
CALCULATION OF THE DISTORTION CONSTANTS 637

Calculation of the Centrifugal Distortion Constants Using 
Dependent Internal Coordinates, Numerical Example Cyclopentene

M. P e t z u c h  *

Sektion Physik der U niversität München, W. Germany, Lehrstuhl Prof. B r a n d m ü l l e r

(Z. N aturforsdi. 24 a, 637—642 [1969] ; received 8 January 1969)

A formula is derived for the calculation of the centrifugal distortion constants r a/3ya in the 
case where the vibration problem is solved by using dependent internal sym metry coordinates. 
We have calculated the r ’s and the D's with this new formula for a model of cyclopentene with 
a planar carbon ring (Point group C2v)-

The r-values calculated are (in units 108 5  sec2 (gem2)-3):
X x x x x  — 5.27, T x x y y  — 1.48, T Xxzz  — 0.96,
T y y y y  =  5.52, T yy zz  =  1.22, T zzzz =  — 0.63,
X x y x y  —  2.85, t y z y z  —  0.07 , T zx zx  —  0.07 .

The D's calculated are (in units 10- 8  cm-1):
D j  — 7.9, D k  =  5.1, D j K =  — 12.1.

The values for D j  and for D j k  are within the accuracy of the published experimental values.
Thus, cyclopentene is the first ring molecule, the centrifugal distortion constants of which 

could be calculated.

The term  centrifugal distortion of polyatomic 
molecules was form ulated m athem atically in 1936 
by W il s o n  and H o w a r d 1. In  1953 K iv e l s o n  and 
W i l s o n 2 discussed the im portance of the centri­
fugal constants as an additional source of infor­
m ation for evaluation of force constants of mechani­
cal molecular models. On the other hand measured 
values of the centrifugal distortion constants of ring 
molecules have been available for 15 years.

However, up to  now there has been no calculation 
of the centrifugal distortion constants of ring mole­
cules for a given set of force constants. Therefore it 
was not possible to compare theoretical with ex­
perim ental values, which is the first step to arrive 
a t an improvem ent of the  force constants by ite ra­
tion. P artly  this may be caused by the considerable 
numerical effort, especially in calculating the deri­
vatives of the centrifugal distortion constants with 
respect to the force constants. In  addition, there 
was the following difficulty. Ring molecules are 
treated  most conveniently using dependent internal 
coordinates. U nfortunately, there were no formulae 
available for direct numerical evaluation.

In  this pap er3,4 the formula is derived for the 
calculation of the centrifugal distortion constants

* Present address 1288 Oak Grove Avenue, San Marino, 
California 91108, USA.

1  E. B. W i l s o n ,  Jr ., and J . B. H o w a r d ,  J .  Chem. Phys.
4, 260 [1936],

by means of dependent internal coordinates. As a 
numerical example we have used cyclopentene.

I. Definitions

One defines as centrifugal distortion constants 
both the so called r ’s and the so called D ’s. The D 's  
are linear combinations of the r ’s with constant 
coefficients.

The three following D 's  are the most important 
ones, because they are experimentally accessible for 
the symmetric and for the nearly symmetric rotor:

D j  —  --- (7i 4/ 3 2 ) (3 Xxx xx  +  3 X y y y y  +

“ 1“  2  T x x y y  4 “  4  T x y x y )  >

D k  —  D j  ( h ^ / 4 )  ( t z z z z  ~  X Z z x x  —

X y y z z  2  X y z y z  2 t z x z x )  > ( 1 )

Dj k  =  — D j  — D k  — (^4/4) xZZzz ■

Here, energy units are used.
The x&ßyö (ch., ß, y ,  d =  x, y, or z) are

3AT- 6

r*tr» =  ~  i  I  a f a f l h  &  I% I°„ 1% ■ (2)
ifc =  l

Here, A* =  4 n 2v\, where Vk is the frequency of the 
Icth normal vibration (harmonic component). Fur-

2 D .  K i v e l s o n  and E. B. W i l s o n ,  J r ., J . Chem. Phys. 
21, 1229 [1953].

3  M. P e t z u c h ,  Thesis, Universität München 1967.
4  M. P e t z u c h ,  9 th  European Congress on Molecular Spec­

troscopy, Madrid, Sept. 1967.
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ther, N  is the num ber of atom s in the molecule, and 
I°xx, lyy, l \ z are the principal moments of inertia of 
the molecule in equilibrium (Ixx <  Iyy <  I zz).

In  addition, we have

a T  =  2 2  m P  (Ä l ik +  y°i lik)  >
i= 1

i =  l

In  Eq. (3) a  =t= ß  4= y, and m* is the mass of the ith 
atom . The subscript “ 0” means “equilibrium value” . 
The I w ith e standing for a, ß, y,  are defined by 
the following transform ation

3 jV —6

m } l2A e i  =  2^1* Qk , i =  l , . . . , N  . (4) 
t= i

The A s t are the cartesian displacement coordi­
nates of the i ih atom , and Qk is the kih normal 
coordinate of the molecule.

Inserting Eqs. (2) and (3) in Eq. (1) yields expres­
sions, which, for example, are given by N i e l s e n 5. 
However, in the definition of Nielsen the D ’s have 
the dimensions of wave num bers (length-1).

Thus, the r ’s of a molecule can be calculated, if 
one knows its structure (equilibrium dimensions), 
its fundam ental vibrational frequencies and the 
normal coordinates Qk ( k — l , . . . , N ) .  For con­
venience one defines

t(X.ßyö — — 2 (I®a Ißß Iyy 1%) Ttxßyö • (5)

II. r aßy8 for Dependent Internal Coordinates

We w ant to calculate the frequencies vk and the 
normal coordinates Qk by the m ethod of W i l s o n , 
D e c i u s , and Cr o s s 6. T o do this, we form ulate the 
molecular m otion in term s of internal coordinates. 
For a ring molecule like cyclopentene it  is of ad ­
vantage to use dependent internal coordinates. W ith 
this choice of coordinates the r ’s can only be calcu­
lated by Eq. (2). I f  there are no redundant coordi­
nates, we can equally well use Eq. (11) of K iv e l s o n  
and W i l s o n 2.

Let q  be the column vector of the mass-weighted 
Cartesian displacement coordinates, and Q the 
column vector of the normal coordinates. Then

5  H. H. N i e l s e n ,  Rev. Mod. Phys. 28. 90 [1951].
6  E. B. W i l s o n ,  J r ., J . C. D e c i u s ,  and P. C. C r o s s ,  Mo­

lecular Vibrations, McGraw-Hill Book C o., New York
1955.

Eq. (4) reads: q  =  I Q.  The form ula for I was 
derived by S t r e y 7  for dependent internal coordi­
nates.

Let R  be the column vector of the dependent 
internal coordinates, and S  the column vector of the 
dependent internal sym m etry coordinates. Then the 
m atrices D, U, and L are defined by R  — D q,  
S =  U R  and S  =  L Q .  The m atrix  L is derived 
from G F L  =  L A .  Here, G is the m atrix  of the 
kinem atic coefficients and F  th a t  of the force 
constants for internal sym m etry coordinates. F u r­
ther, A  is the diagonal m atrix  if the

Xk{k =  1 , . . . ,  3iV — 6 ) .
Then we have

I =  D U  F L A 1. (6 )

We denote by M  the transpose of a m atrix  M.
E quation (5) is now to be w ritten  in m atrix 

notation. Let I^ß (a =  ß  or a =1= ß) be the elements 
of the inertia tensor. I f  lik are the  elements of I, 
and qi the elements of q,  then for fixed subscript x.ß 
the derivative (ö /a/s/ö^)o represents a column vector, 
which contains only the equilibrium  coordinates. 
Accordingly, Eq. (3) reads

k = l , . . . , 3 N - 6 .  (3a)

Now we have

w  =  2 ( t - ) 3 / 8 / “ k = l ' 'lk ' 0 ?  JO
D U F L i 0 / y < 5

cq I o'D U F L i

(7)

Here, L k is the fcth column of L, i.e. eigenvector of 
Ik - Equations (5) and (7) yield r a/3V(5 for dependent 
internal sym m etry coordinates.

The derivative of the <’s and the r ’s with respect 
to the force constants f r is obtained by differenti­
ating Eq. (7) and inserting the (0Afc/c)/r)’s and 
(0Lfc/6/r)’s given by S t r e y 7  for dependent internal 
coordinates.

III. Calculation of the r’s and D ’s 
for Cyclopentene

We have used cyclopentene as a numerical 
example for the following reasons. F irstly  there are 
recently measured values of the centrifugal distor­
tion constants, which are different however, for the

7 G. S t r e y . J. Mol. Spectry 17, 265 [1965].
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different au tho rs8’ 9>10. Secondly, a molecular model 
calculation of the vibrational frequencies has been 
made for the molecule using dependent internal 
coordinates11.

In  our first com putations we tried to  repeat the 
model calculation of S v e r d l o v  and K r a i n o v 11. 

We refer to our first com putation in the following, 
especially in the tables, as “com putation (I)” . To 
get meaningful results we had to  correct some mis­
prints in their paper. Furtherm ore, we had to extend 
the model calculation to  get the centrifugal distor­
tion constants. We have used slightly different 
values for dimensions and force constants and 
slightly different definitions of the coordinates. 
These modifications are given below in the notation 
of Ref. 11.

For the angle <£CCH between the carbon ring 
and the m ethylen group (Ref. 11: & 2) we have 
used 110.34° instead of 111.35°. W ithout this modifi­
cation there would have been a contradiction with 
the other data. The remaining distances and angles 
were the same as in R ef n . W ith these d a ta  we got 
for the principal mom ents of inertia (un its: 
10-38 gem2) : I xx =  1.14, I yy =  1.19, 7«  =  2.18 
(see Fig. 1). These figures differ from the experi­
m ental values12,13 by a m aximum of 3% . I f  we 
included in our model a bending of the carbon ring, 
as proposed in Refs. 12 and 13, the differences be-

4

Fig. 1. Planar part of the cyclopentene molecule: N um ber­
ing of atoms and position of the coordinate system.

tween theoretical and measured values of the 
inertia moments were less. However, to avoid a 
complication in the com putation of centrifugal 
distortion constants, for the following calculation 
we have worked with a planar carbon ring. The 
difference between the two nearly equal inertia  
moments of cyclopentene is 1% experim entally, 
5%  for the model. Therefore i t  is a good approxi­
m ation to trea t the model, and even more the real 
molecule, as a symmetric rotor.

Only those internal coordinates which describe 
the motion of the carbon ring out of its plane are 
defined differently compared with Ref. 11. Using 
the notation of Ref. 11 we define them  as follows

9a2 =

„ab

v«l —Xb2

R  sin 0 \R a 11 sin ^1 / *—  Az\  H------. /r.— ^  . M zia 1 r sin (0 i +  0 4 ) v
R  s in  0 4 . .

^ 2 6) +  6 s in  (0 i  +  Ö 4) ^ Zl ~  ^  ’

R  s i n (0 x +  Oo) j  _  j  j _|_ R  (Az \  — A z 2) +  — ? - j j - { A z \  — Az$)  , 
fcsm 0 i s m 0 2  v 1 d sm O i ' 1  '  c sin 0 2  ' '

R  I ( cos 0 4  cos 0 i  \ . . cos 0 4  . . cos Oi
ain(Oi +  Oj) | ( ft--------------~ )  ^  ~  +  ft ^  ~  A z -  ^  ^  ~

One obtains o^1 form oba2 by replacing in the sub­
script of Az:  1 by 2 , 6 by 7 and 5 by 3. Similarly 
one obtains xT  from 7 ^  • Note, th a t all angle co­
ordinates are m ultiplied by a fixed length 
(R  =  1.09 A) as is custom ary with Russian authors.

We obtained the redundancy conditions, two of 
which are not equal to  those in Ref. 11. Using the 
numbering of S v e r d l o v  and K r a i n o v 11 we find

8  B. J . M o n o s t o r i  and A. W e b e r ,  J . M ol. Spectry 15, 
158 [1965].

9 S. I. S u b b o t i n ,  V. I. T y u l i n ,  and V. M. T a t e v s k i i ,  
Opt. and Spectry, 17, 203 [1964],

10 S. I. S ix b b o t in ,  V. I. T y u l i n ,  C. I. K a t a y e v ,  and V. M. 
T a t e v s k i i ,  Opt. and Spectry 19, 361 [1965].

yah +  Yae instead of y ab — Yae in their condition 
No. 7. Furtherm ore, we find (p*2 — gê )  cos Oi/sinOi 
instead of (qbb2 — gê )  sin(Oi +  6>4)/(2 sin 0 \  sin O4) 
in their condition No. 9. This last correction seems 
to be attribu tab le  to our different definition of the 
coordinates.

The force constants belonging to  these coordi­
nates, however, have been used in this first calcul-

1 1  L. M. S v e r d l o v  and E. N. K r a i n o v ,  Opt. and Spectry 
6 , 214 [1959]; Opt. i Spektroskopiya 6 , 334 [1959].

1 2  G. W. R a t h j e n s ,  J r ., J . Chem. Phys. 36, 2401 [1962].
1 3  S. S. B u t c h e r  and C. C. C o s t a in .  J . Mol. Spectry 15, 

40 [1965],
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ation as in Ref. n . The numerical values of other 
force constants had to be chosen differently. For 
instance, we have taken A “b =  1 (un its: 106 cm-2) 14, 
extrapolating from the force constants of smaller 
molecules. The sign of depends on the definition 
of the coordinates %c and ßc$; we have taken it 
positive.

We have assigned the sym m etry coordinate 
or \p^2 (see Ref. n , p. 215) to  the species Bo or A2 , 
resp. instead of A2 or B2 , respectively11. Only then 
can the m atrix  of the potential energy be reduced.

Like S v e r d l o v  and K r a i n o v 11, we have used in 
our com putations the “ spectroscopic” mass of the 
hydrogen atom , which is 1.088 am u whereas the real 
mass is 1.008145 am u (C12-scale). The values of the 
fundam ental constants used in this paper a re : 
Avogadro’s num ber N a — 6.02252 X 1023 mol-1, 
velocity of light c =  2.997925 X 1010 cm/sec, 
P lanck’s constant h — 6.6256 X 10~27 erg sec.

The results of our slightly modified model calcula­
tion following Ref. 11, and of its extension to the 
calculation of the centrifugal distortion constants 
are given in Tables 3, 4 and 5 under “ com putation
(I)” .

In  an im proved second com putation (“com puta­
tion (II)” ) we started  from the recently measured 
Raman- and infrared spectra of cyclopentene in the 
liquid phase, and used an assignment of the bands 
slightly different from Ref. u . In  Table 1 are given 
the wave num bers and, in brackets, the correspond­
ing depolarization ratios, referring to the integral

intensity  as obtained in our own measurements of 
the Ram an spectrum  in the liquid phase. As a first 
step we have assigned ten tatively  some lines in the 
following w ay :

2947 cm -1 in A2, 2928 cm4  in B 2, 2903 cm*1 in Bi, 
1351 cm-1 in B i , 1206 cm -1 in B i , 1106 cm -1 in A i , 
770 cm -1 overtone, 625 cm -1 in B 2 . Here, we have 
given the wave num bers according to our own 
measurements.

To get corrected force constants, we have checked 
which force constants affect m ainly the newly 
assigned wave numbers, using the potential energy 
distribution according to our “ com putation (I)“ . 
Then, we have adjusted the wave numbers. The 
improved values of the modified or iterated  force 
constants are given in Tab. 2 under “com putation 
(II and I I I ) ” . The remaining force constants used 
here are those of Ref. 11. The changes in the num eri­
cal values of the force constants lead to  reassignment 
of further v ibrational bands. In  Tab. 3 all reassigned 
lines are marked w ith a cross. The line a t 770 cm -1 
was assigned as an overtone. Our reassignment has 
the following advantages compared w ith the assign­
m ent of Ref. 11: The strongly polarized line a t 
1106 cm -1 belongs to  A i. The narrow line a t 
1295 cm -1 is assigned to  only one normal mode of 
vibration instead of five. The depolarization ratio 
of the lines of species Ai in the new assignment is 
not greater th an  th a t  of the lines of the other 
species. In  this calculation we have used again the 
“spectroscopic” mass for hydrogen. The results of

3059 2 (pol.) 1464 ± 2 (0.46 ± 0 .1 0 ) 962 ± 2 (0.14 ± 0.05)
3052 ± 5 1439 ± 2 (0.74 ± 0 .1 0 ) 936 ± 2 (dep. )
2947 ± 2 1351 ± 5 897 ±  2 (0 . 0 1 ± 0.05)
2928 ± 5 1295 ± 2 (0 . 2 0 ± 0.05) 811 ± 1 0

2913 ± 5 1206 ± 2 (0.87 ± 0.05) 770 ± 5 (0 . 6 6 ± 0.15)
2903 5 1106 ± 2 (0.52 ± 0.05) 698 ± 5 (0.74 ± 0.15)
2847
1613

± 2

2

(pol.)
(0.01 ±  0.05)

1046
1024

± 5
± 2 (0 . 8 6 — 0.05)

625
605

± 1 0

± 1 0

(0.75 ± 0.15)
386 ± 2 (0.82 ± 0.05)

Table 1. W ave numbers of the 
Ram an spectrum in liquid 
phase (units: cm-1) and in 

brackets the depolarization 
ratio.

4b-‘113 aii Ka2 na\ maal K b 2 K e

Computation
(I)

0.43 0 . 6 6 0.77 -  0.025 0.095 0.7 0.317 0.047

Computation 
(II and III)

0 . 6 0.3 0.47 - 0 .1 3 0.06 0.76 0.273 0.0033

Table 2. Values of the modified or iterated force constants (units: 106  cm-2).

1 4  In the Russian papers, force constants are given in units of 106  cm-2. To get them in units 105  dyn/cm we 
have to multiply the numerical value by 0.6365.
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Coordinates
Sym ­
m etry

Compu­
tation

(I)
Experim ental1 1 Experimental

Compu­
tation

(II)

Computation,
harmonic

frequencies
(III)

Q( C=C) Ai 1620 1614 1613 1616 1622
Q( C -C ) Bi 1114 1108 ?/1130 x 1152 1159
G (C -C ) Ax 962 965 962 966 979
« (C -C ) B i 904 937 936 919 932
Q( C -C ) Ai 903 900 897 905 913
y(CCC) Bi 706 702/692 698 691 692
y(CCC) Ai 628 603 605 613 616
0 (C = C -H ) Bi 1419 ?/1432 1351 x 1349 1384
£(C =C —H) Ai 1 2 1 1 1207/1213 1106 x 1 1 0 2 1140
Qc c h a 2 982 1082 1024 ?  x 981 1006
Qc Z h b 2 771 772/762 625 x 645 6 6 8

C C H
/ C C H a 2 414 387 387 414 422
V c - C
A C - C b 2 253 ? V 253 259
a 5 6 (HCH) A i 1491 1468 1464 1473 1525
a(HCH) Bi 1471 1468 ?/1432 x 1458 1511
a(HCH) Ai 1436 1441/1449 1439 1431 1482
g (= C - H ) Ai 3058 3060/3066 3059 3054 3162
? ( = C - H ) Bi 3029 9 3052 x 3040 3148
q+(C—H )5 6 Ai 2847 2849 2847 2847 2951
9- (C — H)56 b 2 2894 2898 2928 x 2894 2995
?+ (C -H ) Ai 2909 2916 2913 2909 3015
?+(C—H) Bi 2907 1/2921 2903 x 2907 3014
g -(C -H ) b 2 2958 ?/2958 ?/2958 2958 3062
q~( C -H ) a 2 2957 V 2947 x 2957 3060
9?i(CCH) A i 1334 1297/1356 1295 1271 1300
9?2 (CCH) Bi 1318 1297 T/1281 1290 1325
yi(CCH) Bi 1302 1297 1206 x 1216 1257
Zi(CCH) b 2 1284 1297/1284 ?  X 1284 1325
Z2 (CCH) a 2 1288 1297 ? X 1288 1335
Zi(CCH) a 2 1184 1207 ? X 1184 1224
V’i(CCH) b 2 1070 1027/1048 ?/1046 1065 1088
Vi(CCH) a 2 833 800 811 833 859
y>2 (CCH) b 2 687 702 698 718 741

Table 3. Comparision of calculated w ith experimental wave numbers (units: cm-1). Values following the stroke, e.g./1130, 
mean IR-lines. Wave numbers marked with a " x "  are reassigned.

this calculation are given in Tab. 3 under “ com pu­
ta tion  (II)” .

The force constants derived in this procedure and 
the real hydrogen mass then  yielded the “harm onic” 
vibrational frequencies, i.e . frequencies, in to  which 
no anharmonic contribution was introduced by the 
calculation. These results are given in Tab. 3 under 
“ com putation, harmonic frequencies (I I I )” .

The detailed description of our calculations are 
given in Ref. 3. The centrifugal distortion constants 
calculated are presented in Tabs. 4 and 5.

i x x x x Tx x y y tx x z z ryyyy r yy zz tz z z z T x y x y x yzy z T zx zx

I) - 5 .2 6 1.44 - 0 .9 8 -  5.40 -  1 . 2 0 - 0 .6 4 -  2.77 - 0 .0 7 - 0 .0 7
II) -  5.27 1.48 - 0 .9 6 -  5.52 -  1 . 2 2 - 0 .6 3 -  2.85 - 0 .0 7 - 0 .0 7

III) - 5 .1 2 1.46 - 0 .9 3 - 5 .3 9 -  1.19 -0 .6 1 - 2 .7 9 - 0 .0 6 - 0 .0 6

Table 4. Calculated centrifugal distortion constants r a0Vo (units: 108 5  sec2  g- 3  cm-6 ); compare Fig. 1 for the choice of 
the coordinate system. I  =  “Computation (I)” , I I  =  “Computation (II)” , I I I  =  “Computation, harmonic

frequencies (III)” .

D j D k D j k

I) 7.81 4.98 -  11.80
II) 7.94 5.10 -  12.06

III) 7.73 5.02 -  11.80

Table 5. Calculated centrifugal distortion constants D j , Dk  , 
D,/x (units: 10- 8  cm-1). The D ’s are obtained from those 
defined in Eq. ( 1 ) by division through h c. (I, II , I I I  as in 

Table 4.)

The results of our three calculations do no t differ 
much in comparison with the relative errors of a t
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least 30% in the experim ental data. The potential 
energy distribution of the D 's (see Ref. 3) indicates 
th a t the centrifugal distortion results from the 
carbon ring w ith its relatively heavy atoms.

The assignment of the fundam entals of the ring 
skeleton are the same in com putations (I), and (II). 
Therefore it is reasonable th a t the results from 
calculations (I) and (II) do not differ very much.

The correction for anharm onicity concerns only 
the hydrogen atoms, which do not contribute 
appreciably to  the centrifugal distortion constants. 
I t  is understandable, therefore, th a t the results of 
com putation (III) do not differ much from those 
of (I) and (II).

Accordingly, one would not expect th a t a more 
accurate m easurem ent of the vibrational frequen­
cies would result in greatly improved centrifugal 
distortion constants. More of an improvement is to 
be expected from a reassignment of the vibrations 
of the ring skeleton by means of spectra of deutera- 
ted  cyclopentene, or from a change of the geometri­
cal model.

IV. Comparison of Calculated and Experimental 
D-Values of Cyclopentene

The numerical values of the centrifugal distortion 
constants r, and of some quantities derived from 
them , determine whether the rotational diagonal - 
ization of the H am ilton operator is feasible 5. N um er­
ical inspection of the non-diagonal elements shows 
th a t this diagonalization indeed is feasible in the 
case of cyclopentene. Thus we have for cyclopentene, 
as for any sym m etric rotor, an exact relation be­
tween the D ’s and the rotational energy. Therefore 
we can compare the calculated D-values with those 
evaluated for the S-branch of the measured rotation 
spectrum.

Measured D -values are given by M o n o s t o r i  and 
W e b e r 8 and by S u b b o t i n  et a l . 9’10 (see Table 6 ). 
M o n o s t o r i  and W e b e r 8 had a resolution three 
times th a t of S u b b o t i n  et al. 9' 10 and have recorded 
one spectrogram more. However, Ref. 8 reports a 
reproducibility of the measured lines “ better than
0.03 cm-1” . Thus, as three spectrogram s were re­
corded, the mean error of the wave num ber of a 
line can be still 0.01 to  0.02 cm-1. Therefore it is 
questionable whether the fifth decimal of the given 
wave num bers is valid, and w hether the accuracy 
of the D -values given by M o n o s t o r i  and W e b e r 8 

can be verified by the measured data. On the other 
hand, S u b b o t i n  et al. have given mean errors of 
such a m agnitud th a t their D - v alues can only be 
considered as estim ates. I t  seems to  the author to 
be a m atte r of opinion, which of the two results is 
more reliable.

Experim en­
ta l 9 - 1 0

Experim en­
ta l 8

Theoret.

D j (3 ±  5) X 10- 7 (3.75 ±  1.25) 7.9 x  IO- 8

X 10-8
D j k -  (2 ±  7) x  10- 6 - 1 2 . 1  x  1 0 - 8

Table 6 . Comparision of calculated with experimental values 
of D j  and D j k  (units: cm-1).

According to  the data  given in Table 6 the cal­
culated values for D j  and Dj k  are in reasonable 
agreement w ith the experim ental values, if we keep 
in mind the reservation to  be held with respect to 
the mean error given by R ef 8. Thus the calcula­
tion seems to be well confirmed by the experim ental 
data  available.
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