ch band within each progression increases with wavenumber. 

It is also observed that isotopic shifts are large for bands 

at higher wavenumbers and decrease regularly by about 5 cm-1 

for successive bands. 

B. Discussion: 

- -·:--The oscillator strength and spectral_ region of the V 

system of ~se2 are s-imilar to those of the V system of cs2 

(section 5.1). It is possible that these systems are analogous. 

Several workers have observed the V system of cs2 
• 

which· appears to have a complex vibrational and rotational 

structure. A complete vibrational analysis of the system is 

not available. A detailed discussion and a tentative analysis 
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has been given·by Ramasastry and Rao42. These authors obser-

ved progressions which they attributed to the symmetric stretch-

ing·frequency of the cs2 molecule in a slightly bent excited 
1 

·state. They proposed that this excited state is a A elec-

tronic state to which a transition from 
. 1 2 

the ~+ ground state 
g 1 

occurs, and that this A 
2 

state is one of the (Renner-Teller) 

a ln split component states of excited state (refer to 
g .. 

Table 4-2) of the linear molec~le. 

Callear and Tyerman observed the analogous V system 

of CSe2 for the first time but did not propose an analysis. 

In this work, the same system was observed with the 80-80 

and 78-78 molecules. The violet d~gradation of bands at.the 

low energy regions of the spectrum indicates that the corres-

pending transitions are probably from a linear ground state 

to a bent excited state (section 5.4B); since such a distinct 

degraqation is not observed in bands at the higher energy 

region of the spectrum, it is probable that the transitions 

in the latter region are from a linear groun.~ state to a lin­

ear excited state. Both these observations may be explained 

on the basis that the excited electronic state is that of a 

'slightly' bent molecule; since, the upper state vibrational 

levels for the first kind of transition could correspond.to 

those of the molecule in the bent conformation and ·for the 

second kind of transitions they could correspond t0 excited 

vibrational levels (of the same upper electronic state) in 

which the molecule has changed over to a linear conformation. 
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Few of the observed intervals between intense bands 

correspond to 313.5 or 631.3 cm-1 which are.the wavenumbers 

corresponding to one and two quanta respectively of bending 

vibration in the ground state. If the molecule is indeed 

bent in the excited state, it is difficult to understand the 

reason why these intervals are not observed, as in the case 

of the R system. 

However, if the electronic transition which corresponds 

to the V system absorption is an allowed transition (if the 

molecule is linear or even slightly ben~ in the excited state), 

W ' /,In progressions in symmetric stretching vibrations ·1 anduu L 

should be observed. It is possible that the intervals of about 

360 cm-1 shown in Fig. 5.12 correspond to the symmetric 

stretching vibration in the excited state. The observation 

of large changes in isotopic shifts for successive members of 

the progressions is consistent with this assignment (section 4.10). 

It was found that these progressions could not be accounted 

for as those of the ground state symmetric stretching frequency 

because of the small changes in relative ~ntensities between 
... 

bands in each progression. Among "-o.ther observed~ wav~numbe-r differ-

ence·s the interval of 485 em -l between progressions could be 

two quanta of the upper state bending frequency. 

For an allowed electronic transition, the oscillator 

strength may be'much higher than the value of lo-3 ob-

served for the v system·. This observation is therefore not 

consistent with the proposition that the transition is an 

allowed transition. But, it is possible to account for both 
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observations viz. a low value ·of oscillator strength, as well 

as progressions in the symmetric stretching frequency in the 

excited state, if the·possibility of spin-orbit interaction 

in the excited state is taken into account. 

It is therefore suggested that the excited state is a 

triplet state to which transition from·the ground state is 

allowed, :predominantly due.to .spin-orbit interaction rather 

than vibronic interaction. Such ~ large spin orbit interac~ 

tion is possible for molecules such as cse2 , two constituent 

atoms of which are quite heavy. Further work is necessary 

, to establish with ce~tainty the ·nature of the excited state. 

PART C 

THE A SYSTEM 

• 5.9 This system of cse2 which is observed in the 2600-2100A 
1 . 1 + 

has an analogue in the A B2 ( XL system of cs2 as 
g 

mentioried in section 5.1. The upper state of the latter 

system was established by Douglas and Zanon45 by a partial 

.rotational analysis of a few bands in the system. The vi-

brational structure of this system is not understood completely, 

but these workers state that this structure is similar to 

that of the R system of ~S2. It is possible that the A sys-

tern of cse2 arises from a similar transition as the A 
I 

system of cs 2 • 

In the present work, the A system of cse2 was recor­

ded only under low resolution on the spectrophotometer. 

reg] 
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The wavelengths and wavenumber's of the observed intensity 

peaks from the (Cary) spectrogr·ams are ·given in Table 5-4. 

The uncertainty in the wavenumber data is of the order of 

15 - 20.cm-1 . The absorption spectrum must be recorded at 

higher resolution to obtain more ·accurate data for a vibra-

tional analysis. The only evidence available at present 

to establish that this system is similar to that of cs2 

is the comparable intensities and regions of occurence.-of 

bot-h systems. 

PART D 

SUMMARY AND CONCLUSIONS 

The objectives of this work were listed in section 

1.6. Among these objectives, the following have been achieved. 

i. Mil:ligram quantities of cse2. have been synthesized .from .. 

individual isotopies of selenium viz. se8°, se78 and se77 

by a previously unreported method (section 2.2). These iso~ 

topic ·molecules were used for recording absorption s~ectra. 

ii. ___ The __ ipJrared and Raman spectra of N-N, ·so-so, and 7S-7S 

molecules were investigated. The vapour phase infrared 

spect~um of the molecules have been in~estigated in th~ r~nge 

of 4000-90 cm-1 , thereby extending the range previously examined 

by Wentink23. The reported fundamental at 308 cm-1, due to 

the bending vibration of CSe2:, has been observed experimentally­

at 313 cm-1 • A more complete Raman spectra of N-N, 80-80 

and 78-78 molecules have been recorded. The symmetric 
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Table 5;._4 

• WAVELENGTHS, WAVENUMBERS AND ABSORBANCE READINGS OF SYSTEM A 

• (aK) A Absorbance 
+ 1 cm-1 -

2402.5 41623 0.60 

2389 .41858 ' 0. 68 

2381 41999. '0 .. 77 

2377 42069 ' 0. 77 

2375 42105 0.76 

2370 42194. · o· .. 87 

.2367 42247 0.94 

2356.5 42435' 1.02 

2346 42625 1.22 

2334 42844 1'. 47 

2332.5 42872 1.47 

2324 43029 1 .. 50 

2321 43084 1.48 

2313 43233 1.72 

2302.5 43431 1.76 

2299 43497 1.68 

2294.,5 43582 1.75 

2290.5 43658 1 .. 84 

2281 43840 1.83 

2279.5 43869 1.85 

2270 44052 1.81 

2259.5 44257 1.73 
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Table 5-4 (contd.,) 

0 
{air) A Absorbance 

+1 cm-1 

2252 44405 1.42 

2248.,5 44474 1.48 

2242 44603 1.33 

2240 44642 1.33 

2230 . . 44843" 1.16 

2226.5 44913 1.14 

2221 45024 1.05 

2217.5 45095 1.03 
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stretching fundamental and overtones of the bending vibration 

were observed experimentally for the 'first time. Results of 

these investigations indicate that the molecule is linear in 

the ground state, as expected (section 3.8). 

iii. The electronic absorption spectra of N-N, 80-80 and 

78-78 molecules in the vapour phase were observed under low 

• and high resolution in the 4500 - 3450 A region. The R system 

absorption in the 4600 - 4000 A region has been investigated 

in detail. A satisfactory vibrational analysis has been ob-

tained on the basis that the transition for the R system is 

from a linear ground state to a bent B2 state. Approximate 

frequencies of the symmetric stretching and bending vibration 

in the excited state have been found. The bond angle in the . 

excited state conformation of the molecule seems to be in 

the range of 105 - 140° . 

iv. A brief report on the V system absorption of 80-80 mole-

• cule in the 4050-3450 A region is given. Preliminary studies 

show that .the molecule could be slightly bent in the excited 
. 

state of the transition corresponding to the V system. 

Further work is necessary to establish the nature of the exci-

ted state (section S.B). 
0 

v. The absorption spectra of CSe2 in the 2300 A region,· 

at low resolution was observed. It is tentatively assumed 
1 """' 1 + 

that the corresponding transition is a A B ·-X L i 
2 "g 

Some conclusions m~y be drawn regarding the electronic 

states involved in the observed transitions of the cse2 
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molecule by a consideration of the ·electron conf~guration 

of co2 • These configcirations have been given in section 4.1. 

If it is assumed that these configurations are acceptable 

approximations to those of the cse2 molecule, we can write 

the following for the latter molecule · 

Configuration 

Excited state··~···· 

e • e 0 I a • 

err) c"1rj 
3 1 ( ~) ( ogJ 

( -rr;~ ( aJ 

Symmetry 

~ 
(5~ 11 ) 

The re~ative energies of the re~ultant states given for C02 

in Table 4-2 are expected to apply he~e also • 

. The R system is the lowest energy absorption ob­

served so far. It must therefore. correspond ·to a transition 
1 + 

u 

from the ~ state to one of the relatively low lying states 
g 

given aboveo The choice of the upper state of the R system 

is discussed below. 

i) The oscillator strengths of .lo-4 (section- 5 .1) for the 

system indicates that the transition is not an allowed elec­

tric dipole (magnetic dipole or elec~ric quadrupole) transi-

tion.. ·Therefore, tve eliminate the possibility that the 
1 + . 1 + 

transition is from the ~, to the ~u state which results 

from the { 1T 
9

) 3 7T u conf~iguration; a transition to one of the 

triplet electronic states or orbitally degenerate singlet 

electronic states seems likely. 
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ii) The correct choice of the upper state may be obtained_ 

from a comparison of the R system of cse2 with that of the 

R syst~:m of c.s 2 for which the transition has been established 
1 + -

-- --to be a B2 +==-·I type transition o There are many 11 areas' 
. - g 
of similarity between these two c~2 and cse2 spectra and are 

--listed below: 

a) Oscillator strengths fnm have comparable magnitudes. 

b) The vibrational structures of the two systems are remark-

ably similar. Both systems are transitions of the bent­

iinear type. 

c) The rotational structure ·of bands in the two systems are 

also quite similar and have a singlet-si~glet type rotational 

structure. All assigned bands are of the parallel type. 

·d) Both systems occur in very similar spectral regions, 

which indicates that the transition energies are of the 

same order of magnitude. Henceu it is possible that the 

upper states are from very similar electronic configurations. 

e) It was found that, in addition to the·bands of the R 

system, several intense bands·were present at the higher 
-r 

energy end of the spectru~ which could be assigned to pro­

gressions of 17 0 em -l :i.nterval~. These bands could not be 

assigned as members of the R system. The frequencies of 

members of one such progression are (24367·. 6, 24529.9, . 
24709 .1·, 24875 .. 7 cm-1)., Kle~an37 found similar progressions 

of bands which could not be assigned to the R system. He 

proposed that these bands are due to transitions from the 
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1 ·. + 
X L to hitherto unidentified'other electronic states. 

g 
It is possible that such transitions are ·present in the R 

system ef :cse2 also._. 

f) Perturbations in the vibrational and rotational structure 

of the bands of the ·syst·em: were ·observed,. anal~gous to those 

in the bands of cs2, in this work. Thes·e ·per·turbations. are 

probably due to the presence of states which are close·in 

energy to the·upper state of the R system •. 

The only features of dissimilarity between the two 

systems was the observation that there is no Zeeman effect 

observed in the rotational lines of the bands ·of .the· R system 

of cse2 • There are two ways in which this dissimilarity 

may be accounted for. Firstly, a Zeeman effect for the R system· 

of cs2 was observed only in the bands at the low energy end 

of the spectrum. Long path length cells were used to ob-

serve these bands. No Zeeman broadening was observed for 

the bands at the higher energy end. In cse2 , much smaller 

path length cells were used since only small quantities of 

isotopes were available. Therefore, bands of the R system 

__ of· ~s~2 could not be observed att the low energy end of the __ 

spectrum to check whether a Zeeman effect is observable in 

this x:eg~on. Secondly, it is .possible that the magnetic fields 

(of 25000 gauss) used for the_ cse2 molecule is not ad~quate. 

Douglai?was able to observe the Zeeman effect on cs2 for 

much ·smaller fields. He showed that the observed Zeeman effect 

in the rotational (J) lines of the bands increases linearly. 
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with J. Such an increas.e ·is expec'ted for a B 2 state) only if 

there is an interaction with ·a neighbouring state. The mag­

nitudes of the interaction is dependent on the separation in 

. ....__; ener_gy between the interacting stat~s. Ho~gen11-8 has shown 

_that_an_A;L, and B1 components of a 3A2 state could interact 

with the B2 state of the cs2 molecule;· the ·B2 upper state is 

the third component in this triplet .. state. It~ is possible 

· tha_t the A1 and B1 components of a 3.A2 state in cse2 inter- -· 

act less with the third B2 state bec·ause ·of a la~ger energy 

separation. Much larger· magnetic fields may then be necessary 

to observe a Zeeman .effect. 

It is concluded that the R system of cse2 , like that 

of cs2, is a spin multiplet component with B2 sytnmetry. 

This B2 state could. be one of the ·component~ of a 3A2 bent 

electronic· state which correlates with a 3 A or a 3'1:-
L.::.u u 

state (refer Table 4-2) in the linear conformation of the 

molecule. The V system could arise from a transition to the . . 

~pper component of a Renner-Teller 3~- state and it is possible 

that this component is slightly bent, The A system could arise 
I ... 

from a transition to:the ~·state· of Table 4-2. 

.• 
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APPENDIX A 

CHARACTER TABLE FOR D. t POINT GROUP 
coh 

"0 . 0 
-- Species E 2·-c .. co··o:: i h 2·S dOC2 

. ciJ ·tl 00 

\ ... 
_·_ ~~ 

g 1 1 1 1 1 1 1 a.xx+~y,azz 
.f 

'In 1 1 1 -1 -1· -1 -1 ~z -
l:g 1 1 -1 1 1 -1 -1 Rz 

-
:L:'u 1 1 -1 -1 -1 -1 ·1 

. ~rr 
9 2 2Cos0 0 2 -2 -2Cos0 0 RxtRy 

_·~-rr~ 
2 2Cos0 0 -2 2 2Cos0 0 Tx,Ty 

Ag 2 2Cos0 0 2 2 2Cos20 0 

/.j,u 2 2Cos0 0 -2 .,..2 -2Cos20 0 

CHARACTER TABLE FOR <?2v POINT GROUP 

Species E c 2 (z) cr (xz) , Cl (yz) 

Al 1 1 1 1 Tz 

A2 1 . 1 -1 -1 Rz 

B 
1 

1 -1 1 -1 Tx,Ry 

B2 1 -1 -1 1 TY' Rz 



... 
2: 

f 

TI 

6 

.cp 

Q.'L 
APPENDIX B 

DIRECT PRODUCTS OF IRREDUCIBLE REPRESENTATIONS 

+ 
2: 2: u 

+ -2:" 2: 
... 

2:" 

. l 

I 
I 

. C.'-cov· ( D 00 h) ·EQINT G~()UP 

IT L <P 
'-

IT cp. 

..... TI ~ .4? 

iliJA IT,cP ~I r 

L,l!lr 
/ 

II/H 

::r L1!1.I 
The ~hove products are for the Caov group and may be used 

for the D oct 4 group if gxu=u; gx.g=g; uxu=g rules are used; 

C ~OINT ~ROUP 
c»v 

Al A2' Bl B2 

Ar 
A .. 

1 A2 Bl B2 

A2 Al B2 Bl 

Bl Al A2 

B2 Bl 
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.APPENDIX C 

... 
HONL - LONDON RULES 

The intensity distribution in an absorption band is 

. ·given b~ the relation 

I C rl A g e·-F (K,J) /kT 
KJ = v KJ. KJ 

where ~J is the line strength, 9KJ the statistical weight 

of the lower state, crthe wavenumber of the line, k the 

Boltzman constant in c~-l/degree, J is the rotational quantum 

number and K is the vibronic angular momentum quantum number 

(for linear molecule K=l ). The line strengths for a symmet­

ric rotor are. given by the Honl-London formula19 which are given 

by: for parallel bands ( 6. K=O) 

R branches {6J = +1) : AKJ 

Q branches (AJ = 0 ) : AKJ 

P branches (AJ ='-1): AKJ 

for perpendicular bands (AK = !l)r 

, 
R branches (6J = +1) AKJ 

Q branches (AI = 0 ) AKJ 

-. p branches (AJ = -1) ~J 

· · · (J+l') ·2· ·-· K 2 
= . (J+l) (2J+l) 

= 

= 

= 

= 

= 

K2 
J (J+l) 

J2 _ K2 
J (2J + 1) 

. . ('J +2~K). (J +l+K) 
(J+l) (2J+l) 

.. ('J+l+K). ("J+K) 
J (J+l) 

.. ('J-'l+K). ('J+K) 
J (2J+l) 

(C .la) 

. (C ~ lb) 

<c. 2a) 

(C.2b) 

(C. 2c) 
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These formulae have been arrived .at by .evalua·ti~g the transi­

tion moment due to synurtetric rotor w.avefunctions 

-~ R' I 
.Here£7Fg represent the direction cosines between the rotating 

molecule fixed coordinate system <. g = _x,y,z ) and the space 

fixed coordinate system ( F = X,Y,Z ) • 

The matrix element is nonzero for the: selection rules 

of a symmetric rotor and has a magnitude given by the Honl-

London formulae, which are evaluated simply by the use of 

commutation relations. Each AKJ have been weighted with 

respect to unresolved 2J+l spatial degeneracy of the rotat~onal 

J level. 
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APPENDIX D 

FORCE CONSTANTS OF XCX MOLECULES 

In terms of internal displacement coordinates R1 

R2 and R3 i.e. change in bOnd length rex change in band 
• 

angle 2~, and change in bond length rex the valence force 
2 

·field expression for the potential energy is_ given by77 

+ 
(D .1) 

where k 1 is the bo.nd stretchi!lg force constant, ka, is the 

bending force constant and k 12 is the interacti-on -·constant 

b~tween.~ Ri and· B: 2 coordinates. · 0 It can be shown 78 that the 

forceconstants and irequencies of vibration are related by 

the following 

(D. 2a) 

(D. 2b) 

(D. 2c) 

where me,~ stands for the masses of C and X atoms, and A· = 
k 

2 2 2 2" ? 5. 8894· X 10- W · and r12 -= r 1 + r 2 - 2r1r2 cos-- (t. If the XCX 
k 

I molecule were linear iee. 2 a = 180°, (D.2) reduce to. 

= 
(D. 3a) 
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(1 + 2m ) . 'ko: 
\~ : X 

2 m~ --= 
mxrl22 (D. 3b) 

.A;- (1 2m~) kl.-kl2 • .t$"' 

and = + me. m·.,, 
e (D. 3c) 

If \ 1 , A 2 and A3 are known, k
1

, k 12 and ka can be calculat·ed 

for a linear molecule. For a bent molecule, the angle 20 

must' also be known. 
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APPENDIX E 

RESOLUTION OF SPECIES OF LINEAR MOJ_JECULES OF D00 h 

SYMMETRY INTO THOSE OF C2v SYMMETRY 

Change of axes: Da:>h X y z 
J, ~ ~ 

C2v X z y 

Species 

DCOh C2v 

L+ Al· 
g 

L+ ·- ... B2 
u 

z:- B 
g 1 

2: A2 
u 

TI A2 + B2 
g 

IT Al + B 
u 1 

6 Al + Bl 
g 

~ I A2 + Bz 
u 

For S = 1 L- A2 
g 

n - Bl + B2 
g 
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APPENDIX F 

" DISTRIBUTION OF CSe2 L"lOLECULES IN THE GROUND ST1.~TE v 2 LEVELS 

It 

The fraction of cse2 molecules in v 2 levels were 

calculate~ separately by the expression 

Ni = 
"N 

di exp . (-G. (vi) ./.kT). 

~di exp (-G (vil/kT) 

The fractions were calculated for four different temp­

" -o" eratures_used experimentally, assuming that G(v2 ) =~2v2 
The results are: for UJ2 °=313 cm-l \ 

II 
T v2 

0 1 2 

0.77 0 .. 15 0.02 

RT 0.66 0.22 0.06 

0 .. 59 0.28 DolO 

200°C o.so 0.33 0.15 

If other factors in (1.22) are equalu the relative intensities 
II 

of absorption transitions for v2~o,l,2 levels are proportional 

to their respective fractions given above at each temperature. 
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APPENDIX G 

ROTATIONAL LEVELS OF A NEAR PROLATE TOP 

Polo108 obtained the ·exp:r:es·sions for the ene~gy 

levels ·of a near-symmetric rotor in terms of the parameter 'b' 

given in section 4.8. His formula can be written as 

Fv(J, K} ·= 1/2 (Bv + Cvll(J + 1) + Av 

. 3 . "51 ) 

( 
-2 -. 4 2 A K ( ) X 1- 8b - 512h - ••• K +~B J J + 1 

+AnK J2(J + 1)2 +AHM J3(J + 1)3 + ••. 

where the coefficients 6 BK, ADK a~d A HK are given by, 

. for K = 0: AB~ = - ( 1 2 9 ) ~ ib + 12sb4 + . . . 
AD0 - ( 1 2 19 4 .. 9 = Av --b - -b + 

8 128 

6.Ho -
(_: 5·~2b4 = Av + . . . ) ( G.1) 

-for K = 1: = Av X 

(
+ 1 +. 1b2 .;. . "3 1...3 +. 9 -) 
... 2b 4. + ill 128~4 + 

---··-A_ Dl -- ·n . ( 1 b2 +' .!_b3 35 b4 + ) 
~ - -v -32 - 64 - 3072 -

AHl = - ( + 1 3 Av -s12b_ 
1 b4 -

+ 1536 + ) (G. 2) 

for K = 2: 6_B2 = A., 0<2 ± 1)b2 +. 1(9±4)b4 + ~ .) 
3:28 

ilD2 = ·A X v 

(1 .. "1" 
(23.:j:32lb4+ .. ) -(2 + 1) b 2 +2048 48 
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... 

( ·1·!·432 {57,t:6·4) b4 + ••• ) 

For K = 3 .6-B9 = 

·.6,.n3 = 

/l.H3 = 

(G.4) 

where Av = (Av ~ 1/2 {ByJ-~)} 

.· 
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APl?ENDIX H 

Valu~s of A, B,. and C Constants (iri cm-1) in a bent CSe2 Mole-

• A cule, for different Values of rcse (A) and Seese Angle -(For 

method of 6alculati6n see reference 114) 

. . 
1.711A 

• 1.811A 

•• 
1.911A 

• 2.011A 

• 2.111A 

A 
SeCSe 

180° 

180° 

*120° 

180° 

180° 

150° 

120° 

180° 

120° 

• A 

7.6980 

2.0627 

6.8914 

1.8412 

6.1710 

1.6536 

5. 5726 

1.4931 

1.3550 

5.0571 

B c /<=2 [B-'1/2 (A+C)] 
'-· A-C 

0.0360 0.0360 

0. 0386 . 0. 0384 

0.0480 O.Q469 

0.0321 0.032 

0.0344 0.0342 

0.0428 0.0418 

o.o288 o·.o288 

0.0309 0.0308 

0.0384 0.0376 

o·.o26o o.0260 

0.0279 0.0278 

0.0347 0.0339-

0.0236 0.0236 

0.0315 0.0308 

0.0253 0.0252 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9999 

-0.9989 

-1.0000 

-0.9997 

-0.9984 

* If a value of rcse = 1.711 A if assumed for the linear 
molecule, then B" = 0.0360 em- • For higher value of 
rcse, at angles marked by* (or angles close to it), B values 
are higher than 0.0360 cm-1 
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APPENDIX I 

OSCILLATOR STRENGTHS OF THE R,. V AND A ABSORPTIONS 

The oscillator strengths of the three absorptions were 

obtai:'hed from the equa t~on 17 

fnm = 4.319 x 10-
9 

x .'fx J e.,..cl<r ••• (I.1) 

;_1 -1 
.where &G"'is the extinction~;coeffieient in litre mole em at 

wavenumber~, )I is a constant. and the integration is over the 

entire absorption band .. If the absorber is.in the gas phase,)( 

is· unityo If the absorber is in the solution phaseu it is given 

b . 116 1 t d t th f t . . d f th 1 y an express~on re .a e o e re rae ~ve 1n ex o e so -

vento The refractive index of methylene chloride at 25° C is 

1.3348 (Handbook of Physics and Chemistry, 48th Ed.) and for 

this value, )I= 0 .. 84 .. 

The integral in (I.l) was ~ot evaluated directly. In­

stead, the following approximation17 

. . . (I. 2) 

was used. E is the maximum molar extinction co-efficient 
max 

-1 
and ~Gi~is the width at half height in em A further sim-

. "" 
plification of (I .2) ·was obtained by assuming that the plo.t _of 

6against Clis tria~gular in shape; for this assumed shape, 
a-

the value of c; is unity. 

The following form of the Beer - Lambert's law16 is used 

to calculate E. 
max 
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D = =~ xcxl ·max (I. 3) 

I
0 

and I are the intensity of radiation incident on and trans­

mitted by the sample, ~espectively. 'c' is the concentration 

of . the sample .in moles per litre and ' l ' is the absorption 

path length in cmo D is the absorbance, measured off the Cary 

14 spectrograms for each of the three absorptions. 

The oscillator strengths of the R and V systems were 

calculated from the solution spectra of cse2 in methylene chloride. 

For the A system, the oscillator strength \vas obtained in the 

vapour phase. In each absorption band,~G\was obtained fr.om the 

wavelengths measured at half the intensity height. The final 

form of the equation (I.l) used in the calculation is given by 

f nm = 4 • 319 x 10-9 
x k x. e max x A rs-'y~ • • • (I . 4 ) 

The data used and results obtained are tabulated below:-

c XL e·max Mean fnm 

System moles x em 
D 6.crv-a 

litre 

.002 0.14 

R (CSe 2) .. 001 0.09 55 2430 10-4 

•. 0005 0.06 

.002 1.08 

v (CSe 2) .001 0.52 530 2300 10-3 

.0005 0.31 ·-----
A (CSe 2 ) .0025 1.85 7030 2300 10-l 

V ._(CS 2) .325 1.84 53 2200 lo- 4 
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The value.~ of fnm has been rounded off to the nearest 

_power of -10. They are expected to be in error by a factor of 

10. The maximum experimental uncertainty was in the concen­

trations of the absorber (refer to section 2.2). The fnm 

value for cs2 -was obtained from the solution spectrum of cs2 

in cyclohexane given in Sadtle~'s charts~17. 

-· 
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APPENDIX J 

ISOTOPIC SPECIES OF CSe2 

The number of isotopic species formed during the 

synthesis of cse2 · from natural. selen · .um is calculated thus 

a. No.· of stable isotopics of Seleniwn = 6 

b. No of available selenium positions in cse2 = 2· · · · 

c. No. of species of cse2 which contain the 
same Se atoms 

d. No. of species of cse2 w~ich contain 
different Se atoms • 

Total number of species of cse2 (c+d) 

= 6 

6! 
--=15 
4l2! 

= 21 

The ratio of the number of molecules of one species 

with respect to that of another is determined from elementary 

considerations on probability. Let us assume that there are 

100 atoms of natural selenium available. From percentage 

natural abundances given in Table 5-l, it is seen that there 

are 50 atom of se80 among 100 atoms of senat. Between the two 

positions in cse2 , t~e probability of se80 occupying the -

fir.st position is 50/10'0; and ther probability of se80 occupying 

the second position is 49/99. '!'he probability of se80 occupying · 

both is given by the product.: 

.so. . .. ,4_9 

X = 0.25 (J .1) 
:io.o 99 

The result is the fraction of 80-80 molecules in cse~at. The 
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molecular fraction of each of the 21 species were found in the 

same way; each fractionwas then multiplied by 400 and then 

entered in the last column of Table 5-lo It can be shown 

simi.larly that for a 1:1 w/w mixture of se80 : se78, three 

species of cse2 are formed with a molecular ratio of 1:2:1. 



I-I 
80-80 

78-78 

n-n 

THE ( R ) ac -x SYSTEM OF CSe 2 (80-8 0 } 8 ( 78-78} MOLECULES 

Con t act prints of spectrograw.s, recorded on a 35 ft. Eagle spectrograph (in the 
3rd order ) , are reproduced in four successive panels of this Appendix. 

l. 

2. 

j 

L- L type bands of the 80-80 species and n- n type bands of the 78-78 species 
are marked. Connecting lines are shown between bands of isovibronic 
transitions. All assigned bands are not marked . 

The quantum numbers v1, v2 are given at the end of each panel and v• 1 , v2 
are given for each b·al'ld. 

At the violet end of the spectrum, some weak bands of the V system are shown. 

co 
c5 

APPENDIX I<- R sy~tem ( 4 6 30- 45 20 A) 
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APPENDIX L 

BANDS OF CSe
2 

IN THE 25251-21326 cm-l REGION 

lo Wavenumbers of observed band heads and measurable features 

are given below for-both 80-80 and 78-78 molecules. 

2 .. Intensities (I) are· quoted relative to a maximum value of 100. 

If no value is quoted, the intensity of the band head or 

featt)d."es must be assumed to be small. 

-';;l 3. Isotopic shifts for band heads,6o;_= CTa'7B-78) - O"a(B0-80) 

and~ 02 · = OH:(78-80) - UH(B0-80) are given for isovibronic 

transitions. The latter quantity is given only for the most 

intense bands. 

4. Bands whose wavenumbers are greater than 24600 cm-l may be 

due to both R and V systems. 

5. The notations c = cold band; me = possibly cold band; 

m =cold or hot band; mh =possibly hot band and h =·hot band 

apply. These notations are given for the more intense bands. 

6. Most of the bands below 22059 cm-1 are hot bands and are 

observed with greater intensity at higher temperatures. These 
-
bands are also observed in multiple reflection cells. Intensity 

values for these bands at room temperature are not given. 
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-
30 

3-0 

20 

40 

25 

f!T 

80-80 

25251.6 

243.3 

237.1 

226.3 

181.4 

180.3 

137.5 

136.9 

134.2 

133.6 

125.5 

109.9 

098.7 

25003.3 

000.3 

24997.3 

985.8 

960.8 

5.5 

5.9 

(} 
78-78 

25264.0 

25257.1 

249.2 

221.8 

212.6 

206.6 

196.1 

188.4 

1~82. 6 

179.9 

162.0 

159.9 

147.0 

141.7 

136.3 

129.0 

125.7 

121.0 

25045.3 

25038.4 

25020.2 

25005.8 

24999.3 

24997.7 

a.22 
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. --·~ .. 

960.7 

.931. 8 

., 

911.7 

25 24865.8 9.9 24875.7 

845.2 

844~4 

10 24827.7 838.9 

834.3 

825.2 

35 24805.2 13.6 24818.8 

10 ·, 24774.2 

5 <. 760.8 

10 735.6 24753.9 

5 734.8 746.5 

5 732.4 745.4 

743.7 

725.7 

5 729.8 724.8 

25 709.1 721.8 25 

---10 -/07;9 

. 15 . 661.6 10.8 672.4 

10 657.6 11.6 669.2 

24640.6 

620.6 635.3 

618.7 632.1 

10 ·6·()3. 0 619.3 

607.1 
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. ) 

-·~ ~Xtc 24563.5 13.6 24577·.1 ·so 

562.9 12.4 575.3 so 

570.4 

566.2 

544.0 

.·t.soc 2452·9. 9 13.3 543.2 40 

529.5 13.7 

522.7 

10 500.3 527.0 10 

10 489.2 526.0 

24516.7 10 

466.1 

450.9 24465.2 

15 . 446.6 465.5 10 

20mo. 443.5 455.2 10 

10 436.3 452.3 20 

10 429.9 444.8 15 

419.6 441.0 10 

405.2 

402.0 t 4 07. 5 

394.0 12.8 406.8 5.8 

40 24393.5 11.7 24405.2 30 

10 < 377.1 

40 352.1° 367.6 20 

40 24351 •. 5 11.3 24362.8 30 

40 351.0 24346.6 

324.0 5 
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318.3 24290.5 25 

'po--~a: . 1 m .. 24270.6 13.4 24284.0 25 6. 2 . 

-~me. 264.9. 19.1 . 284.0 80 

256.5 283.7 

271.9 

249 .. 7 266.5 

258.3 

10 241o0 13.1 254 .. 1 10 

253.7 

10( 216.5 234.0 10 

10< 203.8 

10< 188.3 228.3 10 

188.2 

187.0 24195.6 5 

179.5 24187.5 

10( 166.8 175.2 

15 151.3 15.8 167.1 25 7.7 

149e0 17.7 166.7 25 

10< 140.8 11.7 152.5 5 

133.3 15.0 t 148.3 

127.3 148.1 10 
" 

121.4 

120.3 

15 24103.4. 11.5 24114.9 80 

9,0m 24099.4 13.1 112.5 80 6.7 

20 24089.2 103.4 10 
i ' 

073.5 

10< 24063.5 19~7 24083.2 15 
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063.0 

10 24046.1 073.0 5 ( 

47.0 

42.7 

15 24042.1 14.6 056.7 15 

. 24031.6 5 ( 

' 10 <.. 23987.5 

90 23976.2 14.6 23990.8 70 

16 970.3 989.2 10 

10 969.9 985.8 . 25 

10( 952.3 97.3. 0 5 .( 

23956.0 5 < 
944.2 50 

70c 23930.4 12.9 943.3 so 

23932.7 12.1 942.5 60 

937.9 5 <. 
936.8 5 < 
926.8 5 < 

23904.8 11.6 916.4 

904.8* 914.1 

894.5 911.4 

10 23880.6 895.6 10 

.. 888 .1 10 < 
10( 872.2 883.7 20 

883.3 

877 .·8 . 

. 10 . 869~0 23876.8 10 

87.3. 2 10 
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20 23858.4 7.2 865.6 20 

10 849.3 

848.3 

lO< 841.3 14.9 856.2 10( 6.8 

15 819.2 

100c 23807.7 13.7 821.4 100 

-70 23803.2 12.9 816.1 80 

23801.6- 814.8 10 

799.5-

792.1 807.8 10 

801.7 

798.8 

10 782.3 793.4 10 

793.1 

20 23767.3 15.5 23782.8 so· 

10 762.3 9.0 23771.3 10 

10 759.6 

25 23755.0 10.6 765.6 20 

15 23752.1 11.8 763.9 20 

.756.-8- 20 

735.6 752.1 

10 719.5 11.2 -23730.7 

7os·. 3 

20 706.8. 

50 699.2 14.5 713.7 60 

50 . 23698.2 . 704.7 30 
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70m 23683.7 14.2 6"97. 9 90 

10 ( 23676.3 686 .• 1 10 

·676.7 10 <' 
647.6 10.6 658. 2·. 25 

-'··.~me 641.5 12.2 653.7 80 6.1 

23624.5 23647.6 15 

- -~ ~Omc 23623.3 14.1 23637.4 60 

629.9 10 < 
.~.0~. 23611 .• 8 ·1·3. 8 62.$ .. 6 60 

607.8 11.8 619.6 10 

618.3 10 

15 577.7 

20 571.8 16.0 23587.8 20 

10 .561. 6 577.8 10 

10 23556.1 . 

10 555.5 9.2 564.7 .15 

15 23540.3 13.2 553.5 20 

539.9 20 

lOOc 23514.7 12.4 23527.1 100 6.2 

90mc 23499.4 14.0 23513.4 100 7.6 

10 497.2 507.0 5 

10 488.7 10.7 499.4 15 

50m. 474.5 13.0 23487.5 35 

60c 468.5 14.8 483.3 

~ 70 471.6 9.0 . 480.6" 25 So2 

50 . 468.2 13.4 

so 468.0 13.6 481~.6 50 
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476.7 25 

15 453~1 459.8 10 

37 448.2 9.7 457.9 20 

456.9 20 

~0 446.4 455.6 20 

448.2 10 

445.4 10 

23441.4 

1·~< 422.9 431.1 10 < 
419.0 10 < 
4.18. 7 

10 23402.7 9.3 412.0 20 

394.8 

-?omth 23388.4 12.3 23400.7 90 6.7 

399.9 90 

379.7 

355.8 7.1 23362.9 70 - -

359.2 25 

· · 9-5mc:.::- 23347.4 8.9 356.3* 80 

60 340.9 15.4 356.3 80 5.2 

. -----50 335.8 350.8 80 

40 336.8 15.0 351.8 80 

40 335.4 347.4 20 

342.5 5 

35 23329.8 11.1 340.9 15 

324.5 

25 23314 .. 7 9',.6 324.3 25 
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40 310.0 12.7 322.7 40 

35 23298.8 13.1 23311.9 25 

15 23297.5 14.9 23312.4 15 

295.2 8.2 303.4 15 

302.1 10 

23283.8 10 

25 267.5 9.3 276.8 15 

256.4 9.9 276.3 10 

264.6 10 < 
10( 245.7 8.4 264 .·1 10 < 
10 249.6 253.4 10 < 

244.8 70 

45 23231.7 11.8 243.5 70 

225.1 

30 2-23.8 12.6 23236.4 50 

SOh 220.1 6.7 226.8 40 
... 

so 219.6 226.3· 30 

7 215.9 

20 211.9 7.0 218.9 20 2~9 

t 

23204.5 

30 184.5 204.1 50 

75c. 178.2 9. 9 . 188.1 75 

9.5c 176.5 13.1 189.6 75 

20 167.4 179.1 10 

75m 23163 .·3 9.9 17·3 ~ 2 85 

90m 23161.3 10~0 171.3 90 
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90m 160.8 10.0 170.8 90 

168.2 10 

15 149·. 7 .166.0 15 

25 151.6 10.7 162.3 20 

10 145.5 159.3 10 < 
10 139.9 153.3 25 

}52.5 25 

23124.1 132.4 

10 23096.2 8.0 23104.2 15 

55 23052.2 11.4 23063.6 35 

051.6 30 

lOOm 23034.6 10.1 044.7 90 4.0 

044.3 90 4.1 

1.0 23033.0 041.2. 20 

040.2 

035.1 

036.4 

026.2 10 

. 65" h'\ 23010.1 11.8 .021. 9 70 5.8 

10.0 

016.6 10 

10 < 23003.5 7.4 010.9 15 

10 (. 002.3 

23000.6 10 < 
15 22987.4 7.5 22994.9 10 3.3 

986.7 7. 4 . 994.1 

94-2~6 22951.7 10 

8 938.9 945.9 10 
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22929.8 936.7 10 

929.8 10< 

40. 910.6 13.5 924.1 30 

10.1 13.6 923.7 30 

30 22913.1 7.9 921.0 20 

.a.sn 90·2. 7 .6 .3 909.0 45 

908.7 .45 

40 22883.8 11.7 895.5 so 

883.5 

30 878.7 9.2 887.9 35 

- .. _·ssm· 870.1 9.5 879.6 90 4.8 

85 869.6 9.4 879.0 90 4.7 

866.8 

40 866.3 22876.9 15 

863.8 22870.5 

15 22854.7 9.0 863.7 10 

5 849.3 13.1 862.4 10 

45 840.2 9.2 
...-,. 

849.4 55 4.8 

845.0 .,._. 

818.4 825.9 10 < 
801.6 

- ... 1 . ·"~ ,Q.- 786.4 

15 22783.3 7.4 22790.7 20 

10 764.3 

763.1 776.9 15 

754.8 

30 752.2 11.0 763.2 35 
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754.5 

50 22744.0. 11.3 755.3 60 5.5 

742.1 -752.2 

. 20 739.1 746.3 

20 22724.6 6.6 731.2 40 

22729.3 15 

. 50 715.1 22725.1 45 

50 22716.4 8.2 724.6 45 

10 705.2 9.7 714.9 1o< 

"15 700.8 710.1 10 

45 22694.8 7.3 22702.1 50 

45 694.5 7.4 701.9 50 3.2 

689.8 698.8 15 

25 687.7 7.6 695.3 20 

683.2 

-20 ·668.5 22671.4 15 

20 22664.0 6.8 670.8 

10 < 625.8 628.5 10 

616.0 8.0 624.0 10 

- 607.0 10 

604.9 10 

25 22594.5 603.2 15 

20 583.7 586.2 15 

25 581.0 

' 40. . 22-576.8 9.1 . 589.9 25 

: so:mh ~ .. 1 57D~8 9.2 22580.0 75 4.6 
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BOrn 570.3 579.2 75 

60h 22547.2 9.3 556.5 55 

553.1 20 
.. 

537.0 15 

30h 22527.4 9.4 536.8 15 

40 22525.8 8.5 534.3 25 

.40 25.2 . ~33. 9 25 

10 520.1 

20 476.6 9.6 22486.2 15 

75.7 

5 22455.9 8.2 464.1 20 

35 22446.5 

35 445.5 9.8 456.3 35 

20 441.6 10.1 451.7 15 

25 422.4 9.9 432.3 30 

5 421.4 10 .·6 432.0 30 5.3 

10 403.3 

20 401.2 427.0 15 

55 . 399.1 10.0 22409.1 60 4.9 

55 398.9 9.2 22408 .• 1 60 
r 

-30 ----395.4 6.8 22402.2 20 

20 391.7 5.9 '22397. 6 10 < 
15 377.9 5.9 383.8 15 

. 25 372.7 

.. 25h 371.6 7.7 379.3 30 
. -

15 351.1 9.3 360 .·4 15 

.io 331-l 343.1 10 < 

___ ...._~, 
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10 <' 329.4 

5 <· 318.8 

15 306".3 6.3 22312.6 10 

15 298.7 8.3 307.0 10 

30 283.4 8.9 292.3 25 

15 279.5 8.4 287.9 20 

.25 271.1 8.5 279.6 15 

15 265.7 9.5 275.2 15 

266.5 10 < 
30 22247.7 8.7 256.4 25 4-.2 

so 234.1 9.0 243.1 45 4.4 

so 233.5 8.8 242.3 45 4.1 

10 230.8 

10 229.9 7.3 22237.2 15 

10 225.8 

15 221.0 22227.1 10 

s< 215.2 6.8 212.0 10 

5< 198.1 9.8 207.9 15 

5( . 196.4 192.0 10 < 
5 182.5 175.7 10 < 

-.. 15 .].58.9 9.7 r 168.6 

5< 127.2 155.7 . 10 

5 < 118.2 122.6 10 < 
22114.0 

• --- 5 < 107.5 10.9 118.4 15 -

103.6 6.9 22110.5 10 

. ~oo·. o 107.5 
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10 085.1 22095.3 

10 oso .-o 094.0 

10 . 075.6 

30 22059.0 6.7 22065.7 30 

058.4 6.7 22065.1 30 

22046.3 

22026.6 

22021.4 

22002.6 

15 21988.2 8.6 21996.8 20 

21976.1 

21967.1 

10 21966.8 9.3 21976.1 10 4.9 

955.4 

945.6 

942.5 4.9 947.4 

934.7 8.0 942.7 4.1 

931.0 5.6 

929.8 

917.4 

21906.5 8.5 21915.0 4.3 

887.9 5.0 

21879.1 

21862.0 

21843.9 

. 21816.1 

. '809 .• 1 . 7.0 816:.1 3.3 
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21805.9 

21804.9 

21793-.1 

21787.4 

21781.9 

21765.4 

21758.7 

21755.7 5.6 21761.3. 3·.·o 

21754.6 3"."0' 

21748.3 

21747.0 

21732.2 

,21730.1 8.1 21738.2 . 4". 8 

21716.9 

21708.1 8.8 21716.9 4.3 

21677.0 4.5 21681.5 

21638.9 

21638.2 

21630.7 8.2 21~38.9 

21629.9 8.3 21638.2 4.3 
t 

21607.4 7.9 21615.3 3.9 

21589.4 
, 

21588.3 

21585.!} 3.5 

21574.3 

21564.6 

215'52~6 2.1 
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21533~6 

21526.5 ·4.3 

.21526.5 

21496.0 7.6 21503.6 3.6 

21458.6 

. 21454.9 

21448.1 3.3 

21445.8 

21429.7 

21414.2 

21413.5 

21343.6 

21343.3 

21326.5 .4. 2 




