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ABSTRACT 

A normal coordinate analysis of the in-plane vibrations 

of ethylene was performed using a modified valence force 

field, a modified Urey-Bradley force field and a hybrid 

orbital force field. The B2u species of isobutene was also 

analyzed. An attempt was made to transfer force constants 

from ethylene and thereby solve the A1 species of isobutene, 

but a solution could not be obtained. This suggests that 

simple transference of force constants is not feasable in 

this case. 

The potential energy distributions obtained for ethylene 

are discussed. The normal coordinates calculated in this 

work are appended. 
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1. 

CHAPTER I 

INTRODUCTION 

The objective of this study was to study possible 

relationships between force constants in olefinic type 

molecules and to investigate the effect of the molecular 

environment on isolated C.0 bonds in different olefins. 

Although a few vibrational studies of ethylene 

.have been reported, very little work on force constant 

calculations for more complicated olefins are available. 

Puthermore, differences in the results obtained by 

different workers for ethylene exists. These differences 

can be attributed to differences in frequency assiEnments, 

in choice of coordinates, in assumed potential fields, 

or some combination of these factors. Thus it was deemed 

necessary to perform normal coordinate calculations on 

the in-plane vibrations of ethylene and isobutene. It 

is hoped that the results of this study may provide 

methods for transferring force constants between molecules 

which would then permit prediction of properties such 

as vibrational frequencies, bond energies, etc. in 

more complicated olefinic type molecules. 

A computer program was used to perform normal 

coordinate analyses which provide a "best fit" set of 

force constants (in the least.sauare sense) to the 



(1)  

(2)  

2. 

observed frequencies of each molecule. The force fields 

used for the calculations were the modified valence 

force field kMVFF), the Urey nradley force field (UBFF) 

and the hybrid orbital force. field (HciT). Some modi-

fications in each case were made to reduce the number of 

force constants which had to be calculated and thus allow 

the computer program to converge. 

The roots of the set of equations of the type 

I GF - = 0 

yield the vibrational frequencies of a molecule since 

4/i2  c2 v2 

where G is the kinetic energy matrix and F is the poten-

tial energy matrix. v is the frequency of vibration, c 

is the velocity of light and A represents the roots 

of equation (1). 

One of the underlying assumptions of this type of 

calculation is that the molecular force field or potent-

ial energy function is understood. Since the number of 

independent constants or force constants necessary to 

describe the potential energy depends on the type of func-

tion choosen, one frequently must choose a potential 

energy function which can be solved with the data avail-

able. 



„ 
V = a/Rn (4) 

3. 

One of the simplest and most widely used force fields 

is the general valence force field OVIT,), which. assumes 

that if a bond changes its length due to vibration, there 

is a force tending to restore it to its ecuilibrium length 

which is proportional to the change. A similar restoring 

force is assigned to bond angle changes. This means that 

on the basis of the u-V-227 the potential energy function may 

be written as: 
2 

V =ka b, R
2 + km  AG< a m  

whereto Ra 
is the change in the length of the bond "a" 

and c< m is the change in bond angle of 
the anFle "m". The 

summations are over all bond angles and bond lengths. 

The &IMF includes all possible cross terms to account 

for interactions between terms. In most cases it is necess-

ary to limit the number of cross terms introduced into 

the GVFF since, even with the use of isotopes, the number 

of observed frequencies are freouently too few to solve 

for all of the force constants. It must be admitted, 

however, that there is no sure way of knowing which are the 

proper cross terms to use and which should be omitted. 

Another type of potential function, introduced by 

H. C. Urey and C. A. Bradley (28), should be mentioned here. 

They superimposed on the GV1711  a repulsion potential of the 

form: 

(3) 



4. 

between non-bonded atoms, R being the distance between 

non-bonded atoms and a and n being constants. The effect 

of the Urey-Bradley field is to take into account the Van 

der Weals repulsive forces between non-bonded atoms. 

A third type of field, the HOFF, was proposed by Lil-ts 

(21) and considers that changes in bond hybridization are 

accompanied by changes in bond length. Hence changin 

the hybridization ratios during bending creates a secondary 

interaction with the stretching vibration. 
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CHAPTER II 

METHOD OF CALCULATION 

A. Description of the Method:  

The potential energy of a molecule may be written in 

terms of internal coordinates, Ri, which are measurements 

of changes in the bond lengths and interbond angles from 

the equilibrium configuration of the molecule (so that 

R-= 0 at equilibrium). The potential energy expression 

is thus: 

V0 defines the potential energy at equilibrium and is 

takerlaszero. -Inthesecondterm,since0V/?. ?R1) is 

to be taken in the equilibrium position it is zero by 

defination. The coefficients of the third term are what 

are known as the harmonic force constants and are defined 

by 

The coefficients of higher order terms are known as anhar-

monic force constants and are not treated in this work. 

For symmetric molecules, symmetry coordinates may be 

used instead of internal coordinates to define the potential 

energyfunction.Thesymmetrycoordinates,S,,are related 

to internal coordinates, Rby means of the elements of 

a transformation matrix, U. according to the equation: 

V=V0 +Z. (I")R. + 1 (° v  
a_ 2 i j RR. jR.R. 

+1/6Yi Yj (  a a 
c) Ric

) RiRjRk +...(5) 

F.. = 2v/JR')R-) I 2 



(8)  

(9)  

2V = R' PR 

2T I'll G-1 A 

(10)  

(11)  

(12) R = L Q 

(6)  U
1  
.. R. 
.0 0 

or in'matrix notation 

S = U R 

6. 

(7)  

The symmetry coordinates of any molecule may be classified 

into symmetry species. 

Wilson, Decius and. Cross (30) and Herzberg (15) des-

bribed the following procedure for calculation of force 

constants. 

Defining the potential and kinetic energy by: 

2V =F F. RR 
i j 

2T 2: 22 Gi i kiitj 

or in matrix notation 

Where F is the force constant matrix defined above and 

the elements of the G-1 matrix are functions of atomic 

masses and equilibrium geometry of the molecule. The 

values of F and G depend on the coordinates chosen and 

in general there will be non-zero off diagonal terms in 

the expression for both V and T. The primes denote ma- 

trix transposes and A = ( Ri/ "at) where t is time. 

A' column matrix of normal coordinates, Q can be defined 

by 

where L transforms R to normal coordinates, i.e. 



and. 

(14)  

(15)  

2V = Q' 

2T = Q' E Q 

and 

L' F L = A  

Lt G L = E 

(16)  

(17)  

or 

F = 
A 

-GFL=LA 

(18)  

(19)  

7, 

Q. =Z. iL.. R. j 1 j 

The transformation matrix L is chosen such that 

(1.3) 

where E is the identity matrix andA is a diagonal 

matrix of the frequency parameters, k = 477-2 c2 v2. 

In terms of normal coordinates the expressions for 

both V and T have zero coefficients for all cross terms 

and unity coefficients for all diagonal terms. 

Substitution of equation (12) into equations (10) 

and (11) and comparing the results with equations (14) 

and (15) yields 

Combination of these two equations gives the expression 

Consider a single column of the I matrix denoted by 

. and let the corresponding frequency parameter be 2 Li  

Equation (19) can then be written in the form 

(20) 

where 

(G F - E) Li = 0 

G F = (G F)ji = Gjk Fki 

A necessary and sufficient condition that non-trivial 

solutions (i.e. L 0) for equation (20) exist is that 
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I G AEI = 
(21) 

Equation (21) is called the secular equation. Expansion 

of it leads to a polynomial equation in A which can be 

solved if the elements of G and F are known. The secular 

equation can be factored in terms of symmetry coordinates 

so that cross terms of F and G matrices of different 

symmetry species are always zero. This, of course, means 

that a set of equations with (3N-6) unknowns reduces to 

several smaller problems which are correspondingly 

simpler to solve. 

After solving for the X's using equation (21) one may 

substitute them back into equation (20) and solve for the 

L's. 

Desius (9) published "A Tabulation of General Formulas, 

for inverse Kinetic Energy Matrix Elements in Acyclic 

molecules". Selected portions of these tables later 

appeared in the book by Wilson, Desius and Cross (30). 

General formulas for deriving the G matrix elements are 

given in terms of internal coordinates of the bond stretch-

ing and angle bending types, together with a torsional 

type of coordinate. Using the tables of Desius internal 

coordinates are choosen for a molecule by selecting conven-

ient bond lengths, bond angles and torsional angles in the 

molecule. Symmetry coordinates are then set up such that 



k Ujk Ujk —1 (23) 

G = U g U' (25) 

9. 

they are linear combinations of the internal coordinates. 

The symmetry coordinates are not necessarily unique, but 

must be normalized, orthogonal and of the form 

S. — j 7-- U r j k k k (22) 

where S, is the jth symmetry coordinate, rk the kth inter— 

nal coordinste and Ujk the appropriate coefficient for 

r,. The condition of normalization is satisfied. when. 

and the condition of orthogonality is satisfied when 

(24) UkTJik=O k j 

where ji. 

It is not necessary to actually calculate the symmetry 

coordinates (Sj); only the coefficients, TT ' . in equation jk 

(22) are needed. Thus a U matrix composed of the elements 

Ujk shown in equation (22) is generated. The G matrix in 

symmetry coordinates may then be calculated using the 

equation 

where g is a general kinetic energy matrix in terms of 

internal coordinates whose elements are calculated using 

the formulas gives by Desius (9). U' is the transpose 

matrix of U. 

in order to simplify the calculation of the G matrix 

for the in—plane symmetry species of ethylene and isobutene, 



U g Ut = G (26) 

10. 

two computer programs were written. The first program, 

called WORK4, calculates the g matrix, or the kinetic 

energy matrix, based on internal coordinates. The input 

data used are the five, bond lengths and the six bond angles 

described in figure I. The program also needs the atomic 

weights of carbon and the four elements or chemical 

moieties shown in Figure I as R1, R2, R3, and R4. 

The second program, called. WORK3, uses as in-put data 

the U matrix appropriate, to each symmetry species and the 

g matrix generated by program WORK4. WORK3 calculates the 

G matrix for the species assording to the equation 

where U' is U transpose. 

For both WORK4 and WORK3 the format for the in-put 

data, a sample problem, and the programs are given in 

Appendix I. 
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B.  Force Constant Refinement 

Using equations (20) and (21) one can calculate the 

X's and L's if G and F are known. In practice F is not 

known and the )\'s are observed values. Wilson, Desius 

and Cross (30) have employed perturbation theory to solve 

the equation IGF- E = 0 by a force constant 

refinement procedure. In this procedure an initial set 

of force constants, F, are used to calculate frequencies 

( A 's) and to calculate the transformation matrix L, The 

force constants are then adjusted to obtain better values 

for X's. 

The changes in frequencies were shown to be (30): 
L 

lk ki 111-  ik 
where L.. and Lki are the tra m psforation coefficients. 

Thus in matrix notation 

(27)  

(28)  

where AA is a column matrix of CSX 4 S, AF is a column 

matrix .6Fjk and. J is the Jacobian matrix whose elements 

are the products of L Lki . Thus equation (28) ii and  

forms the basis of the iteration method. 

A computer program by W. T. Thompson and. C. S. Shoup 

was written for performing, force constant refinements on 

the IBM 7090 computer. The program was subseauently 

revised by H. Kimmel for the IBM 7040 (16) then by this 
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author for the PDP 10 time sharing system used by Personal 

products Company, a division of Johnson and Johnson. The 

modified program, shown in Appendix II is summarized 

below. 

An assumed set of F's (i.e. the F matrix) is used to 

calculate :0's and a set of transformation coefficients, 

L°1 s. If = :N°i, set AA= JAI' where the matri) 

J is computed from the L's (J is Jacobian matrix whose 

elements are products Lja.  .. It is possible (though not 

necessarily true) that A F can be found which directly 

satisfies AA= JAI. It is usually necessary to compute 

the correction to F° so that the difference between ob-

served amd calculated frequency parameters, AA  , are 

minimized. Let r = J A F- AA where r represents the 

error in the solution to LA = J F for each correction 

to F°. The solution A.F is obtained by a least squares 

method. 

If the weighted square error, S, in the solution of 

equation t =3.AFis defined as S = r' W r where the 

, 2 matrix w is a diagonal matrix of the weight W. = 1/;\ 

then the solution A F that minimizes S can be determined 

by forming the equations 

W J A P = ti' W AA 

the solution for this equation is 

A F = (J' W J)-1 J' w (29) 



(new) 1(old) L\  2 ( 3 0 ) 

1 3 . 

and the SF's can be used to form a new set of force con-

stants by 

The calculation is then repeated using F (new) as the F-. 

This iteration procedure is repeated untilAF = 0 or is 

negligibly small. 

The dispersion of each refined force constant is cal-

culated by the relation 

6- 2 (F) (J' j)-1 0-2 

where O = (AA) W (6 A) / (N - P) 

IT being the number of fundamental frequencies used in the 

calculation and P the number of refined force constants. 

The diagonal elements of a- 2  (F) give the uncertainties 

obtained by the ecuation. 

2 (F) = (J' W J)-1 a-2 

when a large number of independently observed frequencies 

are being used to determine a small number of force con-

stants, i.e. (N-P) is not too small a number and when the 

relationship it- =JAFis valid. 

Equations (29) and (30) show that in the iteration 

process it is necessary to obtain the inverse of a matrix. 

It all matricies have an inverse. A matrix with no inverse 

is known as a singular matrix, in which case the deter-

minant of the matrix is equal to zero. Since a computer 

carries a finite number of significant figures, it is 
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necessary to decide what constitutes a determinant close 

enough to zero that it should be considered zero and 

computation should be halted. The penalty paid for try-

ing to calculate an inverse for a matrix which truly has 

no inverse is generally that the program enters a loop 

which it can not finish and continues trying to find the 

inverse of the matrix until the program is halted manually. 

A second possibility is that the program generates a 

meaningless result. We have found that, in general, when 

using the PDP-10 computer cmade by Digital Equipment Corp.). 

A determinant less than 10-30  is close enough to zero to 

consider it zero and an inverse should not be attempted. 
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C. Available Structural  Data and  Frequency Assignments  

Table I shows the atomic weights used in this work, 

and in. rigure i (page 23) the bond lengths and bond angles 

used for each molecule are presented together with a gen-

eral diagram of the molecule. 

TABLE I 

ATOMIC WEIGHTS USED  

Element Atomic weight Reference 

carbon 12.01115 (13) 

deuterium 2.0147 (14) 

hydrogen 1.00797 (13) 

Bartell, et al. (3) did an electron diffraction study 

of the structures of C2H4 and C2D4 and compared their re-

sults to the results of earlier workers. Table II sum-

marizes their results. The C-D bond length appears to be 

shorter than the C-H bond length, but one would expect the 

opposite to be true based on our understanding of steric 

hindrance. 



1 6 . 

TABLE II 

ELECTRON DIFFRACTION STUDY OF C2H4 ALTD C2D4 

(Bartell, Roth and Hollowell (3)) 

C2H4  

C-H bond length 1.1030 ± 0.• 0018 (angstroms) 

C=C bond length 1.3369 ± 0.• 0016 (angstroms) 

H-C-H angle 117.2 ± 1.2 (degrees) 

C  

C-D bond length 1.099 ± 0.003 (angstroms) 

C=C bond length 1.338 ± 0.• 003 (angstroms) 

D-C-D angle 117.1 t 1.• 6 (degrees) 

The uncertainties reported for the C-H and C-D bond 

lengths, however, suggest that the relative distance could 

be reversed and indicate that the C-H measurement is more 

reliable. Considering the uncertainties in the C=C 

measurements and the bond angles for both molecules, one 

is again lead to the conclusion that there is little to 

choose between them but the data from the C2H4 molecule 

seems more reliable. In view of this we have used the 

measurements reported for C2H4 and applied them to both 

isotopic species as shown in Figure I. 
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The structure of Isobut:71ene was obtained from micro-

wave data reported by Scharpen and Laurie (19). 

The frequency assignments for ethylene were reported 

by Gallaway and Baker (12) and by Cyvin and Cyvin (6) and 

their results are shown in Table III for the in-plane 

symmetry species. Since there is a discrepancy between 

the two papers for both the Blg and B2u symmetry species, 

both sets of data were used and force constants are re-

ported for each set. 

TABLE III 

ASSIGNMEITMS FOR IN-PLANE VIBAA7IOFS OF ETHYLEKE 

Symmetry Description C2H4 
C2D4 

Ref.(12) Kef.(6) Ref.(12) Ref.(6) 

Alg C-H stretch 3019.3 3026.4 2252 2260 

CH2 - svm bend 1342.4 1342.4 981 985 

C=C stretch 1623.3 1622.6 1515 1518 

ts3u 
U-li sym stret 2989.4 2989.5 2200.2 2200.2 

CH2 asym bend 1443.9 1443.5 1077.9 1077.9 

B16 
C-H stretch 3069 3102.5 2304 2310 

CH2 rock 1055 1236 860 1011 

u 
C-H stretch 3105.5 3105.5 2343 2343 

CH2 rock 9Y5 810.3 740 584 
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The vibrational spectrum for isobutylene is reported 

in the literature (24). In Table IV their assignments for 

the in-plane vibrations of the C4H8 and 04D8 molecules are 

given. 

TABLE IV 

Frequency Assignments for  the In-Plane  
Vibrations of Isobutylene  

Species Description C H, 
4 0  

C D _l_a 
Al C-H stretch 2984.9 2226.2 

C-C stretch 803.0 705.0 

CH2 wag 1416.0 1047.6* 

skeletal bend 383.0 322.6 

C=C stretch 1658.0 1613.4 

B2 C-H stretch 3083.5 2305.5 

C-C stretch 1281.0 1267.0 

CH2 wag 973.0 767.0 

skeletal bend 418.0 353.0 

(* indicates the value was calculated by Pathak and 

Fletcher. (24) 
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D. The G Matrix 

In the normal coordinate treatment of a molecule the 

kinetic energy is expressed by the G matrix and is a func-

tion of the atomic masses and molecular configuration. Once 

a set of bond lengths and bond angles is choosen, the G 

matrix may be calculated most conveniently by using a set of 

tabulated equations such as the set provided by Desius, (9). 

Several authors have choosen different sets of bond lengths 

and bond angles as described below and have therefore de-

veloped different G matricies to describe the kinetic energy 

of the Alg 
species of the ethylene molecule. 

Arnett and Crawford (1), for example, choose a set of 

interatomic relationships involving the five interatomic 

distances between bonded atoms plus the following seven 

angles: The two HCH angles; the two angles between the 

C=C bond and the bisectors of the HCH angles; the two 

angles between the C.0 bond and the HCH planes caused by 

rotation about a common axis which includes the C atoms. 

Table V gives the G matrix for the Alg species of ethy-

lene which is calculated by using the internal coordinates 

suggested by Arnett and Crawford. 
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TABT,i; V 

Arnett and Crawford G Matrix for Ethylene  

Alg Symmetry Species 

1,0373 -0.0868 -0.1047 

0.1655 0.2010 Vormal Ethylene (C2H4) 

2.0718 

0.5417 -0.0870 -0.1048 

0.1655 0..2008 Deuterated Ethylene (02D4) 

1,2351 

Morino, Kuchitsu and Shimanouchi (22) choose internal 

coordinates for the molecule CF2=CF2 which could be applied 

directly to ethylene. The coordinates choosen involved the 

five bond lengths, the six bond angles of the planar mole-

cule and two non-bonded distances. The non-bonded distances 

choosen were the distances between the F atoms in each CF2 

group and the distance between the C and F atoms not bond-

ed directly. 

Shimanouchi et al. calculated a G matrix for C2F2 

which can be used for C2H2 by substituting the appropriate 

bond lengths, bond angles and atomic masses. Table VI 

shows the G matrix for the Alg species of ethylene which 

was arrived at by applying the geometry of ethylene and. 
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and deuterated ethylene (Figure I) to the G matrix for-

mula. 

Table VI.  

G Matrix for Ethylene Calculated from G Matrix for C2F4 

(From Shimanouchi et al. (22)) 

Alg Symmetry Species 

1.0373 -0.0868 -0.1283 

0.1665 0.2462 Normal Ethylene (C2H4) 

3.3402 

0.5153 -0.0868 -0.1283 

0.1665 0.2462 Deuterated Ethylene (C2D4) 

1.7744 

Kilpatrick and Pitzer (18) used the same internal 

coordinates for ethylene as were used in this work. The 

five bond lengths were used together with the six bond 

angles of the planar figure of the molecule. A torsional 

angle was used to describe the out of plane bending of the 

molecule, however, the out of plane motions were not con-

sidered in this work. Because of a lack of structural 

data, Kilpatrick and Pitzer assumed that the bond angles 

were 120 degrees. Using our program for calculation of 

the G matrix and applying the structural data used by 
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Kilpatrick and Pitzer, we were able to exactly repeat their 

calculation of the G matrix for the A species. Table VII lg 

shows the results of our G matrix calculation using the 

structure shown in Figure I. 

TABLE VII 

G Matrix Used for Ethylene Alg Species 

1.0373 -0.0868 0.0740 

0.1665 -0.1421 liormal Ethylene C2R4) 

1.1134 

0.5415 -0.0868 0.0671 

0.1665 -0.1289 Deuterated Ethylene C2D4) 

0.5077 

Any set of force constants which are calculated de-

pend on both the field which is being considered and the 

potential energy equation which is being assumed. The 

kinetic energy is described by the G matrix, and as pointed 

out, is different when different internal coordinates are 

used to calculate it. 
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FIGURE I 

STRUCTURAL DATA USED  

Ethylene Deuterated Isobutene 
Ethylene 

R1 hydrogen deuterium methyl 

R2 hydrogen deuterium methyl 

R3 
hydrogen deuterium hydrogen 

R4 
hydrogen deuterium hydrogen 

a 1.1030 A 
o 

1.1030 A 
o 

1.507 A 

b 
o 

1.1030 A 
0 

1.1030 A 1.507 

c 1.1030 3 1.1030 1 1.088 3 

d 
o 

1.1030 A 
o 

1.1030 A 
o 

1.088 A 

e 
o 

1.3369 A 
o 

1.3369 A 
o 

1.330 A 

R100 121.4°  ° 121.4 122.35°  

R2CC 121.4°  121.4°  122.35°  

R
3
CC 121.4°  121.4°  120.75°  

R4
CC 121.4°  121.4°  120.75o 

R1 CR2 
117.2°  117.20 115.3°  

R3 ' ca4 
117.2°  117.2o 118.5° 
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CHAPTER III 

VIBRATIOLTAL AND STRUCTURAL DATA 

A. Previous Work  

The fundamental principles upon which the normal coor-

dinate analysis of molecules rests have been discussed in 

detail by Wilson, Desius and Cross (30) and summarized in 

Chapter II. Both prior to ana subsequent to that writing 

a number of authors described the analysis of the in-plane 

vibrations of the molecules which are treated in this work. 

Kilpatrick and Pitzer (18), for example, published an analy-

sis of all vibrations of ethylene, propylene, cis-2-butene, 

trans-2-butene, and isobutene. In their work symmetry 

coordinates were used to set up the inverse kinetic energy 

matricies (G matrix) and the potential energy matricies 

(F matrix) for each symmetry species. The symmetry coor-

dinates and resulting F and G matricies are presented in 

table form by Kilpatrick and Pitzer. 

Arnett and Crawford (1) developed a set of symmetry 

coordinates for ethylene based on a somewhat different 

set of internal coordinates from those choosen by Kil-

patrick and Pitzer. The different symmetry coordinates 

lead to a different G matrix which Arnett and Crawford 

used to calculate the non-planar fundamental vibrational 

frequencies of ethylene. 
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Using the same symmetry coordinates as Arnett and 

Crawford, Crawford, Lancaster, and Tnskeep (5) calculated 

a set of force constants which are satisfactory for the 

planar vibrations of ethylene and several of its deuter-

ated isotopes. 

The out-of-plane vibrations of ethylene were treated 

by Dowling (10) using appropriate internal coordinates to 

describe the vibrations. 

More recently Cyvin and Cyvin (6,7) derived a set 

of normal frequencies for ethylene and deuterated ethylene 

by a systematic correction of the observed frequencies 

for anharmoncity. A set of force constants was then 

calculated which reproduce the derived frequencies. The 

mean amplitudes of vibrations were also reported by these 

authors. 

Fletcher and Thompson (11) reported force cOnstants 

for ethylene and deuterated ethylene which were based on 

yet another set of symmetry coordinates and using the HOFF. 
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B. Evaluation of  Some of  the Previous Work 

The most difficult problem in attempting to reconcile 

all of the available work on ethylene is that the selection 

of different sets of internal coordinates lead to different 

sets of symmetry coordinates, and, as we will show later, 

these lead to different G matricies. 

Some authors scale their force constants, others do not. 

That is, when developing the general G matrix to be used in 

equation (25) it is convenient to multiply those interactions 

between a bond stretching coordinate and an angle bending 

coordinate by an arbitrary constant bond length. Likewise, 

interactions between two angle bending coordinates may be 

multiplied by the square of the arbitrary constant. By 

doing this all of the force constants calculated have the 

same dimensions (millidynes/angstrom); if bond lengths are 

expressed in angstroms and masses of atoms are expressed in 

atomic weight units. It is mathematically equivalent and 

more convenient in our work if the scaling factors are 

applied to the U matrix elements rather than directly to 

the g matrix. The resulting G matrix is the same in either 

case. We have, therefore, choosen to multiply bond stretch-

ing-angle bending interactions by the length of the C-H 
0 

bond in ethylene (1.1030 A) and to multiply coordinates 

involving only angle bending by the square of that distance. 
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The same constant was used regardless of which molecule 

was being treated. 

It is well known that the observed frequencies of 

vibration are not harmonic vibrations. Two semi-empirical 

approaches have been used, to correct for this difficulty. 

In one approach the masses of the atoms. are adjusted and 

the calculation of the G matrix is done in the usual way 

but using the "harmonic masses". In a second approach the 

observed frequencies are adjusted and the calculation is 

done in the usual way to obtain a set of force constants 

which best fit the "harmonic frequencies". Neglecting to 

correct for anharmonicity can lead to errors in the calcu-

lated frequencies. In this work, however, it was not 

possible to correct for anharmonicity. 
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CHAPTER IV 

RESULTS OF CALCULATIONS 

A. The Ethylene Molecule  

-Ethylene belongs to the point group D2h. The nine 

in-plane vibrations are factored into four symmetry species, 

i.e., the Aig symmetry species which contains three vibra- 

tions and the B, , B , and B3u symmetry species, each of AZ" 2u 
which contains two vibrations. If all possible inter-

actions between vibrations are considered, then for a 

given symmetry species containing n vibrations, there will 

be (in)(n+1) independent force constants, e.g. for the Alg 

species of ethylene, there will be six force constants for 

the three vibrations. 

The internal and symmetry coordinates used for ethy-

lene were the same as those used by Kilpatrick and Pitzer 

(18) and are shown in Figure II. 



Figure II 

Symmetry Coordinates of Ethylene 

Symmetry Type Coordinate  

S1 = i: (R1+R2+R3+R4)  

Alg S2 = i (a +a2+a3-1-a4) 

53 = R
5 

Blg S4 = i (R - R ----R4) 

S5 = i-  (a1-a2+ -a4) 

B2u S6 = i (R1-R2-R - )  
S7 = -1-  (a1-a2-a3+a4 

B3 u S8 = i (Rii-R2-R3-R4) 

S9 = -1- (a +a2-a3-a4) 

29. 
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A.1 The Valence Force Field 

Two Isotopic species of ethylene, 02114 and C2D4 were 

used and the usual assumption was made that the force con-

stants appropriate to each species were identical. This 

assumption provided enough data so that only one a priori 

assumption about force constants being constrained to zero 

or to some constant value was necessary for the Alg sym-

metry species. 

The several frequency assignments found in the liter-

ature and reported in this work in Table III are in agree-

ment for the Alg and B3u species of ethylene. An initial 

set of force constants was obtained for the calculations 

from preliminary trials. The calculated force constants 

and dispersions for the lg  species were obtained from the 

several runs shown in Table VIII holding different constants 

invariant during each run. The results of the three runs 

indicate that the initial assumption, i.e. the C-H stretch-

bend interaction constant is negligible, is a valid one. 

In addition, the results suggest that the data obtained 

from run 3 give good agreement between the observed and 

calculated frequencies (Table IX). 



T
a
b
l
e
 
V
I
I
I
 

F
O
R
C
E
 
C
O
N
S
T
A
N
T
S
 
F
O
R
 
A
i
g
 
S
P
E
C
I
E
S
 
O
F
 
E
T
H
Y
L
E
N
E
 

D
e
s
c
r
i
p
t
i
o
n
 

o
f
 

V
i
b
r
a
t
i
o
n
 

S
t
a
r
t
i
n
g
 

V
a
l
u
e
s
 

R
e
s
u
l
t
 
o
f
 

R
e
s
u
l
t
 
o
f
 

R
e
s
u
l
t
 
o
f
 

R
u
n
 
1
 

R
u
n
 
2
 

R
u
n
 
3
 

It
r 

2
 

dr
-
  

2
 

e
r
 

F
o
r
c
e
 

C
o
n
s
t
a
n
t
 

F
o
r
c
e
 

C
o
n
s
t
a
n
t
 

F
o
r
c
e
 

C
o
n
s
t
a
n
t
 

C
H
 
s
t
r
e
t
c
h
 

5
.
5
0
0
 

5
.
5
6
8
 

0
.
7
7
0
 

5
.
5
6
8
 

0
.
8
2
9
 

5
.
5
6
8
 

0
.
7
6
5
 

C
C
 
s
t
r
e
t
c
h
 

1
0
.
6
3
4
 

1
0
.
1
9
7
 

0
.
9
6
4
 

1
0
.
1
9
7
 

0
.
9
2
8
 

1
0
.
1
9
7
 

0
.
9
3
8
 

C
H 2
 s
y
m
.
 
b
e
n
d
 

0
.
8
1
2
 

1
.
4
5
3
 

0
.
1
4
3
 

1
.
4
5
4
 

0
.
1
5
3
 

1
.
4
5
4
 

0
.
1
4
8
 

C
H
 
s
t
r
e
t
c
h
 
-
 

b
e
n
d
 
i
n
t
e
r
a
c
t
.
 

0
.
0
0
0
 

0
.
0
0
0
*
 

0
.
0
0
0
 

5
.
6
3
5
 

0
.
0
0
0
 

1
.
6
8
6
 

C
C
 
s
t
r
e
t
c
h
 
-
 

b
e
n
d
 
i
n
t
e
r
a
c
t
.
 

1
.
8
3
3
 

1
.
8
3
4
 

3
.
3
8
3
 

1
.
8
3
4
 

1
.
0
6
5
 

1
.
8
3
4
*
 

C
H
 
s
t
r
e
t
c
h
-

C
C
 
s
t
r
e
t
c
h
 

i
n
t
e
r
a
c
t
.
 

1
.
0
2
0
 

1
.
4
4
8
 

0
.
2
8
5
 

1
.
4
4
8
*
 

1
.
4
4
8
 

3
.
7
8
5
 

31. 

(
*
 
d
e
n
o
t
e
s
 
t
h
a
t
 
t
h
e
 
f
o
r
c
e
 
c
o
n
s
t
a
n
t
 
w
a
s
 
h
e
l
d
 
i
n
v
a
r
i
a
n
t
 
d
u
r
i
n
g
 
t
h
e
 
r
u
n
.
)
 



32. 

TABLE IX 

OBSERVED Al) CALCULATED FREQUENCIES FOR Alg SPECIES OF ETHYLENE 

Description of 
Vibration 

Observed 
Frequency 

Calculated 
Frequency 

Percent 
Error 

C—H stretch 3026.4 3085.2 1,97. 

C=C stretch (C2H4) 1622.0 1653.5 1.9% 

H H bend C 1342.2 1368.3 1.9% 

C—D stretch 2260.0 2211.3 —2.2% 

C=C stretch (02D4) 1518.0 1485.3 —2.2% 

D D bend C 985.0 963.8 —2.2% 

The uniformity of error in the deuterated and undeuterated 

species suggests that some type of systematic error may be 

involved. A possible explaination for this is the need for 

correcting the data for anharmonicity effects. 

In the B3u species there are two vibrations to be con—

sidered and thus three force constants are needed (i.e. two 

diagonal force constants and one interaction force constant). 

Table ( presents the force constants found for the B
3u 

species of ethylene together with a description of the 

vibrations being treated. 
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Cyvin and Cyvin (6) and Gallaway and Barker (12) re-

potted frequency assignments for the Big and B2u  species 

of ethylene. Since the assignments are somewhat different, 

both sets of reported frequencies were used and the force 

constants obtained are shown in Table XI. For each of 

these symmetry species there are only two fundamental 

vibrations and thus only three force constants are needed 

for each species. Since four observed frequencies are 

available for each species (two for the 02114  molecule and 

two for the C2D4 molecule) it was possible in each case 

to compute a set of force constants without using any 

constraints. 

In both the lgand B2u symmetry species the calcu-

lated frequencies are in closer agreement to the observed 

frequencies when Cyvin and Cyvin's data are used than when 

Gallaway and Barker's data are used. In. addition, the cal-

culated dispersions are lower for both the Blg species 

and the B2 species when Cyvin and Cyvin's observed fre-

quencies are used. This suggest that the frequency assign-

ments of Cyvin abd Cyvin may be the more reliable data.. 

This conslusion is in agreement with the results obtained 

from the Teller-Redlick Product Rule Calculations (30). 

The Product Rule is based on the assumption that the 

potential force field of a molecule is unaffected by iso-

topic substitution. Thus, if one takes a ratio of the 



Table XI 

Force Constants For Ethylene 
MVFF 

Observed Ref. 
Frequency 

Description Calculated 
of Frequency 

Vibration 

Force 
Constant Dispersion 

) 

Big Species 

3102.5 (6) CH str. 3102.7 5.124 0.017 
1236.0 (6) CH2 rock 1238.6 0.534 0.004 
2310.0 (6) CD str. 2309.6 
1011.0 (6) CD2 rock 1006.1 

str.-rock interaction 0.131 0.023 

3069.0 (12) CH str. 3069.2 4.897 0.024 
1055.0 (12) CH2 rock 1058.7 0.398 0.005 
2304.0 (12) CD str. 2303.6 
860.0 (12) CD2 rock 852.9 

str.-rock interaction -0.078 0.027 

B2u Species 

3105.5 (6) CH str. 3105.6 4.353 0.185 
810.3 (6) CH2 rock 813.1 0.964 0.169 
2345.0 (6) CD str. 2344.9 
584.0 (6) CD2 rock 576.1 

str.-rock interaction -1.507 0.185 

3105.5 (12) CH str. 3105.8 4.444 0.688 
995.0 (12) CH2 rock 1005.1 1.085 0.622 
2345.0 (12) CD str. 2344.2 
740.0 (12) CD2 rock 712.4 

str.-rock interaction -1.371 0.735 

35. 
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product of frecuencies for the substituted molecule to 

that for the normal molecule, the ratio should be indepen-

dent of the force field (i.e., the terms cancel out) and 

a function only of the molecular geometry. The G matrix 

is a convenient representation of the geometry and it has 

been shown that (BA) for a given symmetry species 

Det G' '2.7" 2/ 

Det G /4 ti 

where Det G represents the determinent of the factored G 

matrix for the symmetry species and the prime denotes the 

isotopic substituted molecule. The frequencies are assumed 

to be harmonic. 

The results of the calculations for the Blg and B2n 

symmetry species are shown in Table XII. It is seen that 

the data of Cyvin and Cyvin is in almost exact agreement 

with the calculated ratios for the Blg species and in 

better agreement for the B2u  species than the data of 

Gallaway and Barker. 

TABLE XII 

PRODUCT RULE - RATIO OF i-anucTs 07 FRE.W=IES 

Symmetry 
Species 

1 G'  
(G 1 

Cyvin and 
Cyvin 

Gallaway and 
Barker 

Blg 0.6091 0.6090 0.6120 

Btu 0.5350 0.5443 0.5616 
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It is also interesting to note that the vibrations in 

the Blg species are apparently harmonic ones whereas in 

the B2u species anharmonicity effects may be significant. 

(Small differences between calculated and observed ratios 

are usually observed and are attributed to the fact that 

the observed frequencies and harmonic frequencies are not 

the same, i.e., the vibrations are not strictly harmonic.) 

The normal coordinates for all symmetry species, based 

on the MVFF, were calculated using the frequency data of 

Cyvin and Cyvin. They are listed in Appendix III. 
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A.2 The  Urey Bradley Field 

Morino, Kuchitsu and Shimanouchi (22) presented a 

normal coordinate treatment of the CF2 = CF2 and CF2 CH2 

molecules. Their treatment was based on a potential func-

tion of the Urey Bradley (28) type, in which the stretching 

of bonds, the changes in bond angles and non-bonded inter-

actions are considered. A set of equations was presented 

which relate symmetry force constants of those molecules 

to the Urey Bradley force constants enabling one to cal-

culate the symmetry force constants directly from Urey 

Bradley force constants. 

Using the structure of ethylene presented in Figure I, 

it is possible to calculate the relationships between 

the symmetry force constants and the Urey Bradley Force 

'Constants (22). These equations have been presented in 

tabular form in Table XIII. The physical significance 

of the Urey Bradley constants is: 

K is the C-H stretching force constant CH , 

K00 is the C=C stretching force constant 

HH_c-H 
is the H-C-H angle bending force constant 

CCH is the C-C-H angle bending foroe constant 

F'CH and  FCH 
are CH non-bonded interaction constants 

F' and FHH are HH non-bonded interaction constants HE  

and Kappa is the intramolecular tension constant. The 

usual assumption is that F'cli = 0.1F and F'HH = 0.1FHH. 
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It should be noted that if F, H is  equal to 0.1 F CCH' 

then according to Table XIII the ratio of interaction 

force constants is given by 

12  = -2.40 

23 

this is significantly different from the ratio 0.79 found 

in the calculation of the valence force field directly 

as shown in Table VIII. 

The computer program allows one to use a Urey Bradley 

Field by including in the input data a transformation 

matrix obtained from the appropriate relationships between 

Urey Bradley force constants and symmetry force constants 

(Table XIII). The Urey Bradley constants can then be 

calculated directly using the program in the usual way. 

Six-  different attempts to obtain a set of force 

constants for ethylene using the Urey Bradley field all 

ended in ill conditioned solutions (negative Eigenvalues). 

A seventh attempt converged after ninteen iterations. 

In Table XIV the starting values for the nine Urey Bradley 

constants have been listed and those values which were 

held invariant during the run have been indicated. 
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TABLE XIV 

UREY BRADLEY FORCE CONSTANTS USED AS STARTING VALUES  
FOR ETHYLENE  

Force Constant Run 

1 2 3 4 5 6 7 

KCH 4.80 4.80 4.80 4.80 4.80 4.80 4.80 

K00 10.50 8.00 10.50 10.50 8.00 8.00 8.00 

HHCH 0.40 0.40 0.40 0.40 0.40 0.40 0.40 

HCCH 0.22 0.22 0.22 0.22 0.22 0.22 0.22 

FCH 0.70 0.40 0.70 0.70 0.40 0.40 0.40 

F'CH -0.07 0.20 -0.07 -0.1'
* 

-CH 0* 0.20 0* 

FHH 0.10 -0.10 0.10 0.10 0.20 0-x 0.20 

t  F EH -0.01 -0.10 -0.01 
* 

-0.12HH 0* 0* 0* 

Kappa 0.01 0.10 0* 0.01 0.01 0.10 0* 

* Held invariant during the run. 

The results of run seven have been tabulated in Table 

XV. The observed frequencies used were those reported by 

Cyvin and Cyvin (6) since the work with the VFF and the 

Teller-Redlich rroduct Rule suggested that these were the 

more reliable values. The average percent error in the 

calculated frequencies is 4.17%. The normal coordinates 

were calculated and are listed in Appendix III. 
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A.3 The Hybrid Orbital Force -eield 

Using an Hybrid Orbital ?ield (HOFF) model the in-

plane vibrations of ethylene were investigated. Accord-

ing to the HOFF for ethylene (11) the CH stretching force 

constant in the Blg symmetry species is equal to the cor-

responding force constant in the B211  symmetry species. 

Futhermore, the CH stretch-CH2 rock interaction force con-

stants in the Big and  B2u symmetry species are equal and 

these force constants are equal to 1.5 times the CH stretch-

UH2 bend interaction. force constants in the A- and B ig 3u 

symmetry species. 

In the first two runs the frecuencies taken from both 

Gallaway and Barker 02) and from Cyvin and Cyvin (6) were 

used and the CH stretch-C=C stretch interaction was con-

strained to zero. In a third run Cyvin and Cyvin's observed 

frequencies were used and allowed to vary. Tables XVI, 

XVII and XVIII summarize the results of the three runs. 

The normal coordinates, based on the HOFF, are listed in 

Appendix III. 

The data indicate that Cyvin and uyvin's frecuency 

assignments are more reliable than those of Gallaway and 

Barker since the average percent error in the calculated 

frequencies is lower using Cyvin and Cyvin's data. This 
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is in agreement with the results of the Mil-TT and Product 

Rule Calculations. When Cyvin and Cyvin's data were used 

and the CH stretch-CC stretch interaction constant was 

calculated, the value of 1.541 was obtained. However, 

the dispersion associated with that value was 1.338, 

nearly as high as the value itself. This suggests that 

the value might be zero and is certainly not well defined 

by the calculation. Comparing the runs using Cyvin and 

Cyvin's data. kTable XVII and. Table XVIII), it was found 

that the average percent error in the calculated frequen-

cies was 0.9% when the interaction between the CH stretch. 

and CC stretch was not constrained to zero and 1.0% when 

interaction was held at zero. The average dispersion of 

all force constants was 0.155 in the run in which the in-

teraction was constrained to zero Table XVII). Yet when 

the interaction force constant was allowed to vary Table 

XVIII) the average of the resulting dispersions of all 

the force constants was 0.251. With these results there 

does not .seem to be any way to choose between the results 

in Table XVII and Table XVIII. 
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B. The Isobutene Molecule  

Since this investigation is primarily concerned with 

the C=C bond and, the effects of (1) bonds adjacent to the 

double bond and (2) the masses connected to the double 

bond, the calculation for isobutene can be simplified by 

treating the two methyl groups as point groups. In this 

treatment isobutene belongs to the point group C2v. The 

in-plane vibrations of isobutene are factored into two 

symmetry species, i.e. the Al symmetry species (5 vibra-

tions) and the B2 symmetry species (4 vibrations). 

. The internal symmetry coordinates used for Tsobutene 

were the same as those by Kilpatrick and Pitzer 08) and 

are shown in Figure III. 



FIGURE III 
INTERNAL SYMMETRY COORDINATES OF ISOBUTEUE 

Symmetry Type Coordinate 

S1 = i (R.1 + R2) 

S2 = i (R3 + R4) 

. S = R5 

S4 - - a1  + a2 

S5 . a3 + a4 

B2 S7 = i (R3 - R4) 

S8 = i (al - a2) 
S9 = (a3 - a4) 

49. 
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B.1 The Valence Force  Field 

To consider all of the interaction force constants 

in addition to the five principle force constants of the 

Al species, a total of fifteen force constants would be 

needed. An additional 10 force constants are needed for 

the B2 species. Since data from only two isomers are 

available, it is clearly impossible to consider all inter-

action force constants. 

Since the B2 
species needs fewer force constants 

than the Al species it was thought that the best approach 

would be to solve the B2 species first then transfer those 

force constants to the Al species. The frequency assign-

ments used were taken from Pathak and Fletcher (24) 

since only these authors reported assignments for normal 

isobutene (C4
H8

) and deuterated isobutene (C4D8). 

Kilpatrick and Pitzer (18) reported observed fre-

quencies for normal isobutene, and a more recent paper 

by Nakamuar (23) gave the observed spectra, but no assign-

ments were made. Tentative assignments of the observed 

data were made based on the previous assignments and on 

assignments of related molecules. 

Pathak and Fletcher, however, have reported the 

assignment of both normal isobutene and the totally deu-

terated isobutene, C4D8. However, the assignment of the 
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C-C stretch and the CH2 wag vibrations in the B2 species 

are reversed from the assignments of the earlier workers. 

Data for isobutene D2 
and isobutene B

6 
would be useful 

in resolving the conflict; but they are not available. 

Since only Pathak and Fletcher's data are available for 

the deuterated species, it is necessary to use their 

assignments. 

The interaction force constant between the C-H stretch 

ing vibration and the CH2 rock was held invariant at zero 

since the data from the A1 species of ethylene suggested 

that there was little or no interaction. All other inter-

action force constants were assumed to be zero with the 

exception of the C-H stretch skeletal rock interaction 

and the C-C stretch-skeletal rock interaction. 

Table XIX shows the results found for the B2 species. 

The program did not converge on a single set of force con-

stants, but rather oscillated between two possible solu-

tions and was halted after 24 iterations. 

The two sets of force constants from the B2 species 

were averaged and the resulting set was used as starting 

values for the Al species of Isobutene. If it is assumed 

that the interaction force constant between vibrations 

which do not have a common atom is zero, and that the 

interaction force constant between the C-41 stretch and 
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the CH2 scissors is zero (because of the results of the 

Alg 
species of ethylene), there are five principle force 

constants and five interaction force constants to be 

solved for. Using the frequencies from both the normal 

and deuterated molecules, there are only ten observed 

frequencies. All attempts to obtain a set of force con—

stants for the Al 
species of isobutene failed because of 

ill conditioned solutions. The calculated normal coor—

dinates are given in Appendix III. 

The failure to obtain a ,. cpod set of force constants 

for the Al 
species is due to the lack of sufficient data 

to completely define the potential field. Data from other 

Isotopic Species are needed and/or a systematic method of 

constraining force constants is necessary to calculate 

force constants for the Al symmetry species. 
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• B.2 The Hybrid Orbital Field 

Several attempts were made using the HOFF to trans—

fer the force constants found for ethylene to isobutene. 

These attempts failed to produce a consistant set of force 

constants and suggest strongly that the force constants 

can not be transferred a priori. It would seem that the 

HOFF would be the most appropriate field to use because 

the physical significance of the field suggests relation—

ships between force constants and therefore reduces the 

number of unknowns (11). 
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CHAPTER V 

DISCUSSION OF RESULTS 

A. Force Constants in Relation to Bond Lengths  

An important feature of force constants is the re-

lation they bear to bond lengths. R.M. Badger (2) sug-

gested that for diatomic molecules the force constant 

increases as the equilibrium bond length becomes shorter, 

and proposed the empirical relationship: 

k = A / ( Re  - B )3 

where k is the force constant, Re is the equilibrium bond 

length and A and B are constants appropriate for the atoms 

forming the diatomic molecule. Badger also found that 

his equation was quite successful with C-H, C-0, C-S and 

S-0 linkages in triatomic molecules. 

Linnett (20) reviewed various empirical relations 

between bond lengths and force constants and reported that 

the most satisfactory relation (mainly because of its 

simplicity) was that proposed by C.H. Douglas Clark (8), 

i.e. 

where C is a constant. 

k R6 = C 

Both Badger's and Clark's equations imply that the 

C-H stretching force constant should be the same in each 

of the symmetry species of a given molecule since the 

equilibrium bond distance does not change. We have found 
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that with ethylene this is only a first order approxima-

tion. Table XX lists the C-H stretch force constants 

and the corresponding dispersions found for each of the 

in-plane species of ethylene using the VFP. The data show 

that differences in force constants as high as 28% occur. 

TABLE XX 

C-H Stretch Force Constants for Ethylene 

VFF ) 

Species Force Constant 

Alg 5.568 0.765 

Blg 5.124 0.017 

B2u 4.353 0.185 

B3u 4.723 0.224 

Average  4.942 

Using the data, from the Alg symmetry species of ethy-

lene and substituting the appropriate values into the 

Douglas Clark equation, one can calculate the constant C. 

Using this calculated value and the C-H equilibrium dis-

tance one may then calculate a force constant for the 

C-H stretch of isobutene. The value calculated is 6.07. 

If, however, the average value of the four force constants 

is used, one obtains 5.39. Although we do not have re-

liable data for the C-H stretch force constant of iso-

butene, the data we do have suggests that either 4.9 or 
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5.0 are appropriate values for the B2 species. This seems 

to suggest that there is considerable uncertainty about 

the validity of transferring force constants in this 

manner. 
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B. Structural Data and Force Constants  

The structural data shown in Figure 1 suggests that 

the H-C-H angle in ethylene is slightly smaller than the 

-H-C-H angle in isobutene. Since the isobutene H-C-H 

angle is closer to the tetrahedral angle as a first 

approximation one might expect less resistance to angle 

bending in the isobutene molecule and therefore a lower 

force constant. The data presented in Table XXI shows the 

H-C-H force constant found for each symmetry species of 

ethylene using the VFF. Clearly the value of about 0.6 

found for the B2 species of isobutene is very much lower 

than the Alg or B3u 
values for ethylene and slightly higher 

than thelg value. 

TABLE XXI 

H-C-H Rock Force Constant for Ethylene 
( VFF ) 

Species Force Constant (7-
2 

Alg 1.454 0.148 

B,g 0.534 0.004 

B2u 0.964 0.169 

-133u 1.339 0.161 
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It is interesting, although perhaps a coincidence, 

that when the C-11 stretch force constants and the CH2 

rock force constants for the two molecules are compared, 

the agreement is good if the Big species of ethylene is 

compared to the B2 species of isobutene. 
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C. Potential Energy Distribution 

From equation (27) it follows that 

Ai = Iji Fik 

or in matrix form 

= J F 

Since the potential energy is given by 

2 Q2i  

it can be shown (17) that the potential energy distribu-

tion (P.E.D.) is given by 

P.E.D. = J FA -1 

Thus the P.E.D. is a matrix which shows the contribution 

of each force constant to each of the observed frequencies. 

Tables xXII through XXIV give the potential energy dis-

tributions obtained for ethylene for each of the three 

force fields used. The observed frequencies shown in the 

tables were taken from Cyvin and Cyvin (6) since their 

data seemed to be more reliable than the previously re-

ported frequencies, as discussed earlier. The P.E.D. 

shown in Table XXIV for the Hybrid Orbital Force Field 

was taken from the calculation in which F(1,2) was allowed 

to vary. The P.E.D. obtained form the run was nearly the 

same as the one obtained from the run in which the F(1,2) 

constant was constrained to zero. 
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It is interesting that in all three force fields the 

C=C stretching vibration is not a pure vibration in the 

normal molecule, i.e. the F(2,2) force constant accounts 

for only a portion of the 1622 cm
-1 

frequency. In the 

deuterated ethylene, however, there is a change in the 

potential energy distribution and the F(2,2) force constant 

accounts for most of the 1518 cm
-1 

frequency. This sug-

gests that as the-moieties attached to the C=C bond be-

come heavier the C=C stretching vibration becomes less 

coupled to the HCH bending vibration. Unfortunately we. 

were not able to obtain the potential energy distribution 

for the A
l - sroecies of isobutene. 

The situation is reversed, however, when one con-

siders the C-H (C-D) stretching vibration. The F(1t1) 

force constant always accounts for more of the potential 

enerFy in the CH stretch than in the CD stretch vibration. 

The same is true for the F(4,4), F(6,6) and F(8,8) fre-

auencies. 

The data suggests, therefore, that when one goes 

from the C2H4 molecule to the C2D4 
molecule there is a 

significant decrease in the C=C stretch-HCH bend coupling 

and a slight increase in the C=C stretch-C-H stretch coup-

ling. Although the data from isobutene is not completely 

satisfactory because of the unresolved ambiguity in the 

two sets of results, the potential energy distribution 



65. 

does show decrease in the purity of the C-D stretching 

vibration. 

The Potential Energy Distributions for the B2 species 

of isobutene are shown in Table XXV. 
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D. Comparison of Force Fields for Ethylene 

It has been previously shown that, in principle, the 

most general harmonic valence force field (GVFF) is the 

best function to use as a description of the potential 

forces within a molecule because it considers all possible 

interactions, however in practice, there is usually in-

sufficient data to completely define the field and the 

frequencies are usually not harmonic. This was the case 

for ethylene. There are several approaches available to 

get the best possible force field for ethylene. A modi-

fied valence force field (VFF) was used where interaction 

force constants were constrained to a fixed value or zero 

a priori. This permitted the calculation of a set of 

force constants which were used to calculate vibrational 

frequencies with a reasonable accuracy. However, there 

is no physical basis to decide which interaction constants 

to constrain and which ones to vary. Thus the force con-

stants obtained from the MVFF could not be used as a 

basis for obtaining force constants for more complicated 

olefins. 

A second approach is to use a force field based on 

a physical model. The two models used in this study, as 

discussed previously, are the Urey-Bradley E'orce Field 

(UBFF) and the Hybrid Orbital Force Field (HOFF). 
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The results of this study indicate that the UBTPF is 

not a'useful model for ethylene. As seen in Table XV, 

the reproduction of the observed frequencies using UBFF 

is poorer than those outained using the MVFF. Futher, 

the dispersions for the repulsive force constants are 

larger than the force constants themselves. This rather 

limits the physical significance of the model. That is, 

it appears that non-bonded interactions make no signifi-

cant contribution to the molecular force field of ethy-

lene. Further evidence for this conclusion is shown in 

the tabulation of Potential Energy Distributions for the 

application of the UBFF to ethylene (Table XXIII). It is 

seen that the H H repulsive force constant makes negli-

gible or no contribution to the vibrational modes and the 

C... H repulsive force constant makes, at most, a minor 

contribution to the C=C stretching and CH2 rocking modes. 

.The Hybrid Orbital Force Field reproduces the ob-

served data as well as the MVFF and has the further ad-

vantage, that there is a physical basis for constraining 

some of the force constants. It would thus appear to be 

an appropriate field to transfer some corresponding force 

constants to more complex olefins. However, the results 

of the work on isobutene apparently indicate that the 

HOFF is not, in its present form, a suitable model for 

transferring force constants in olefin-type molecules. 
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E. Future Work Ueeded 

The frequency assignments by Pathak and Fletcher 

(24) for isobutene contradict the earlier assignments 

of Kilpatrick and Pitzer (1$), as discussed earlier, and 

this difference must be completely resolved before one can 

have confidence in the normal coordinate analysis of iso-

butene. To clarify the situation the 0112=C-(CD3)2 and 

CD2=C-(CH3)2 molecules would be helpful. With the spectra 

of these isotopes it would be possible to clearly distin-

guish which assignments were correct. 

Although the data obtained thus far suggests that 

it is not liketly that one can transfer force constants 

directly from one olefin to another, to completely ex-

plore this question it is necessary to complete the nor-

mal coordinate analysis of other olefins, such as 2,3-

dimethyl-2-butene, cis-2-butene, and trans-2-butene. 
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Programs WORK4 and WORK3 
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Program WORK4 Operating Instructions 

This program generates the g matrix for an ethylene 

type molecule, using the structure of the molecule as input 

data. 

Input Data  
0 

Line 1 of the input data contains the bond distances (A) 

a,b,c,d,e as shown in Figure A. Distances are separated 

by commas (Free format). 

Line 2 contains the bond angles (degrees) A,B,C,D,E,F as 

shown in Figure A. Angles are separated by commas (Free format). 

Line 3 contains the atomic weights of the moieties R1,R2, 

R3,R4 as shown in Figure A. Weights are separated by commas 

(Free format). 

Line 4 contains the atomic weight of carbon (Free format). 

Figure A 
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Output  

The resulting 12 by 12 matrix is written with 6 data 

points to a line - i.e. the matrix elements 1,1 through 1,6 

are written on the first line. Elements 1,7 through 1,12 

are on the second line. Line 3 contains elements 2,1 

through 2,6, and elements 2,7 through 2,12 are on the next 

line, etc. 



--Program:* —WORK4- • 

13TMENSIGN R1- (5). 81 (6 
1 .READ(1,999 )(R1(II)•,II=1,5) 

—999--------;FORMAT (6F) 
READ (1,999 )(131( I I) "I1=3.• 6) 

 READ(1•999)(411.(I1),I1=1-; 4) - 
:A=1.0 /R1(1) 
:131 0/ R1 (2 
C=1. 0/R1 ) 
D=1.-0/R114 V-  • 
-E=1.0 /RI( 5) 

'FG=COSD(131 (2 )) 
7F11:COSD(B1 13 ) 
IFI:COSD(131 (4 )) 

• • T•j•:C0S0(131151).  
FIC:COS(10(B1 (6)) 
.FL=S IND181111 ) 

. IND (131 (2 )) 
------:F111=SIND(B1 (3)) 

FO=SIND(131 (4 )) 
-7FP=S IND CBI (5 ) 

FQ:S.  IND (B1 (6 ) ) 
'READ (1,999 )FR 
-iF11=1. /FR 

0 /H1(I) • 
FT:1.0/111(2) 
Ft1=1.0/1-11 (3) 
F‘17-. 1.0 /H1( 4) 

(FJ—(FF*FG) )/ (F L*F11) 
• 'FX=(FG—(FF-11J))/(FL*FP) 

.FY=(FF—(FG*Fj)) /( F m*FP ) 
F.Z=(FK--(Fl*FH))/(F0.*FIT) 
GO (1-.1 ) :FR -4.  FS 
GO (1,2 )=FR * FJ 

. • 60(13)0.0 • 
• G0(1,4)=0.0 

•60(1 5 )=FR*FF 
G0(1,6 )=—E,FRo*FL 

(1 )='—'1113*FP*IfFF-•;IFJ*FG) )11FP*FM) 1)+— 
• 1 (E4FL,*( (FJ—(FF*FG) ) / (FL4FM ))) )4FR 

'GO (1;13)=—E4FR*FN 
G0(.1.9)=E,FR*F0 
-G0(1,10)=-13vFR*FP' 
60(1,11)=0.0 
-CO (I :12 ) .•0- 
GO(2,2 )=FR+FT 

3)=0;0' 
GO(2.4) =0.0 • 
-GO (2,5')=FR *FG 
60(2,6 )=—(tA*F1). I(F0--(FJ4FF) )/(FP*.FL)))+ 

FG4FF "— 
G0(2•7)=—E*FR*FM 

8).--T4iFR*FN- 
60 (2,9 ) = —E*FR*F . 

G0(2.1.1)=0.0 
CO(2,12 )=0;0 
GO( 3,3)=FU+F R 

(3,41.:••FR*F 
GO (3,5 ):FR*FH — _______ 
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-G01177 f=t*F R *FM.  --- 
60(3.8 )=-E4FR*FN 

—60(3, 9 )=-:(CE,cF1114 (CFK-"1 FR cF171/(FN4(F0)))+ 
1(0 cFQ*((FH-(FK*FI) )/ (FQIFF0 ))))*FR 

•.G0(3,"10).-0.-0 - 
60(3 .1.1)=-D*FR'FFQ 

• —(;0(312)=0.0- 
G0( 4, 4 )=FR+F1/ 
GO ̀t 4 ..5)=FR*F-1 
GO(4,6)=E,FR'FFL 

= *FRiftl 
GO(4 18 )= -“E 40,  FK-( FififF11) )/(FO*FN)))+ 

- (riFQ4 (1F-.U• FK iFil ) )1( FQinfT) YfF.R.  
0O(4,9)=-EFF•RAFF0 

60(4.11)=-CIFFRisFQ 
-----G0(4";12)=0.0 

CO (5 .5 )=FR+FR 

60 (5 t7•)=-B*FR*FM 
VOI5•11)=-C*FR*FN 
60(5 ,9)=-DIFFR+FO 

(FG-fEifFj )-fF L*FP + 
1(t3 *FM*((FF-FG+EJ)/FM4FP) )) rFR 

-----66(5,11)=. "C(C,FN+C(FI-Fif*FK)/FN+FQ1)+ 
CD *FU* (FH-F IcFK)/F 0*FQ )) *FR 

GO(5 0.2)=0.0 .  
GO (6 .6)=CE4E-sitFR 3+ ( AcA.FS14 (E,E+A4A-2.0,A4EcTF /*FR') 
GO(6, )=CE,E 'F(FW )*FR+I((E=(A,FF)-- (B+FG1 )*E*F14)-- 

1+ ( (F-L*Ftic (1. 0- (FW+FW)) FJ*FW ))*A *13 )*FR 
G0(6.8)=Ev(C(ECC+-Fli))+ER)+C(E-"(AffF)). *FR))-
G0(6.9)=-E+C((E-(C,F1) ) ,fR)+(tE-(A*FF) )*FR)) 
00(f;:.1.. CA*-1k*F X *FS t CA:-.(134F,1 )-7( Eff F *VD 

1+((FP,FL,(1.0-(FX4FX )))+(FG4FX))+13*ElfFR 
(b.11.4=it (FtiiFK );40 ) it)+MF04F K )-FN)*C1) 

1.(EcFR/FQ) 
- 0(6 .,I21=0.0 
• GO(7 7).:(E*E*FR)*(8,B,FT )+( (E4tE )+ (13*B )- (-2 .0.E,SIFF0) ).*FR 
• GO(T,.8)=-E+T( (E-.(C4FH) I•ffR)+C(EIB*FG)) FFR))  
CO(70)-7-1.(( (E-tDcF1))*FR)+UE-(BrFG)) ,FR)) 

- ----00(7;10 (134B4FY FT Cre-'E*F.r;-A*TZT-0BsiFY+ 
1(FM*FP*(1.0-(FY+FY))+ FF*FY)4E*A1cFR 

 60(7,11.1=UFN,FX-F0T+C+(FC*FK-fN)vDrytE4:FR/F0) 
• GO(7 a 2)=0.0 

• GO(8:8) C C FU 1+ t -E*E If-FR1aFTTC4C+Eft---2 ;0 VetE *VT 1.  4F RfT--- 
GO ( 8 .9 )=(EvE siF ZcFR )+( E- C FH-D'FF I ) 1FF Z+ 
N*Fil'it I. 0- (F Z*F2 ) r+FK "F.Z ) 'Ft* 0) 4,FR 
00(8.10)=“FlifFJ-FM)4A + (FM*FJ-FL )4tB )vt.E*FR/FP) 

 Ft1=1 F 11-q F-1 iFF 10 (F Oiff ) 
GOO 1,1.1)=(DvD+FW wFS)+( (D-E 4iF I- C,F Fit) cD+FW+ 

-7-1.1FIFFQ*0.0-7 1Ft4vFW)") +FR4F14TvEvt)4FR• . -- 
60(8.12)=0.0 

- ---60(9,9)=D4D•FV—+ —E*E*FR + 7tC,C+E*E -2:0,0IFE*Fill*FR-----
'6C(9,10)=-A(FL*FJ-FM)§,A + (FMvFJ-FL ) ,B)*(EiFFR/FP) 
.fl="( FF1-(FK,FT))/(F QcF0.) • . 
GO(9 ,Il)ztniFD,FX*F S)+( (D-CvFK-E'FFI )*DwFX+ 

. IlF0wF0*( 1.:0-(FXFFX1)-+FI-cFX1*CAE7AtFR• • - 
60(9.12)=0.0 

 -G0(10.1.0 )=(A4  Ac FS )+113*B A*A+13*13Z.0 v. A*13•11J)t FR-- 
CO(10.11)=0.0 
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 tOTIYatrE1D4DiFilY4:TCitiT UT-4: (ViD4:CiC=2:0i0ir-if K)i-f1C- 

G0(11.12)=0. 0 
GO(12,12 ) (A/FL ) v*2 )*FS+1(E/FN )++21+FV+ 

• 1 ( ( A/FL )-( (FH/FN + FF /FL ) cF E) )*FR+ 
.1. 11(C/FN)".(AFF/Fl-  + FH/FN)*F E) )4FR.  - - ""  

00 10 JJJ=1,12 
-D0.10 411.1,1J,12 

10 G0( I I I JJJ )=GO(JJJ gl I I ) 
--  00.2 0 111=14,-12 

iWR1TE (2e998 )(601111,JJJ) ,JJJ=1,6) 
711111TE ( 2-098 )UGOUI 110J A 4JJ1=7,12) 

998 FORMAT (6 (F9...5 ) ) 
-20-------7CONT [NUE' 

*END 



WORK4 Sample Problem 

The Ethylene Molecule (C2H4) 

00o2 0 121.4, 12 1.4 , 12 1.4, 121.4, 11 7.2, 11 7.2   Input 
Ia./.1.1_._0.0_79.2.1.1_,_00.11L- 

, 00040 12.01115 
• ..000.0..0,..-=-0..-0433.8., . -O.. 05.316 • 

0.12029, -0 .05. 316, 0.05316, -0.06713, 0.00000, 0.00 OCO, 

• -0.05..i16, 0. 05 316, -0.05316, -0.06713. 0.00000, 0.00 OCO. 
0,..00_000.1_. Q. 00 000, 1. 07 53 5, -0.0380 604338, 310, 
O. 05316, -0. 05 310, 0.12 029* 0. 0000 0, -0.06713. 0.00000, 

316 0 
- 0.05316, 0. 12 029, -0. 05 316, 0. 0000 0, -0.06713. 0.00000, U 
79, -0.04338. -0.04338, 0. 16651,__:10 7 06 _ T 
-0.06443, -0. 06 443. -0. 0644 3, 0. 1019 3. 0.10193, 0.00000, P 

,__ 29., _210 ,0 5  
-0.12012, 0.15200, -0.15200. -0.91517, -0.15790. 0.00000, t 

- ..R5 3 . -  o tat  -.0_.
-- -

03.2 _ 
1.035B9, -0.15200, 0.15200, -0.9151!, -0.15790, 0.00 000, 

• -0.05316. 0.05318, -0.05316, 0.12029. -0.06443, 0.15200, 
-0. 15200, 1.03 589, -0. 12012, -0.1579 0, -0.91517, 0.00000, 
0.05316, -0.05316, 0.12029, -0.0316, -0.06443, -0.15200, 
0.15200, -0.12072, 1.03589, -0.15790, -0.91517, 0.00 OCO, 

-0,_06713,-0.06713, 0. 00000, 0. 0000 0, 0. 1019 3, -0.91517, 
- 0.91517, -0. 15 790, -0.15 19 0, 1.83036, 0.00000, 0.00 OCO, 

0....00000, 0. 00 000, -0.06713. - 0. 0671 3, 0.10193. -0. 15 790, 
-6.15(46. -0. 91 517, 7-0.91517, 0. 0000 0, 1.83034, 0.00000, 

0. 0000 0, 0. 00 000, 0.00 00 0, 0. 0000 0, 0.00000, 0.00000, 
0.00000, 0.00000, 0.00000, 0.00000. 2.4154 
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Program WORK3 Operating Instructions 

This Program uses as starting data the U and g matrices 

and produces the G matrix needed for the normal coordinate 

analysis. The algorithm used for the calculation is 

G = U g U' 

where U' is U transpose. Subroutines ARRAY, GMPRD and 

GMTRA used in this program are taken from the IBM Scientific 

Subroutine package. 

Input Data  

Line 1 contains the format to be used for inputing the U 

matrix. 

Line 2 contains the format to be used for inputing the g matrix 

(always 6F if the g matrix was generated by program WORK4). 

Line 3 contains the format to be used for outputing the G 

matrix. 

Line 4 contains the dimensions of the U matrix (row,column) 

in free format. 

Line 5 and following contain the elements of the U matrix, 

begining with element 1,1 through 1,n then 2,1 through 2,n etc. 

The format must be in agreement with Line 1. As many lines as 
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are needed can be used for the U matrix (2 lines were used in 

the example shown). 

After the U matrix, the dimensions of the g matrix follow 

in free format (row, column). 

The g matrix follows in the format specified in Line 2. 

Output 

The resulting G matrix is written in the format specified 

in Line 3 begining with element 1,1 through element 1,n 

then element 2,1 through element 2,n, etc. 
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Program:  WORK3 

DIMENSION U(10,20),UA(200),G(20,20),GA(400), 
IUTR(200),G1(200),G2(20,20),G2A(400),FMT1(14),FMT2(14), 
IFMT3(14) 

C FORMAT FOR THE "U" MATRIX INPUT 
READ(1,900)(FMT1(I),I=1,14) 

C FORMAT FOR THE "G" MATRIX INPUT 
READ(1,900)(FMT2(I),I=1,14) 

C FORMAT FOR THE "G" MATRIX OUTPUT 
READ(1,900)(FMT3(I),I=1,14) 

900 FORMAT(14A5) 
C DIMENSIONS OF "U" MATRIX (ROWS,COLUMNS) 

READ(1,999)NU1,NU2 
999 FORMAT(2I) 

DO 3I=1,NU1,1 
3 READ(I,FMT1)(U(I,J),J=1,NU2,1) 

CALL ARRAY(2,NU1,NU2,10,20,UA,U) 
C DIMENSION OF "G" MATRIS(ROW,COL.) AND # OF DATA /LINE 

READ(1,998)NG1,NG2 
998 FORMAT(2I) 

IF(1402 - 6)10,10,11 
11 IF(NG2-12) 12,12,13 
13 IF(NO2-18) 14,14,15 
10 DO 4 I = !,NGI 
4 READ(1,FMT2)(G(I,J),J=1,NG2) 

GO TO 16 
12 DC 80 I=I I NGI 

READ(1,FMT2)(G(I,J),J=1,6) 
SO PEAD(1,FMT2)(G(I,J),J=7,NG2) 

GO TO 16 
14 DO 81 I=1,NGI 

READ(I,FMT2)(G(I,J),J=1,6) 
READ(1,FMT2)(0(I,J),J=7,12) 

Si READ(1,FMT2)(G(I,J),J=13,NG2) 
GO TO 16 

15 DO 82 I=1,NG1 
READ(1,FMT2)(G(I,J),J=1,6) 
READ(1,FMT2)(G(I,J),J=7,12) 
READ(1,FMT2)(0(I,L1),J=13,18) 

82 READ(1,FMT2)(G(I,J),J=19,NG2) 
16 CALL ARRAY(2,NG1,NG2,20,20,GA,G) 

CALL GMTRA(HA,UTR,NUI,NU2) 
CALL GMPFD(GA,UTR,G1,NG1,NG2,NUI) 
CALL GMPRD(UA,G1,G2A,NUI,NU2,NUI) 
CALL ARRAY(1,NU1,NUI,20,20,G2A,G2) 
DO 5 I=1,NU1,1 

5 WRITE(2,FMT3)(G2(I,J),J=1,NU1,1) 
END 



WORK3 Sample Problem 

The Ethylene Molecule (C2H4) - B3
u  Symmetry 

80. 

(12F) 
(6F) 

,12(TE.4,Z)()) -- 
2.12 
.5,.5,-.5,-.5,010,0.0,0.0.0.0  
0,0,0,0.0,.5515,.5515,-.5515,-.5515,0,0,0 

iN 12,12 
P 1.07535, -0.03806, 0.00000. 0.00000, -0.04338, -0.05316, 
U 0.12029, -0.05316, 0.05316, -0.06713, 0.00000, 0.00000. 
T -0.03806, 1.07535, 0.00000, 0.00000, -0.04338, 0.12029. 

• 0.00000, 0.00000, 1.07535, -0.03866, -0.04338. -0.05316. 
0,0531 6.t -0.05316, 0.12029. 0.00000, -0.06713. 0.00000, 
0.00000, 0.00000, -0.03806, 1.07535, -0.04338. 0.05316, 

0.12029. -_0_..05316, 0,00000'. -0.06713. 0.00000, 
-0.04338, -0.04338. -0.04338, -0.04338, 0.16651, -0.06443, 

0.10193, 0.1019 3, 0.00000, 
-0.05316. 0.12029, -0.05316, 0.05316, -0.06443, 1.03589, 
-0.12072, 0.15200. -0.15200. -0.91517, -0.15790. 0.00000, 
0.12029, -0.05316. 0.05316, -0.05316. -0.06443, -0.12072, 

__1..0358 9, 20.15200,_ 0.15200, 2.0.91517,_2:0...).5790,____0, 00000, 
-0.05 31 6. 0.05316, -0.05316, 0.12029, -0.06443, 0.15200, 

,153 0_0.151J 0,09.09.9...t 
. 0.05316, -0.05316, 0.12029, -0.0510, -0.06443, -0.15200, 

Q.1.52001  -0.12072. 1.03589, -0.15790, -0.91517, 0.00000. 
- -0.06713. -0.06713, 0.00000, 0.00000, 0.10193, -0.91511, 
- 7.(1,9_151.7. .70,157_9-(4A. 0_100000s 

0.00000, 0.00000, -0.06713. -0.06713, 0.10193, -0.15790, 
7 . I 5 9 0 . -0.91517, -0.91517 0.00000. 1.8.303.4, o.woo, 

• 0.00000, o.000co, 0.D0J00, 0.00000, 0.00000. 0.00000, 
0.00000. ...0.00000, 0.00000, 0.00000, 0.00000, 2.41544. 

1.0313 0.0 740 

1,1 _ • _  
U - 
T _ 
P • 

U 
• 
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Program CHEM2 

81. 
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Program CHEM2 Operating Instructions 

This program adjusts an initial set of force constants, 

until a least squares fit or the observed fundamental 

frequencies of a molecule is obtained. From one to three 

isotopic versions of a given molecule may be run simultaneously. 

INTUT DATA  

1. The first 4 lines contain alphanumeric information. about 

the molecule to be used as a heading, punched - in cols 

1 to 78. 

2. The 5th line contains the fixed point numbers defined 

below in the order given in successive 2 column fields 

beginning in col. 1. All fixed Taint numbers must be 

right justified. 

IN Number of symmetry coordinates. Co1.1-2 
IZ Number of internal coordinates. Col. 3-4 
IR Number of cartesian coordinates. Uol. 5-6 
IM Number of principle force constants. Col. 7-8 
IH Number of independent variable interaction force 

constants. Uol. 9-10 
NISP /lumber of isotopic rolecules. Col. 11-12 
iI The maximum number of iterations to be allowed 

- is equal to 8*(N1 - 1). Col. 13-14 
- ISO F If it is desired that the force constant correct-

ions calculated at the end of each iteration be 
scaled down by some factor, a non-zero value 
is entered. The corrections will ten each be 
scaled by a factor of 1/1S0? before being applied 
to the existing set of force constants. Col. 15-16 

IFITC• Number of force constants to be invariant in the 
iteration. Col. 17-18 

1W Zero if the weighting factors in the variance are 
to be unity, otherwise non-zero. Col. 19-20 

1SYM If the C matrices are to be entered in unsymme-
trized form, a 'non-zero value is ei-itered and tte 
program will symmetrize them and print them out 
in symmetrized form.' Otherwise a zero value 
is entered. Col. 23-24 
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ID 17,G Number of coordinates in the degenerate srecies 
(the first set only) if coriolis constants are 
to be fitted. Otherwise zero. Col. 25-26 

LW Defines the method of weighting. Col. 27-28 
LW = 0 ; W(I) are all unity 
LW = 1 ; W(I) = 1/LambdaLI) 
LW = 2 ;. w(I) = 1/Lambda(I)**2 
LW = 3 ; W(I) = 1/delta Lambda(i)**2 

The delta lambdas are defined by the elements of 
W(I). ,The uncertainties in Nils (wave numbers) 
and zetas are entered directly. Note that if 
LW = 3, Iff cannot be zero. 

3. The sixth line contains the number of symmetry species 

in the first up to the XISF-th isotopic derivative in 

successive two column fixed—soint fields, beginning in 

Col. 1. 

4. The seventh line contains the dimensions of the symmetry 

species of the first isotopic derivative in the order 

in which the symmetry blocks appear going down the 

principle diagonal of the G matrix. These numbers ere 

in successive two column fixed point fields, beginning 

. in Col. 1. 

5. If there are more isotoTAc derivatives, lines similar 

to the previous card are included for each, in proper 

order. 

6. The C matrix in index form, i.e. the value of a non-

zero element of C appears in the first twelve columns 

in free format and is followed by the I and J indices 

of all elements of C with that value in successive 

free fields. There will be as many lines as there 

are different nonzero values of matrix elements. 

Zero elements need not be'entered. The number of G 
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matrices will be equal to IM+Ill+IF7C, and a blank 

card must follow each. Elements of the C matrices 

below the principal diagonal need not be entered 

explicitly. The C matrices are used to construct 

the interaction terms of the F matrix. A given C 

matrix contains the coefficients in the F matrix of 

the corresponding interaction constant. Th the case 

of fixed force constants, if there are more than one 

of them, it is more efficient to put the values' of 

the constant in a single C matrix and enter unity as 

the corresponding constant in the column of initial 

constants. Fixed principal as well as fixed inter-

action constants must always be entered via the C 

matrix. 

7. The G matrix by indices for each isotopic species. 

Each G matrix is terminated by a blank card. 

8. Observed frequencies in sucessive free fields begin-

hing with column 1. Up to six frequencies may appear 

On a card, and they must be arranged in descending 

magnitude within each symmetry species. The symmetry 

species must be in the same order as in the F and G 

matricies. If an isotopic derivative is being used, 

all,the frequencies for it follow the complete set 

for the normal molecule using the same rule for order-

ing. 

9. If 1W is non-zero lines for the altered weighting 

factors come next. Each of these lines contains an 
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altered weighting factor in floating point in columns 

1-12, followed by two-column fixed point numbers I., 

J, K, etc. Beginning in column 13 and corresponding 

to the number of the frequencies in the column of 

observed frequencies to be given that weighting fac-

tor. A blank card follows the last card. If IW is 

zero, no data are entered here and no blank card. 

10. The column of initial force constants follows. Each 

constant is punched on a separate line in free format 

followed by a comma. The 20 columns following the 

comma may contain alphanumeric information to label 

each constant. The order of the intial force con-

stant must agree with the order of the C matrices. 

11. A line with a non-zero fixed point number punched 

in columns 1-2 if this is the last set of data. 

If there are additional data sets to be run, a blank 

line is included here. 
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OUTPUT  

All the input data is printed out except item 11. In 

item 2, the numbers printed have labels which omit the let- 

ter I which is the first letter in each variable name. The 

C matrices printed are the symmetrized ones whether or not 

the input C matrices were symmetrized. G matrix or matrices 

together with the determinant of each block for use with 

the product rule. Initially and after each iteration the 

F matrix, calculated frequencies with their observed values, 

errors and percent errors, the average percent error over 

all frequencies, the force constants used, the frequency 

Jacobian, and a singularity criterion for the product matrix, 

(J-transpose) (W) (J), are printed. This criterion is the 

ratio of the determinant of the matrix to the product of its 

diagonal elements. The nearer the criterion is to unity, 

the farther the matrix is from being singular provided it 

has no diagonal elements nearly zero. After each set of 

eight iterations, summaries of the force constants, calcu-

lated frequencies with their observed values and errors, 

the average percent error, and the variance is printed. 

When convergence occurs or when the maximum number of iter-

ations has been reached, summaries as above for the last 

group of iterations are printed, followed by the L matrices, 

the P.E. distribution, the final calculated frequencies with 

their observed values, errors, percent errors, and disper-

sions, the final force constants with their dispersions, 

the variance and average percent error over all frequencies, 

and the correlation matrix for force constants. 
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STOPS  

During execution of a given set of data, the program 

will stop and automatically proceed to the next set of data 

if one of the following situations is encountered. 

1. None of the calculated frequencies or coriolis 

constants differ from their values in the preT 

ceding iteration by more than 0.01 percent. 

2. The maximum number of iterations specified is 

reached. 

3. A negative eigenvalue is calculated. 

4. The average percent error exceeds fifty percent. 

5. The singularity criterion is less than 0.001. 

In cases 1 and 2 the final results areirinted. In cases 3, 

4, and 5, only the calculations for those iterations suc-

cessfully completed are printed. In case 3, the negative 

eigenvalue is made positive and a message is printed giving 

its number. In case 5. the message - no inverse for this 

case- is printed. 



88. Program: CHEM2 

00300 DIMENSION IDENT(13,4),VOBS(18),Wt18 /COI, 12,83 • • 
00310 ....•._. .___--.i0(12.12.  )-,DK(14).TEMP C/8.'143,6(12,12,3 3,1INC183si3(1(18)• 
00320 2E1.412,12, 3),F(12,12),V(18),VYR(18,8), XXX118,834X(18)', 
00330 - .3TKR(14, 8),AJ(18,14),DELK(14),SUMT(2, AJW,/(14,14)* • 
00340 4INEG(18),ELIN(12,12, 3),SIGK(14),S1GV (18), 
0015 6KIDENT(3 3, 3) ,NFACt 
00360 DIMENSION FLMOBSI 18 Y,FLMC(18) 

—00370- COMMON D,EL,ELIN,AJ14.1,C.A.IiG 
00380 COMMON /81/ IN* 'LIR, Iti• NISP.N I, ISCF, IFFC•111, ISYM, IDtG.N2•1.:14 

— 00400- —131Pal•NUME3,1TER, NEG, MPIIT,IHT, VAR/132 / 1/08S, X,V /83/1/YR,TKR, 
0041 0 284/TEMP/BS /41/8 6/XI *I NEG/87 /F •11,13K/B8 /IDENT •KIDENT,W, ID ,i1H-AC/119/ 

— .0042 0 3C2,2M/810/SIGK,SIGV/1311/FLMOBS,FLMC 
00430 C 

7-0044 0 -  1 3A5) - 
00450 C 

------ 00460 ....... 0 READ 'IDENTIFICATION 
00470 C 
00480' 1002" READ(1,1)( I !DENT I=1,13),J=1* -4) 
00490 C 

— 0050 0 CALL L itna 
00510 CALL L INK2 

00520 CALL L INKS 
00530 C 

--- 0054 Cr C IS THIS THE LAST SET OF DATA 
0055 0 C 

READ I 1,23NrID 
00570 2 FORMAT ( 2412 ) 
00580 IF. (NND) 1001,1002,1001 
0059 0 1001 CONTINUE 

—0060 0 
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0010 0 SUBROUTINE' L INKI 
00110 C READ IN DATA 

—0012 0- -C 
001.30 DIMENSION IDENT(1.3e 4),VOBS(18),W(18 )*C(.12,126.8). • 
0O.140 10( 12"12)-"DK(14) "TEMP (18•14),LI12,121; 3 )01N(.18)4XI ( 18)•, 
0015 0 2EL(3.2,12,3)*F(.12,12),V(13),VYR(18,3)•XXX(18,3),X(18), 

-7-0016 0 -----"--3TKR (14'.  8) 0AJ(18"1 4) ','DELX(14)",SUMT (2 ;1'8 ) AJI4j(144$14) • - 
00110 4 INEG(18) sELIN( 12.12, 3), SIGK(14),SI GV (Me • 
001 WO  61(10EN-1- 133s 3) •NFACt3) ID (8,3 
0019 0 DI MENS FLMOBS( 18 ). •FLI1Ctle) 
0020 0. COMMON D "Elsa: IN•AJWJe Cs A..3"0 
002:10 'COMMON /01/ IN, IL,IR. 1M, 1141, NISP,N I, ISCF* IFF-C • Ilda1 8,1SYM, I DkG,N2gLW 
00230' IMPHAUMB" ITER 01EG, MP HT,I HT"VAR /132/ VOBS Xili./B3/11YR;TKR• •XXX,SUMT/ -.- 
0024 0 284/TEMP/B5/6/B6/X.1,INEO/B71f ,H2OK/B8 / 'DENT!, KID:EliT,W•ID.,NFAC/139/ 

—0025 CI".2M/B10/SIGK,SIGV/B11tFL.MOBS,FLMC 
00260 C 

---'-0027 0 READ-  MATR I X-  DIMENSIONS.  Ana CHECK WORDS -- - - 

00280 C 
--OOP? 0 --"'READ(.1"2)JN, IL....R.1?I.114..NISPVNI, I SCF 1FF 

0030 0 118,1SYM, IDEG"LWilSENT 
• )( NF AC( I ) -;1.=:1:;NI SP ) 

0032 0 DO 25 1.7.1, NISP 
00 3.3 0 K.= NFAC ( I ) 
00 34 0 READ(142)(1D(J,1 ),J=.1"K) 

— 00350. 25 'CONTINUE 
0036 0 2 FORMAT (2412) 
00370 1F.CNI)4,3 "4 
0038 0 3 NI 1=1 

—0039 0" TO 420 
0040 0 4 .N.I I=N.I 

- --0041 0 ----420 .CONTINUE...............  
00420 • IF. ( ISYM) 1040104,105 

- 0043 0------1.05.--ND=11:- 
0044 0 GO • TO 106 

- T00450' 104-NO=iN 
0046 0 .106 :ifi1=1H+.IFFC 

---0047 0 IF. (IHT)" 430r, 801"800.  
00480 800 DO 112 I=1,111T 

—0049 C 
0050 0 C READ C MATRICES 

- 00510 C.-- 
00520 C 
0053 0 t A.  Lir READFL (TEHP,10,1,1D, 0) 
0054 0 IF• ( IS YM ) 109, 109, 110 

- 0055-0.---T/O-DO -103- 
0056 0 00 103 K=1• IL 

• 0." 
00580 DO 108 1:1,11 

--0059 IN(J•K,2 ) 2 /E.1-71N tja.-a ) ,TEMP{L'' ) 
0060 0 DO 111 J=1 'IN 

—0061 .*-.--- 

00620 TEMP(J,K)= 0" 
—0063 L=1• IL 

00640 111 TEMP(J.K).=TEMP(J.,K)+EUfJ,L,flcEL[N(K,L,1 )  

0065 0- 109 - MI 112 J=1, IN 
0066 0 DO 112 *K=1" IN 

)=TEMPCJiK)." 
0071 0 801 CONTINUE.  
00750--' DO.  152 L=1, NISP  
0076 0 C . 

• 00710 C • • READ G MATRICES 



-0078 0 C.  • 
00190 .ND= I N 

--0080 RE ADFL-ITEMP 
0083. 0 DO 152 1=1, ND 

-0082 0- -152 "J=1•ND 
00830 .152 G(.1...1,1_)=TEMPt 
-0084. 0 - (ISCF) 828131,82 

00850 81 FN ISP=NI SP 
00845 0 SCF=1;./FNISP" 
00 87 0 G0TO83 

- 0088 0 ------82 -"XY 2=N ISP viSCF 
0089 -0 SCF=1 X YZ 

- 00900 • 83F1N2SCF 
0091 0 112=NISP* (1N.ID.EG ) 

009.30 C READ OBSERVED FREQUENCIES .AND ZETA CONSTANTS 
--0094 0- -C.  

0095 0 READI11,118/( VOBS( I ).1= 1.N2) 
- 00960 . N- 3=1V.ISP4 IN. 

0097 0 D09011=1,N3 
-0098 0"-----90I-""fl MOBS"( I )=(VOBS( I) /1303. 0) vv2 

• 0099 0 IF (IDEG )915015,916 
KA P=N3+L 

0101 0 009121= KAP, N2 
- --01020 912 FLMOBS ( I )=VOBS ( ) 

0.1 03 0 118 FORMAT(6F) 
- -01. 04 915 DO &Fit ;NZ 

01050 8 14(J)=.14 
0106 0 IF(D4)37,913•87 
0.107 0 8? CALL READDM( VN,N2.) 

_ . __ 01080 - DO89 I=.10112 
0.1090 IF (VIN1( I ))88•89,88 

--- 0.1100 . -88 'M(I )=VNCIJ 
.01110 89 CONTINUE 
01120 / 90 ,9090-4- 
0.1 13 0 904 IF (LW-1)905,9050910 

-01140 DO -90 VI =1ON2 
01150 907 111( I)=W ( I )1F1 /ABS( FL MOBS( 

- 01160 T090 
0117 0 910 IF (LW-2)906.906.908 

6 DO 930I=1 .4N2 
0.1190 930 14(1)=W(1) ,1.0/FLMOBSW•42- 

- 01200 
0121 0 908 009091=1 ,N3 

0.1230 920 t4( I )=0 .0 
0.124 --GOTO909 
0125 0 921 WC 1 fr-:( 848904.5/(VOBS (1)*VN (1)1)**2 
0126 O. 909 -CONT INUE 
0127 0 IF(IDEG)90,90, 913 
0f280 91-8-DO 911-1 =KAP•142 
01290 [FUN( ) )9 250 25,9 26 
013-00 • 925 il( )=0. 0 
0131 0 £0 10911 
0- 1320---926 .11( . 1)=1.- .0 /VN( 1).1.42 
O13,30 91 1 CONTINUE 

--0134-0 90-CONTINUE-- 
0.135 0 MPH=IN 

35 5- MPHT=MPH+If FC 
01360 N2 G=INAINISP 

'01380 DO - 103 L=1 

90. 



013y0 103 INEG( I )=0 
0.1400 C 

- 0141 0 11EAD-IN IT FAL-  F ORCE CONSTANTS 
0 .1420 C 
01430 DO 77 1=1 . IIIT 
0144 0 77 READ (1 ,78 )D1'..(1).(KIDE141T(1,J),1=1.3 ) 
0145 0 78 FORMAT CIF. 4A 5).  
01460 C 

-101470 C - INPUT DATA 
014B0 C 
0149 0 *- -3rALL -14MP' 
0150 0 10 CONTINUE 

..--01510.- RETURN .  
01520 END 



-00100 SUBROUTINE I INK2 
0011 0 .0 • CALCULATE E1GENVALUES OF G MATRICES 
0012 0 -C 
00.130 DIMENSION IDENT(13• 4)01085(18) wW(18 )8C(.12.12.8). 

— 0014-0 "•12DK(14)iiTEMP (18•14) ... G(.12•-12, 3 )eVNU18), XI ( 18), 
0015 0 2E1.(12•12•3 )6F(. 12•12),V(18)eVYR(.18,8)•XXX(18•3J•N(.18)'• 
0 160 8),A.J(18i14) DELK (14 )•SUMT(2.8),AJI4J(14e.14)e - 
00 17 0 4 INEG(18),ELIN(12•12t 3)eSIGK(14)•SIGV(18) • 

6KIDENI(33113)•NFACT3),ID(8s1) 
0019 0 DIMENSION. FLMOBS(18),fLMC('1P )  

D•EL-,EL IN•AJW"JvC•llis 
00210 COMMON /B1/IN, IL•IR, NISP.NI, ISCF•IFF-C•114s1 8•IS-YM• IUG•1112•LW 

—00230-- --17WH•NUMBSITER•.NEGfiMPTIT• IHT.OlAR/02/VOBSiX•11.163./1/YR .•TKR •  XXX4SUMT/ 
00240 284 /TEMP/B5 /G/B6/X.I •I NEG/B71 F • P•DK/B8 / IDENT:•KIDIENTsW• ID •NFAr/B9/ 

—0025 0. aff/B.10/SIGK .•SIG V/ 811 /FUMOBS• FLMC- 
0026 0 DO 24 I=1, N2 

—00270 )=F LMOBST 
0028 0 DO. 33 L=1•NISP 

—00 29 0 -DO -20 I=1.• 
00300 DO 20 J=1•IN 

—00310 20 ----TEMP ( - 
0032 0 WRITE(2•600) L 

—00330 600 FORMAT —(17H11S0101) IC SPEC' ES. 14.///55X, 8i1G td,ATRIX/i) 
00340 CALL WTEMP(IN, 

—00350 C 
0036 0 C E I GENVALUES OF G MATRICES BY FACTORED SYMMETRY SPECIES 

— 0037 0 C 
00380 92 ISC = 0 
0039 0 DO 151 I=1,IN 
00 40 0 DO 151 J=1•IN 
0041 0 --- .j1=Gt 
00420 151 EL (leJe L )=0. 

—0043 0 41=0 
0044 0 N=0 , 

—0045 0 -----.IN 1=IN“ L-1) — 

00460 K=NFAC(L) 
— 00470 --DO' 32 • IDX=1.0K" 

00480 IF (IDX-1) 1000•26, 2-7 
—0049 0 26 M="1- 

0050 0 GO T028 
--00510 27 M=M+ID(IDX-1•L) 

0052 0 28 N=N+ID(10X,L) 
—0053 0 - 

00540 CALL 'SYMAS (AJWJ•XIsISC• INI•M•NeLlsG 
--------- 

005.60 DO 29 J=M• N 

0058 0 DET=DET+XI(JI )  
---00590 

. 00600 29 G(1•J•L)=AJWJI Ie.-13 ,5(PN XI )) 
—0061 0 32 WRITE( 2. 601) IDX• DE T 

-- 
00620 60.1 .FORMAT(1111,3011 DETERMI NAT OF G MATRIX VLOCK.I3 • 

— 0063 0 i• 2H-  =•E14.6) 
• 0064 0 33 CONTINUE 

----00650 G=1N fN 'SP .  
0066 0 DO 34 J=1. N2G 

—0067 0 i`X I Cif - 
0068 0 D0 555 I =1,1N 

—0069 0 -DO 555 -J=1•1 
00700 DO 555 L=1•NISP 

- nn71 n 



007.20 1000 CONTINUE -- 
00730 RETURN 

-0074'0 END 

93. 



94. 
0010D SUBROUTINE I Ilia 
0011 0 C DO .  ITERATION:S . . 
00120 •C 
00130 DIMENSION IDENT(13,4)*VOBS(18).14(18 )4,C (12 *12.8). • 
00140 • lautz,t2r.oK(14L.TEtip(18.1.4).G(12.12.:3) ...vtic 
00150 2EL'( 12.,12,3),Ft12,12),VITfliVYR(18,8) XXXI 18•81•X(18).* 
00.160- ITICTUI4,8);AJ(18,14)•DELK(I4), IiSUMT(2• .8),AJWJ(.14414) ., • 
00.170 4INEG(18 )*ELAN( 12.12 .3)*SIGKI14) uSIGV (I.8 he • 

—00'18 34- 3)*NFAC( 3) TIDISi 
00190 DIMENSION FLMOBS(18) •19.31CtI8 ) 

—COMMON .  D;ELeEUMAJWS.C;AJ .4 Q 
002.10 COMMON /131/IN, IL, I Rs IN III•A I SCF, IFFC,1,4*113•I SY Mt IDEG•N2iM 

---00230-------1MPlii•NUM13, TERiNEGiMPHT,DITI•VAR/82/VOBSio X.V/83/11YR•TICRs . XXXiSUMIT 
0024 0 2134 /TEMP/ B5 /G/B6/X.I•1 NEG/ 67 /F •H,DK/ B8 / I DENT ,K IDENT,W, ID gni-AC/89i 

—1)0250---------"--3CtiZM/D10/SIGK-iSIGV/811/FLMOBSiFLMC".  
00 26 0 C C. 

.--00 27 0 " . "-C START TERAT ION 
00280 C 

—0029 0 - 
0030 0 3 NI I=1 

— 0031 0 . ID . 5'- 
0032 0 4 NI I=N I 

—00330 ISENT=1 
00340 IT ER=-1 

I COUNT=1 .  
0036 0 D072ITERX=1,NI I 

—0037 — KOUNT=I*TCOUNT 
00380 NUMB=KOUNT 

...-00390 ITER=ITER+1 
00440 TALL FCALCI 

--00445.  
00450 DO. 31 1=1,114 

—0046 -3 --J=11N • 
00470 . 31 TEMP{ I•J)=F(.I.J) 
00480 IF (ITER )1000,36.37 
0049 0 36 WRI TE( 2•602). 

—0050 fORMAT it51.X;1611 IN ITIAL-F MATRIX/1 H")----- 
0051 0 601038 

—0052 0 WR I TE CZ lit 03 HIER •. 
00530 603 FORMAT 1.H.1•48X*221IF MATRIX• FOR ITER AT ION, I3/1H ) 
00540 38 CALL WTE MP (IN• IN) 
0055 0 NEG=0 

—0056 0 DO -30-1-NTSP 
0057 0 M=0 

—00580 - N=0 
0059 0 INI=IN“ L-1) 

—0060 NFAC (L) ---- 

00610 DO 45 IDX:=1.K 
—00620 (1DX-13 1000.40.41 

00630 40 M=1 
—00640 -GO TO42 .  — 

00650 41 M=M4-ID( IDX-1,L) 
—00661/ 42 N=N+ID IDX -- 

00670 DO 43 I=M• N .... _.......DO 
43 •J=M, N 

00690 43 AJW.1( I sJ) =F ( 

00 71 0 CALL SYMAS A.P4J.X I M. IN I, M.N.LL,G 
—00720 45-  CO NT I NUE 

0073 0 .30 CONTINUE 
—00740 IMSENT )93 93 1,932 



95. 
0075 0 932 •1IRITE(2e853)ITER - 

00760 853 FORPIA T (28110E IGENVECTORS FROM 1TERAT IONI4) 
—0077 0 DIT854K=IiNISP 

0073 0 D08541=1,1N 
00 (9 0 — 854 - .14RITE(24855 ) EL 11;iJe K )sJ•=1•1N)- 
00800 • 855 -FORMAT I 1.110.10F1.1.5) 

— 00810 131 IF(111EG) 76* 46 v76 
00820 76 CALL WNUOUT (AVE) 

—0083 ITE(29. 61 0) NEG 
— 

00840 610 FORMAT WI .13.'NEGATIVE.  El GEN VALUES. " ) 
— 0085 0 1112. G= IN vN 1SP 

0086 0 DO 121 1 = 1 ,N2G 
--00870---1E-CINEGI.11) -1221211122 

0088 0 122 WRITE(2,123)1 
—0089 0--123--------FORMAT(111 *110r 

• 0010 0 121 CONTINUE 
—009.14 'GO: .  TO 1000 

0092 0 46 N3?=NISP•IN 
— 093 0— ----D047I=h113 .  

0094 0 VYR(I ,KOUNT )=1303.0*.SQRTIFLMC( 
00950 —47-  XXX(I, KOUNT)-:=1303. 0. (5OR 1( FLMC ( 1) )-SQRT (i'LliCB.S( ) ) ) 
0096 0 IF(IDEG)950, 950,960 . 
00970 960 KAP=A13 +1 
0098 0 D09651 =K AP, NZ 

—0099 0 ----vviturocourkay=fimcci 
. 01000 965 XXXII* KOUTiT)=X(1) 

—0101-0- 950 D0481=1, MPHT 
0102 0 48 TKR(I, KOUNT) =OK ) 

---0103 0 
.0104 0 C CALCULATE JACOBIAN (A.)) FROM E IGENVE CTORS 

—.0105 0 C 
0106 0 49 DO 50 1.=1.iN2 

—13101 J=1. MP HT 
01 08 0 50 AJ(I.J) = 0.0 

—01 09 0 DO 51.  L=rs- NTSP 
01100 P1 (1-1. )*1N+1 

--01110 -1541=114-IN 
01120 CALL EIGJAC t 11•11,L) 

—01130 --7—`51 CONTINUE •  .. 

01 14 0 CALL WNUOUT (AVE) 
— 03:15 T-DO 55 1=1.*N2 - 

01.14 0 Y1=0. 
— 01170 —DO 54-3=141PRT 

0118 0 TEMP( I,J)=AJ( I,J)-TDK(J)/FLMC ( I) 
—0:1190 - 5 4-  Irl. :19 1.4'ABSI TEMP (I•j) )" 

-- 
0120 0 D055J= I* MPHT 

--0121 55 -TEMP II ";:.1 ) 1-TEMP Tw.J *1.00 -.0"/Y1- 
01220 ( ITER )5 7, 53 •-57 

—01230 53------WR I TE (2•605)- 
0.124 0 605 FORMAT (1111.• 29X,* PO TENT I AL ENERGY D ISTRIBUTIOW 

—0125 K(J)O -NU( IT/111 
0126 0 CALL I4TEMP(N2s MPH T ) 

---5"7 DO 98 -1=1...N2 .  
0128 0 DO 98 .1=101PHT 

— 0129 0 -.913 -TEMP(1,M=AJ(1•J.) -- -- 

01300 WRITE( 2i 604) IT.ER 
—01-3/0---604-FORMATt1H1• 47)Ci2311jA- COBI AN FROM ITER AT.10111413/111 

0132 0 CALL WTEMP(112, MPHT ) • 
—0133 0 1E(AVE1.00. ) 201,20 i-.200 - 

01340 200 WRITE( 2,202) 
0135 0 202 FORMAT (66H CALCULATION• TERMINATED BE CAUSE 'AVERAGE ERROR EY CEDES • I 



96. 
- 1)137.0- 0-  PER ) 

0138 0 GO TO.  1 000 •  —0139 C 
01400 C TRANSPOSE JACOBIAN AND FORM JTRA NSP OSE ) 1(.)) INVERSE AS XN IT 

--...--01410 C • 
0.1420 201 DO 58 1=1* N2 

- 01 43 0 DO 58.  j=1... MPH • 
0144 0 58 TEMPtI,J)=14(1)fAJ(I,J) •  
01450 DO 59 T=1 • MPH 
0146 0 DO 59 J=1* MPH 

—01470- 
0148 0 DO 59 K=1,112 

5 9.- AJW...( I s ..) )=- Aji1J( I;..))+A.)(K;er. )*TE MP (K,J•) • -- 
01500 (1SENT )933,9 33,9 34 

—01-51 — I TE 20 856) ITER- 
01 52 0 856 FORMAT (22HOMAT RIX FROM I TE RA T1 ON14 ) 
0153 0 -00 456 1=1,11P14.  
0154 0 456 WRITE(2,855)(AJWJ( I•J)•J=1,MPH) 

-0155 0. 933-PR 00=1.0 
0156 0 DO 119 1=1 'MPH 

- PROD=PRODIF AJWJ ) 
01580 .WRI TE (2•615 ) PROD 

—01 59. -61.5-F0 RMAT (1140 ...46 X; 16MAllir ) AIN*. NT=.1;111:1 ) — 
01600 NEROR= 0 

—'--01610 'CALLINVERT (AjWioMPM4,- L.'0E03*NERDR,DE TsPROD ----- 
0 IF (ISENT )935035,936 

—0163 0.---93 6----WRITE (2.85 7) ITER 
0164 0 857 ?FORMA T (30HOINVERSE MATRIX FROM ITERA T ON I4 

—0165 0--------D08581=1*- MPII 
0166 0 858 WRITE (2,855) (AJVIJ(1*..1)1•J=1:11Pii) 

--01-670----935-  CONTINUE 
01680 • IF(NER OR )75t.63,75 

- --0169 0 63-DO 64-  T=1 eN:2 
01700 IF (ABSUFLIC( I ).-1/N( .I) ) /FL MC(I))-.0001) 64.64.65 

---70 17 1 0 ------- TO NT INUE 
01720 . WRITE (2• 606) - 

- -01730------606-FORMAT(1H0,4 6X ,27tITKIS-IS.  :TFETFINAL JACOBI AN_) 
0.1740 GO TO 73 

—0175 0.---765----DO -66-1 =1. -..;N2 --- 
01760 66 11N( I )=FLMC( I ) 

---01-7T 0 'WRITE ( 2e.  120) PROD 
0178 0 120 FORMAT (1H0.46X,24HDET(A )i/A (191 )1"Fv A (NtN) 

----0179 0 "'DO 67 I= 1.• -MPH — 
01800 DO 67 J=1012. 

TEMP(JI I )=0 — 
0.1820 'DO 6? K=1 MP 14 

"01830 —67 --- --TEMP (j4r)= TEMPCJ• 1)4AjWi( 1,1C)*AJ(J K ) *M( J) 
0.1840 DO 69 I=1 • MPH 

0186 0 DO 68 J=1, N2 __.._-01870...... _ ._68 DELK(I)" = DELKW-TEMP(J. I )*(FLMCUi)--FLMOBS(J)) 
0.1880 69 )=DIC(I )+DELK(I ) 

---0189 0 ISENT )70,70037 -- 
01900 937 WRITE(2•860) ITER 

---019I 0 . 860--  FORMATC32110PARAtiETER .  INCREMENTS' ITERATIION.14) 
0192 0 D085 9 1=1, MPH 

—0/93 0-  85 9-----11RITE 2.85 5) DECK 
0194 0 70 `CONTINUE 

--0195 IHNI)9914991.990 -- 
01960 990 'COUNT =8 

—01970 ICOUNT=8 • ._._ 



01980-- --.11=ITER—NLM3+.1- 
0199 0 CALL SUNS 
02000 — ITER )71 0-2. 
02010 71 CALL WDKNUX( M) 
02ö20 72 CON T INUE 
02030 90 56 1=1.11PH 

—02040 - 56 (r) =DK(i)--'DELK(I ) ---- 
05 0 VAR= SIMI (2.0 NUMB) 

020&0 CALL' STA T 
02010 991 I4RITE(2,607) 
02080. —607- --FORMAT (1111.10X., -  DID N0 T CONVERGE  
0209.0 GO TO 1000 

-.70210 SUMS 
02 1.1 0 .11= ITER-11U118+1 

T02120 
0.2130 VAR=SUMI (2•NUMB) 

... —CALL -STAT 
0215 0 74 WRITE(2.608) 

—02160 60 8 • --FORMAT UHlia- OX ..-  END OF —C-AcI  
0 GO TO 1000 

—0218. 0 . 75 4IRITE(2.609) 
0219 0 609 FORMAT (32)1 NO INVERSE EX ISIS .FOR THIS CASE) 
0220 0 1000 CONTINUE:  
.02210 RETURN 
02220 -.END 

97 • 



98. 

SUBROUTI NE -SUMS .  
00110 C 

—0012 —CALCUL-ATES — AVERAGE PER ERROR ---AND -  VA'R 'AIME 
00130 C 
00140 """" DIMENSION"1/13BS(18) ,X(18).•V(18)TVYR(1 8),1 XXX(18,8)iTKR (14;8),  
00:150 • 1SUMI(2 v8)-s1DENT(13 04 ).KIDENI (33.3),W-(18), ID (3,3),NFA'C( 3) 

MEN ION" F I...MOBS( 18 Y*FLTIC (AA 1 .  

00170 rOMMON /81/ INolL,IR,..111,14.1•111SP•NI,ISCF• IFFC, Rim ISYM IDE0sN2AW 
—0019 0.---"---1HP+14 NUMB ITER I NEC, MP111 • IM Trill AR /132 tilOBS;Ulf /133/VYWITK R xxx,sumr----- 

00200 2/88/ WENT, KIDE NTTIls I D*NF AC 

— 002.1 0 COMMON .  /B1 1/FLIMOBSef-INC 
00220 N3INISP*IN 

—0023 0-----  XAP=N3+1 

• 0024.0 1N=N2 

00 26 0 SUM:1=0 . 
—00270 -"SUM2=0. 

00280 DO 2 J=1eN3 
—00290"-----SUM1=SUM1+A8SCXXX(J; I )/VOBS(j). ) - 

0030 0 2 SUM2=SUM2.W(J) (VYR (.Je! )f 2—V0BS (J) **2) /1 30 3.. Oc f 2)**2 
—0031- 0 5. 5, 4 

00320 4 003..1=KAP • N2 
—00330— SUMF:SUM1+ABSC XXX( Jv I )/VODS( J)) 

00340 3 SUM2=SUM2+111.1)*XXX (J,1)**2 
--5— SUMI(1,'I)=.SUML*100 ./ XN 

0036 0 1 SUMT( 2 sI)=SUM2 
—0037 0 —RETURN .  

00380 END 



99. 
- -00.1.00. SUBROUTINE FCALC1 

001.10 C 
—0012 0 "C CAECUUATESF9ATR1 X FROM DK, AN C -MATRICES 

0013 0 C 
0014 0-- --DIMENSION 121a2)-  ( 12, 12 ).C(1.2a2•13) 
0015 0 1EL (12,12,3),ELIN(12•12,3) • AJ( 18.14), A./W.1(14,14),M 14) 

- 00160 -  '''' ' 
00170 COMMON /1/1/.1.Ne ItvIRe IM0 Ifie -NISP,N1,1S.CF• IFFC•114,11BeISYM,IDED.N2sLI 

—00190 1-MP KNOMB TERiplEFG:i'MP:11Til MIrtliAR/B7/ Fe . He DK 
0020 0 DO 6 I=.1,IN 
002.10 DO 6 J. =-11N.  
00220 F(leJ)=0. 

—00260--  "7 DO . 3 IC-ti.; PIT 
----- 

00280 3 F(.i,J)=F(1,J)+C(i.J,K)fDK(K) 
0290 CONTINUE - 

00300 RETURN 
-.00310 IND 



100. 
-00100

.........
SUBROUTINE WDKNUX 

• 00110 C 
— 00120 C PRINTS K, NU, AND -x • columns -  AFTER —EACH "SET -OF EIGHT 1 URA TIONS-: 

0013 0 C CALLS SUBROUTINES WDIC• AND WNUX 

--0014 0 C 
00150 DIMENSION VYR118,8 ), XXX(18,8),TKR(14.8),SUMI(2.3) 

--00160 -COMMON /B1/ IN, IL, I R*1144111* NISP,11 I, IS CF IFEC•11.41-8;ISYM.• IDE GI, N2eLW 
0018 0 111PH,NUMBs ITER, NEG. MPHT,IHTI, VAR/B3/VYR.TICRIXXXvSUMT 

Qii449)Me ITER 
0020 0 449 FORMAT (1H1* 39X, 25HK COLUMNS FROM ITERATIDNS113•2H THROUGH, .13) 

00220 WRITE(2‘450)NoITER 
—00230--  450 ----FORMATI1H1;34Xt19HNUS FRIN1 "ITERATIONS,13,8H 'THROUGlii13* 

00240 917H PLUS NU OBSERVED) 
0025 0 -KC=0- 
0026 0 CALL WNUX(VYR• SUMT•M,KC) 
0027 0 WRI 11(2 -v451 )11,ITER 
0028 0 451 FORMAT (1H1•18X, ( NU CAL C. — NU OBS. ) COLUMNS FROM I T 

—0029 -1ERAT IONS" 03, 8H THROUGH, I3.. 24H FOLLOWED BY} AU :OBSERVED) 
0030 0 KC=1 

—0031 0 ---------CA:11.— WNUX(XXX,'SUMT ,Mit(C) 
00.32 0 RETURN 
00330 END 



_.00100 - .-:SUBROUTINE WOK( M ) 
001.10 C 

_ .001Z0 C . 'PRINTS K . 0 °LIMNS. -AFTER EA CH.  SET-.DF E IGHTI HERA T IONS 

0013 0 C 
DIMENSION VYR( .18,8 ) .t.p1XX(.18 68 ) ;TKR ( ) eSUMT(2;ii 8 )- 

0015 0 COMMON /81/INLII,IR,IMIIH,N.ISP,NI,ISCF,IFFC,I1,618,1SYMoIDEDI,N21,1 
----00170 ------- 1 MP HAIIME3 ATER; NEC* MPHT 14-NVAR/B3/1/ Y R TKR-v-XXXv;S(IMT  

00 18 0 WRITE. t 2,1) (ji.-)=Me I TER) _.
_0019U .WRrTEI2 .4) 

. 00200 DO 3 JO=1*MPIIT .  
002.10 3 WRI TE (2•2)JD:r TKR(`JO,K ) • X=1, NUMB ) 
0022 0 1 FORMAT (1H0•111,7.114) 

—13023 0 - - 2 FORMAT( 1H 612•13F14 .7.) • 
00240 4 fORMAT (IN ) 

— 0025. --R E TOR 
002b0 END 



0010 0 SUBROUTINE W NUX ( A, SUM].  tMeKC) 
0011 0 C 
0012 0 C - PRINTS" NU AND "X COLUMN.S -.AFTER— EACHT"SET OF .  EIGHT-  ITE R 
00.13 0 C 
00.140 DIMENSION A(18 .,8),SUMTI248 )0/013S(18),.X(18) •V(18) 

--..._.._.- 
00150 DIMENSION FLMOBS(18 ). *FI-MC (C.18) 

--"0016 —COMMON -  /131/IN I R MiiI 11 -,-N SP* Al I e IS CF I FF C, 114,1 B, YM 
0018 0 1 MPH, NUMB,ITER, NEG. MPHTs 111 t VAR/132/ V OBS • X, V. 

—0019 0-7-----.COMMON"-/I311 if I MOBS, FLPIC - 
0020 0 JD=0 

7-002I TM, 1 ) ..IJJ,j- jj=‘,.1* I TE R) 'JD 
0022 0 1 FORMAT(1H0 011 •3113/ 1=3 ) 

—002313 ----D13-3 *J0=1012 
0024 0 4 •WRITE(2.2)JD.(A(JDA),K=1,NUMB)IVOBS(JD) • 

—0025 - 0 ----.3—CONT I NUE 
0026 0 2 FORMAT (1H .12,9F13.5) 

0028 0 9 14RITE(2,11) 
D029 0 "11 'FORMAT- OHO •45X.,2711PE R CENT tRROR AND VAR IA NCE --- 
00300 DO 12 J0=1,2 

--D031 0-12 E ) JD, (SUM JD", K=1. NUMB ) 
00 32 0 1 b FORMAT (PI •.12,.8E13.7.) 

—0033 --10— RETURN 
0034 0 END 



103. 
0010 ----SUBROUTINE INVER T ( AoNs EPSeNEROR•DE LTA•PROD)- 
00120 C MA TR I X I NVERS ION BY GAUSS-JORDAN EL .I.M INAT IION 
0013 0 
0014 0 DIMENSION A(.14,14)28(14),C114)*1-2(14 ) 
0015 0 -- DELTA 
00170 NEROR=0 
O0190 DO-10-  j=tio. N — — 
0021 0 LZ (J)=.) 
0022 0 EPS=10 .0 ttf-'2 
0023 0 DO 20 I= 1.N 
00250  
0027 0 •Y=A(I,I) 
0028 0-- 
0030 0 LP=I+1 
0031. 0 
00320 IF (N-LP )14,11e 11 

—0034 0- 11 DO 13 J=LP.N.----- 
0036 0 14=A (I, .1) 
00380----------- IF. -  (ABS( W)-ABS (Y))--1 13-112 
00.390 12 Xi.) 

—00400' y=14 
0041 0 13 CONTINUE'  
0042.0T -14 DE LTA =DE LTA.* Y  
00430 DO 15 J=1, N 
00440 rttJ)A (JO() • 
0045 0  

—00460— ---;"-A(J1)-C(J)/Y 
00470 AtleJ)=-- A(1•J) /Y 

—0048 0 - fl(j)=.  A ( I 
00490 . A(101) =1 .0/Y 

—0050 0 ( I ) 
-------- 

005.10 LZ(1)=4.2(K) 
00520 1.2 (k)=J 
00530 DO 19 K=.1, N 
0054 0 IF,11-1016. 19.16 

• 0055 0 16 DO 3.8 J=.1.01 
0056 0 IFAI-J )17,18,17 • 
0057 0 • 17 A (1(,J)=. A (K,J)--B(J)*C (K) 
00580- -18-  CONTINUE 
0059 0 19 CONTINUE 
0060 0 20 CONTINUE 

------- 

00610 WRITE (201) DELTA 
1 FORMAT (. 1)1046 X .; 7/1  DET ( A) = 

00630 .PR OD=DEL TA/PROD 
12 0) .  PROD 

0065 0 120 FORMAT (1/10,46X•24HDET(A )/ A(1.1)*Y*ACN,N) =*E.11.2) 
—00660-- ----IF (ABS ( PROD )•:EPS)---8 Oe 80481 

0067 0 80 NEROR .= 1 
0069.0 TO.  82 
00710 81 DO 200 I =1,N 
00720 IFC1'-12( 1)1100;2 00,100 
0073 0 

74 .100 11-1.  
0076 0 IF (I-N)800,200.200 
0078 0 —800 -DO -500 -;.)=KoN 

--- 

00790 
—00800.    IF;(1-4.2(J))500,600 • 5 00 

00610 600 M=LZ(I) 
— 0082.0  2(1 )=LZ(J) 

008.30 LZ(J)=M 
- 00840 - •• .-.... DELTA=.-DELT A 



104. 

- 00850 ------- 0 1:=-1.•• - 
00860 C(11=A(Iii.) 
008.7 =A (JA) 
00880 700 =C ) 

- 0089 0 ---" -500 'CONTINUE 
0090 0 200 CONTINUE 

• 0091 0 82 RETURN - 
0092 0 END 



105. 
-0010 - 'SUBROUTINE SYMAS AatISC-4 -INIOIMMNNNit:;;G 

00110 C • 
00120 C CALCULATES 'E 1GENVEC1ORS-TAND . EIGENV.A LUES-13F -FACT OR ED-  A -MAIM r"-- 
00130 C CORRESPONDING TO G OR GF)... E IGENVAL.UES ARE STORED IN Z AND 

E I GENVECTORS-40EGF ARE-STORED' IN D (FACTORED). 
0015 0 C 

--.00:160--. _.. -------DI.MENSION-E1(12 -a2.3);. EL-IN (12,12,3)a- A -JWA1 4,;141),C(12, • 
0017 0 1.12, 8) 'AA 18,14.) eV 12.12 )41108S(18) ,X(18) 01(18) *TEMPI 18, 14),.X1(18) i 

00180-------7721NEG(I8 ). Gt 12,12,3J;Z(I8);A(14;14);.X.NITC14'', I4/ 
• 

._...-----.-- 

00190 DIMENS ION FLMO8S(18 )-,FLMC (:18) 
00200- 'COMMON DtEL,ELIN,AJW,),C• AJ*G 
002:10 COMMON /131/IN, 11.1,1R, 111,1H,NISPeNI, ISCFr IfFC*I144113,1SYM, IDEG,N2,LI _.
_0023. 0 - 1 MPH,NUM8,ITER,.NEG, V AR/B2/VOBSOG11/134.ITE MP/B6/ XI, INEG.-  -- 
0024 0 :COMMON /811/FLMOBS,F-LMC 

=-L 
0026 0 M= 

-0027.0 NNN 
0028 0 1F(ISC )1,441 

'--0029 0 -C CHECK-FOR-ADM SPEC IFS 
• 00300 1 IFAN-M3145, 142,145 
00310 142 1NM=IN I +M 
00320 2(.1N1)=G(M•M•LL)fA(11,11)vG(M1M,LL) 
00110- ) 143•.1/4, 144 
0034 0 143 NEG=NEG+.1 
0035.0 IIIEG(NEG)=INM -- 
00360 (INM)=-2( INM). 

7003707----144-FLMCIINN)=ZWIM) 
00380 INM).= FLMC 11)-FLMORS(INM 

-00 39 0 EI:(11-01a1)=G1 M,M,LL 
00400 ELIN(M,MAL)=1./EL(M,MAL) 
0041 0  RETURN 
0042 0 145 00 2 I=M,N 
0043 0 N  
00440 EL(1,J,LL)=0. 
0045.0- " " " - -- 
0046 0 2 EL..( I,J411)=EL(1,,J, LL)-*A(.1,R)*G(K,J,L•L) 

• 0048 0 DO 3 J=M,N 
---00490-- A ( fy-.1) = 0. 
'0050 0 DO 3 K=M, N 
-00510-- 3 A( I.J) =A(I,J)+G(Kel,11..)siEU(K•j .,1-L) -- 

00520 C A IS NOW (GTRANSPOSE) CF )i•(G) WHERE C IS DEFINED IN MAIN PROGRAM 
00530 C AFTER STATEMENT 'NO; .32.; -- 

00540 C CALCULATE EI GENV AL UES - 
-0055 0 4 IF(N-14)5,6',-5 

0056 0 6 INM=IN.I+M 
-00570.. 2 (INK)=A(1,M).  

• • 00580 A (.M,M)=1. 
-0059-0- 'RETURN' • 

0060 0 5 E= 0.  
-0061 0   DIY 101 1=14,14 

00620 101 E=E+ABS(A(I•1).) 
-00630 R:=14-41+1 
0064 0 E=E/(5.02) 
00 65 0 -DO 102 
0066 0 DO 102 J=M.N 

. 006 /0 IF (I-J )103,104, 103 
00680 104 XNIT(I,J)=1. 

• 0069 0 GO TO 102 
• 0070O .103 XNIT( ,J)=0. • 

nivn 



--0072 105 112-7M+1 
00730 DO .106 J-7-112.11 

—0074 0 1=J-1 
00750 DO .106 I=M,L 

- --' 0. 60 IF (ABS(A(1.J) )-Er "106,1.06,126 
00770 . 126 IF(A(1,1)-Ati,J)).107•1250107 
00780 - — :125 W=A(1,J) 
00190 GO TO 109 

- 00300 ---107 (-3;-j) 
00810 IF (ABS ( DX)-0.41421) .108,109,109 
0082 0-108 .S=2.*.QX/AL.+1QX*QX)1". 
0083 0 X))/(.1.+(QX•QX) ) )/(1.+(QX*QX) 
0034 0 .00 TO 110 
00350 109 S.=, 707106 78 

- 0860 T07.-.70710678- 
0087 0 IF.(QX) 11.1.110. 110 
0088 0 - 11 1* S=.'-S 
0089 0 110 .CC -,:CO*C0 
00904 =S*-S 
0091 0 t.S=CO*S 

---0092 Elkt:lit (CC-'SS )+CS*(1k( J,J) -At1, 1)1 
0093 0 12=..A(1,1).-*CC.A(J,J)4SS42.4C.S*A(I,J) 

.----0094 .----------A(jij)=SS.4A(h1)+CC,A1JY-(2.vCS,At I,J)) 
0095 0 A (-1,J)=QX 

—0096 0 " " A 11,11=R 
0097 0 

—0098 0 DO -112 Kr-14,11 
0099 0 IF (K-1 )11.3,114,113 
01000 1/3 .1FAK-...1)115,114. 115 
0.1010 115 itr-ik(1,K)ICO+A(J,K)*S- 

' 0.1020 -----ACJ•Kii, A(j,K)*CO-A(1,10*.S 
0103 0 A (K, J) =A (J,K) 
01 04 0  "A(CI,K/ =R 
0105 0 •A(K,1)=A(1.K) • 
01060 ---7-114-R.-tINIT(K,I)*COOMIT(K,J).S.—  
01070 INIT(K,J)=XNIT(KeJ)4C0-XNIT(K, 1)cS 
0108 0 . 112- 1INIT(K•1)=R.  
0109 0 106 CONTINUE 

—01100" ------ N.  • 
0111 0 

—01 12 0- -DO 116 1=1+,1- 
.01130 IF. (ABS ( A (.I •J) )-E) 116,116,105 

—0114 0----116" -TONTINUE 
0115 0 IF(E-1 .0E-010)117,11 7,11 8 

-1113 - E110 
0117 0 GO TO 105 
0118 0---117 . DO -119 T=Ne.111 -'------- 

01190 1NII=INI+1 
-- 

01210 DO 119 J.=M,N 
—0122 . 0 11 9- --A CI =X N IT 

01230 120,122.,120 • 
.-0124 0----120-130-121.  I •-41,N 

01250 IN.11=1N1+1 
'''' (2tIN11))-140;1 41,- 141 —"--'- 

01270 140 ZUNI 1 )= -2( IN1 
—01280 - C=NE G4:1 

0129 0 INEG( INI 1)=1 
-- 0130 -141—FL MCCINI1,7-'211N.111- 

01310 DO 121 ..1•=11,N 
---0132 0 'TEMP(I,J)=- 0 

106. 



107. 

— 0133 0 — Ty:3 LL ) =0 . 
0.134 0 DO 121 K=I1,N 

1+K ------ 

01360 TEHP(1,J)=TEMP(.1,J)+A(K•1)4X1(INK)*G(J,K,LL) 
--01370 --121 — ECIIii,U1)=ELIT,J*1:114G(1,KiLL).*A (1( J ) 

0.1380 C EL IS NOW THE MATRIX, E DGENVECTORS OF CF. 
— 0139 0 DO..135 

01 40 0 DO 135 I:41,N 
—014T0 X=-1N " 

0142 0 IF.- (1—N) 139,135,135 
—701430— —139-  IF (FLMC ( K.)••FLI1C(1(4.1 )4137,1-35, 135 
.01440 137 R=.FLHC (K ) 

0 PIC (1( ) =FUIC(10•1 ) 
0146 0 FtliC(K+1 )= R 

(K) 
0.1480 INEC(K) =1NEG (K+1) 

--'0149 0 1NEC(K+1) " -- 
••0150 0 DO 138 L=.11,N 

--0151 0 (141 ) 
0:1520 UAL,' ,LL)=EL(L,141,11) 

—01530- 
•0154 0 R---.'TEMP (le L) 

—0155 0 TEMP( I ., I )=TEMP (1+1 ,L) 
01560 138 TE HP( 1+1.,L)-=R 

--...01:570 X(K)4FLMC(K)—FLMOBS(K) • 
01580 00136 1=11,N 

—0159 . 1)0136 N 
0160 0 .136 EL IN( 1 ,J,LL)=TEMP( I, .1) 

— 0161 —122 RE TURN — -- 
0162 0 END 



108. 

00100 SUBROUT [NE WINPI   •C 

00110 C . 
- INPUT - DATA.  

00 13 0 C 
00 14 0 -DIMENSION IDENT(13,.4)4NEAC (3 ) ,V03S(.1. 8) ,W( 1 8 ).C(12 8 ), 
0015 0 10(12,12 ),DK(14),TEMP (18,14 ),G(12,12, 3)1E1( 12.12,3 ),F(12,12), 

- 0016 0 2V(18),-1(18),A..1.(18,-.14);,AJ14j (14,14) ;EL-I N (12,12 .3) ..,KIDENT (33;3 
00170 3,10(8,3) 

.-0018 'DI HENS ION •FLMOBS(18 )°,FIAC(-18).  
00 19 0 COMMON ,EL, EL IN, AjWi• C. Q 

---00200 ZOMMON /8 ITIN,- 112,111111•Ifi,1111SP,N1 
00220 1i1P11,NUMB, ITER, NE0.,MPHT• IHT,11AR/132/VOBS.X,11./84/TEMP/B5/ 0/.87/F• 

---00230 8/IDENT4KIDENT,44, I-D,NFAC — 
00240 COMMON /131.1/FLMOBS,FLMC 

--0025-0 C 
0026 0 WRITE(2,1 )(( IDENT(1•J),1=1,13),J=1,4) 

— 0027 --FORMAT (1111 .12 2Xil 3A5/(111—,22X,13A5) 
00280 WRITE(2,7 )1NI.IL, IR.,1M, IFF 0,114e.  
0029 0 18 ISY M. IDEG,LW 
0030 0 7 FORMAT (11(0,4X,1HN, 4X ,1)11- , 4X, IHR, 4X , 1 HM,4X DM, 2X ,4HN.IS P• 

21C;31iSCF2Xi 3fIFFts-̀ 3XilF114,- 4X, 1H8s 3 X 1311S1M,2X, 
0032 0 241{ IDEG a X, 2111..W /16, 1.3153 

— 0033 0-- ------"WRITE f2.2) 
00.34 0 2 FORMAT (.111.1,...- ISOTOPE NO. FACTORS FACTOR DI 

— 0035 0-----TMENSIONS 8." ) • -- 

00360 DO. 3 1=1,NISP . 
—00371) C I ) 

0038 0 WRITE (.2.4)I ,K,(1D(JvNTINUE • 
0040 0 4 .713) • 
004.10 . 41R1 TE(2,T (1H0,56X NPUT/1H0) 

- WRITE(2,34) 
00440 34 'FORMAT 1HO e.55 X ,10HG MATRICES) 

- 00450  'DO -13 1=-1-tiNEISP.  
0046 0 DO 14 I=1, IN • • 

—00470. ----DO 14 IN 
0048 0 14 TEMP( I ,J)=G(1,-..41..) 

—0049 0 ---- WRITE( 2.17 )L• -- 
'O0500 17 'FORMAT (1H1•5- CALL .WTE 

--CONT INUE 
0053 0 * 00' 35 1=1 *IN 

— 00540. .00 35- .-J=. 1. 
005.50 35 TEMP( 1,J)=11(1,-.)) 

— 0056 0"--------7WRITE (2, 36 ) 
0057 0 36 FORMAT (1H1,5 8X,1 HQ ) 

tALI-WTEMP(IN:IM) 
0059 0 IF. (MPHT-111) 56,56, 55 _...0

0600-
_._.55 

."."---WRITEC238 
006.10 • 38 FORMAT (1HL •55 Xs1OHC HAFAIRICES)1• INT 

---00630 '39-640 DO 39 T.:1=1i IN 
00650 39 TEMP( 1,..1) 

—0066-0 --WRITE (Z. 40 )1 
_- 

00670 40 •FORMAT (1111,5 9X,I 2) 
--0068 ---- riat: WTE MP ( 

0069 0 37 CONTINUE 
0070 WRITE (2,48) 
00710 48 FORMAT ( 1)11,2H '11,9 X, 2HM1,12X,2}1112,12-X•21013 ,12X-,2}1M4//) 
00 72 0 URITE (FA 24 -43 
0073 0 43 EU, 431 

• ------FORMAT (1 MI OH" 1,6)(441-N08S OX• 1HVis12X41HK) 
00740 IMAX-:AMAX0(112,11PIIT) 

—0075 0 DO 44- 1:1,1MAX • 



-00760- 
00770 46 WRITE(2•47)1,VOBS(I),61(1),DK(I),(KIDENTCI,AaJ=1,3) 

'00790 45' WRITE(2.47).1,VOBS(1)04(1) 
--00800 ----44 -t0NTINUEFA 

_ _________ 

.0081 10 44 
—0047)1,V0BS(1)- f(I) — 

_ _ - 
00800 44 CONTINUE 

00820 RETURN 
.-00830-- • ----------- 



110. 

0010 0 -SUBROUTINE R EADF L ( D.111 ef.12-, I X )- 
0011 0 C 

— 00120 C --READS "MATRICES. 
00130 C 
00140 DINE: ION 0(13-s14)*TH(15),`JI-1(15) -- 
0015 0 D0.101=.1, M1 

—0016 0 - DO 10 ..1= lvt12 
0017 0 10 ( 

—00180 ----READ(17,1)D11“ In ( 1 )‘.311( I) ;Ir-11,151- 
0019 0 1 FORMAT (1F, 301) 
0020 0 -1F"" (FADH )2 v3 p2 
0021 0 2 DO 6 1“14,15 
00220 (1H(K))4,.5,4 
00230 4 14: IfilK) 

- 00240 J="311( K 
00250 6 Iv../)=DH 

—0026 0 GO TO 5 
00270 3 IF(IX)22,23.22 

'0028 0 23 Da 20 1=1011 
0029 0 DO 20 J=1•111 
0030 0 - (1=-J) "21;20:21---.__.... 

 
00 31 0 21 IF WC I eJ))11•20, 11 
0032 0 11 - D(J, I)=D (1,J)  
00330 20 CONTINUE 

— 0034 0 2 2* RE TURN • 
00350 END 



111. 

00100 SUBROUTINE_ READDI1 (D. R) 
00 11 0 C 
00120 READS-MASSES-  N-AT:OMI IGHT-  UNI TS :AND-IMCDIFTED7WE OlIT-F ACTOR 
0013 0 C 

DIMENSION DT 331,111(-24) 
0015 0 DO .1 11,1R 
00160.........- 1 DTI )=0. 
00110 2 •READ (1,3 (1H(1)61=1424) 

--0018D --3---FORRAT(1 F o 24 I ) 
-- 

00.190 IF OH) 7,4 
D020 0 . 6 .K=1424 

• 002.10 IF (IH(K))5•285 
T= K • 

00230 6 DC 1ST )=DH 
0024. 0" Ca -T0-2 
0025 0 7 RETURN 
0026 0 -ENO .  



• 
°ow o sopRourINE STAT 

• 00:11 0 C 
00120 -----CALCULATES..-AND . P RINTS- STATI STICAL -TA NA LYSIS -0E-F INAL— R ESULTS7---7 
00130 C 

—00140 Eli 12,12 . 0 is; ELIN (.12, 12 T3 )* C (12;1-2.8/4 
0015 0 • IAJWJ(14,14 )v AJ(18, 14 ).Q( 12.12)*VOBS(18).X('18).V(18),TEMP(18•14), 

--0016 2E/12,12 isDK(14),IDENTT1 t. KID.ENT(33,3 ),14(18). 
• 00170 • 3.01(8.3 ),111FAC(3 )*SI GK (14),S IGV(18) 

—0018 .0 - DIMENSION fLMOBS(18) ,FLMC(18) 
0019 0 DIMENSION VYR( .18,8 ). TKR( .14 .8 ) XXX (18 .8 ),SUMT (2*8 ) • 

—00200. -COMMON . D4EL,'EUIN, AJI4J.Cs'ATI4 
0021 0 COMMON /B.1/IN, 11-'1 NISP. N IS.CF, IFFC, ISYK, IDEG,N2* Li 

--00230 • 111PHINUMBi 1 TER. NEG. MPHT Da, VAR/B2/ VOSS, X.V /B4/TEMP/B7/ ! 
00240 2/138/10ENT • KIDE NT•W vIDiNFAC/610/S1 GKiS IGV 

/811/FLMOBS F LMC 
00260 COMMON /B3 /1/YR sTKR .XXX.SUMT 

"-- 027 0 C 
00280 C PRINT EIGENVECTORS 

—00290 C 
0030 0 •WRITE(2,15) 

—0031 0.-------.15—FORHAT" (11.11 .1;54. X,101IL MATRICES) 
00320 00 I L=.1,NISP 

- --00330 WRIT (2.2)L 
00340 2 FORMAT(1111,59X.12) 

—00.35 0 3 -1=1‘IN 
0036 0 DO 3 J=ItIN 

—.00370"   3 TEMP (I J)=E I'vjel.") .  • 
0038 0 CALL tJTE MP( INs1N) 

• 0039 0 1 CONTINUE 
0040 0 C 

—0041'0 .  . POTENT IAL ENERGY DISTRIBUTION 
00420 C 

— 004-30- • -18-  DO-  24 VII-  •N2 
. 00440 Y1=0. 
-0045.0 'DO "23-  J MPHT .  
0046 0 TEMP(I•J)=AJ(I.J)4DK(J)/FLMC(I) 

—00470" .  23-Y.L.=Y1+ABS(TEMP (I,J ) ) - 

00480 DO 24 J=1*MPHT 
00490 24 TEMP( IsJ)=TEMP f 100./Y 1 
0050 0 WRITE(2.25) 
00510 5 - FORMAT( 1H1,29X.4411POTEN T IA L ENERGYYIS-T-kIgliT ION CONT RhiiJITOL 
00520 11711 OF K(..1) TO NU ( I) /111 ) 

- 00530 CAL TEMP(N2. MPHT )  
0054 0 C 

--0055-0----C--------70VER All-  SPERS1 ON ( S IG MA1—AND.  DISPERSI ONS— FOR-FORC E —CONS-TA NTS- 
0056 0 C AND FREQUENC IES 

—00570 C 
00580 S1GMA=VAR 

—0059 F-tN2'•MPitT -- 

00600 IF (DIF )26,26 $ 27 
0061-0 26-DIF=1.0.  
00620 27 SIGSQ=SIGMAJDIF 

--00630 -SIGMA=SQRT( SIGSQ) 
00640 DO 28 1=1, MPH 

—0065 0 2 8 SIGX1 -1)=SIGMA*SCRII AJUJ(I. ) ) 
• 0066 0 DO 29 .1=1,N2 

—00670 DO - 29" "3=1...MPH .  
0068 0 TEMP( I,J)=0. 

—0069 0 DO 29 -K=1*MPH 
0070.0 29 TEMP(1,J)=TEMP(1,J)+A..)(1,10*AJW.J(K,J) 

—0011 O . DO 31 I=1,N2 • 



113. 
-0072'0 Y1=0. 

0073 0 DO 30 K=1,11P11 
--00740 -------30 l'1=111+TEMP (1;1( )'*A.) ( I , -1;) 

'00750 31 .S1011( I ) =SIGMA SORT ( 
— 00160 ISP•IN " 

.0077 0 0050I= 1* N3 
— 0078 0— —30-SIGV(1).?-84.89 04 .5/VYR(LettIUMB) fSIGV(1) 

007.90 C 
. F INAL FREQUENCIESiTORCE CONSTANTS:' -- AND TISPERS I ONS- 

0081 0 C 
--- 00820 —32 --14RITE(2•33 ) 

0083 0 33 •FORMAT(1111,311NO. 2X*7HNU OBS..6X, 8 HMI CA LC.* 7X. 
— 0 0084 7-18HDEL TA -Nth  - 

.00850 94X,10HPCT. ERROR*4X* 941S1 A(NU) *6X, 1 1-11(* 10kg8HS1GMA(K) / ) 
--0086 0 AVE=0. 

00870 DO 37 1=1042 
—00880- DIF=(X(I)/1/1385(1))41100. 

00890 'AVE=AVE+ABS(DIF) 
- -0090 "i P-MP1-11) 34.34a 36  

0091 0 34 :WRITE(2135)I.1/08S(1)0/11 ). X( I) •DIF 
00920 9.D1Q(11)*SIGK(1),, (KIDENT(1,J) 
0093 0 GO TO 37. 
00940 35 FORMAT (.11-1 .12,F10.3*F16.7•3F13.5,4X F10- 7,F1.1.5,1X*4A6) 
00950 36 .WRITE(2,35)10/OBS(.1),,V(I),X(1),DIFISIGV(1) 

- 00960 "37...CONTINUE 
00970 fN2=1112 

--00980 " -----7AVE=AVE/FN2- 
0099 0 WRITE(2•38)SIGMA,AVE 

'0-1000 38 FO.R11AT ( 1H0,2 OX*-30HSQRT (SUM (1,* (0-C )**2) /(N01-11V )) =F10.6, 10X, 
01010 • 925.HAVER AGE PER CENT ERROR = F10.6) 

. 01030 C CORRELATION MATRICES 
—01040-  C" 

01050 • WRITE(2,39) 
--0.1060 1H1* 40X• 3811CORREL AT ION 'MATRIX FOR FORCE CONSTAN TS/IH-T---- 

01070 DO 40 I=1*MPH 
40-  3=1* MPH 

.01090 40 TEMP( I, J)=A.114.)( 1, ..1)*SIGS0/ (SI GK(I )*S IGK (J) ) 
- 0110 0- EAIL T E MP (MPH 'MPH )- 

01.1.1 0 RETURN 



-,voroo SUBROUTINE E IGJAC-  ( I; IE ) 
00110 C 

'-00'.1.20 C CALCULA TES .  F REQUENCY JACOB IAN FROM E IGENVECTORS 
0013 0 C 

-00140 DIMENSION EL(12,12-,3 ),ELIN.(12,12, 3), AJW,1(14,14) 
0015 0 1C(12,12 ,8),AJ(18, 14)0;1(.12, 12),VOBS(18), X(18),V(18) 

—0016 0 DIMENSION FLM085(18) ,FLMC ( 18) 

00170 .COMMON D,EL,E12IN, AJWJ,C, A.),() 
—00180 - tOMMON /B1/ Re IM,-  IM•NISP,11 I, ISCF, if F C • I14;•113,-ISY MaDIG;N271.1 

00200 ITER,NEG,MPHI,IBT, VAR/BZ/VOBS•X, V 
—0021 0 tOMMON /B11/FLMOBS,F LMC 

00220 1 G=0 
-00230 ' -----130-2-1= I I, TE 

0024 0 10= IG+1 
—0025 0 , I M 

0026 0 DO 2 K=1, IN 
00270 - 2 AJ(1,- J):i-AJ(TiJ)+EL(K,IG,L)1EL(K, 'Get_ )*Q(K, 
0028 0 IF (11PHT-IM) 1000,1000, 3 
0029 0 3 -IG=0 
0030 0 DO 9 I=I IE 

—0031 
00320 DO 9 K=1, IN 
00330 -- _ -  DO-9 IN 
00340 DU 9 J=1,1117 

--0035
.
0
..- 

IMJ=IM+3 • 
0036 0 9 Ai( I, IMJ)=AJ( 1,.IMJ)+EL(K,I-G,L)IFEL( IP • vC(K• IP,J) 

---00370- _ 1000 RETURN 
00380 END 



-0010 •SUBR OU T I NE WIVUOU T ( AVE ) 
0012 0 C !WRITES NU 085., NU CAL C. • X, PCT. ERROR,' K AFTER EACH TERA.110 
0016 0 DIMENSION V085(18) ex (18),11(18)•F (12,12)031(4 14) --- 
00180 IDENT (13, 4.) *KI DENT ( 3.373),W(.18 )6.I0(8, 3),NFAC (3) 

- D019.0 'DIMENSION FL MO8S (181, FLMC1 1 fir 
00210 :COMMON /81/INia I, IS.0 Fe IFFC• 114m TB, I.SY Me IDEG*N2 -s 
00240-- 1MPlitNUMB • ITER v NEGg MPHT• UHT VAR/B2/VOBSeX0/187/F,H,DK/138/IDENT., - 
00260 2X1 DENT., )1, IDeNF AC 

-00280   tomtioN-  18.11/F 1: MOBS L MC 
------:-- 

00300 ..N3=VISP*IN 
0031 0 .D0 -1 0 I:= 1,N3 
0033 0 V (1)=1.303.0vSORT(FLMC( I ) ) • 

-0035 0 ---- 0 .- X -(1 303.0*(SORT(FLPIC(1 ))-50RT(FILMOBS(.I )) 

00370 144. =N3+1 
-0039 0-----------D0111=N4-,N2— 
'0041 0 11 .V(1)=FLMC(I) 
-00430— ------14RITE(. 241)1TER .  - 
00440 1 FORMAT (.1.H1,3•5X,16H I TER ATICN NUMBER 03) 

-0045 0' ----------WRITE(2,1) 

"00460 2 'FORMAT (1H0* 3HNO. s 3X ,714NU OBS., 7X, 8HNU CALC .•53(08HDECTA. MI6 
4-X-;10HPC ERROR,12X43HNO ...1;5X;11)K /.11-1 

00480 AVE=0. 
0049 0 DO 3 MPHT 
00500 PCT•tX( I) v100./1/0135 (1 ) 

.00510 WRITE(2 w4)14,1/013S(I ).1/(1 ):iX(1)•PCTs OK(' )-• 
00520 • 1 (KIDENT(1•J) tJ=.1,3) • 

- 005
.
3

..
0 -3 .AVE-:-'AVE+48S(PC 

00540 4 FORMAT (1H .12,F13.3,3F13.5•12X,I2,F13.7,2Xt4A6) 
-0055 0 -------"TE-(N2-11PHT ).• 7 -45 ------ 
00560 5 I 1;:-.MPHT+1 

-0057 I VoN2 ------------------ 
00580 PCT=X ( I )*100../VOBS (1 ) 
-00590- . -WRITE (2 eV) 141/OBS ( ).Y (I I r, X (T) •.PCT 
00600 6 AV•Ez:AVE+ABS(PCT) 

-006-1-0 -TN2N2 
0062 0 .AVE=AVE/FN2 
-00630 ..WRITE12031 AVE -- 
00640 8 FORMAT( 1HO• 15H AVER AGE ERROR ,F10.5• 9H PER. CENT) 
-0065 

-- 
00660 END 



11e6. 
7-0010 --- -SUBROUTINE W TEMP (NR•NC ) 

0011 0 C !PRINTS UNSYMMETRIC• MATRI X(60.60) 
-00/2 0 C-  • - 

0014 0 . DIMENS ION TEMP(/8,1 4) 
--00150 .:COMMON/O4/TEMP 

0016 0 
-0017 -71NC=1

..- 
" 

0019 0 1...=9 
-0021 0 -1=.1 

00230 IF. (NC-IL) 2.2-.3 
-0025 0 

0027 0 3 1,1RITE(2.4)(J,J=INC,IL) 
-0028 0 'FORMAT I11i0,3H I /J. 1743 I13, /1H ) 

0029 0 00 7 J=1,NR 
-00300----7----------1/RITE(2410)J, (TEMP (J,K)*K-7- INC, IL) - -- 

00310 10 . FORMAT(IH ,I3i9F13-8) 
00320 - • IF INC .-10-54546 
0033 0 6 INC=INC+9 

-0034 
00350 5 RETURN 

-00360 -- __ __.....---._......---------- 



CHEM2 Sample Problem 

The Ethylene Molecule (C
2
H
4
) - B3

u 
 Symmetry 

INPUT 

00010___ETHYLENE 
00020 B3U SYMMETRY 
00.030 TWO_ISOTOPES  
00040 MVFF JOHN COMERFORD 
00050 020000020302040000000000000.002 
00060 0101 
00070 02 
00080 02 
00090 1.0,1s1 
00100 
00110.---.--1.0-,2,2  
00120 
00130 1.09192 
00140 
00150 1.0373+1+1 
00160 1.11349292 
00170 0.0740,1.2 
00180 
00190 0.54159191 
00200 0.6177,2,2 
00210 0.0740,1.2 
00220 
00230 2989.591443.592200.291077.9  
00240 5.579 CH2 STR • 
00250 1.459 CH2 BEND  
00260 0.00003. SIR-BEND 
00270 01  

117. 
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127. 

APPENDIX III 

Normal Coordinates of Ethylene 

and. Isobutene (B2 Species only) 



128. 

Ethylene - MVFF 

Aig 

(C2H4) 

1.01518 -0.03545 0.06447 
-0.05635 0.23241 -0.33062 
0.04002 0.61584 0.85589 

(C2D4) 

0.73554 -0.01072 0.01924 
-0.10989 0.38050 -0.09818 
0.07101 -0.13885 0.69525 

B1g 

(C2114) 

1.05516 0.00516 
-0.29882 1.29912 

(02D4) 

0.78131 0.03533 
-0.44209 1.04199 

B2u 

(C2H4) 
0.99296 0.35697 
-0.40973 0.93242 

C2D4) 0.74376 0.25400 
-0.32496 0.66023 

B
3u 

(C2H4) 
0.98735 0.24986 
0.32869 -1.00268 

C2D4) 0.70919 0.19635 
0.30288 -0.72439 



129. 

Ethylene - UBFF 

A
lg 

(C2H4) 

1.00480 -0.16282 0.03413 
-0.14565 -0.32347 0.20163 
0.17763 0.78481 0.68258 

(02D4) 

0.68708 -0.26348 0.00110 
-0.24799 -0.31695 0.06743 
0.23057 0.34901 0.57683 

B1g 

(C2H4) 

1.05204 0.08123 
-0.39157 1.27176 

(C2D4) 

0.78093 0.08860 
-0.50983 1.01058 

B2u 

(C2H4) 

1.05437 0.04132 
-0.10986 1.01254 

(C2D4) 

0.78525 0.03303 
-0.12475 0.72522 

B
3u 

(C2114) 

1.01702 -0.05454 
0.12893 1.04727 

(C2D4) 

0.73367 -0.05683 
0.16046 0.76939 



130. 

Ethylene - HOFF 

A1g 

(C2H4) 

1.01373 -0.09400 0.02842 
-0.11937 -0.28248 0.26917 
0.14413 0.91817 0.49958 

(02D4) 

0.71126 -0.18867 -0.00343 
-0.21238 -0.34183 0.06744 
0.19518 0.36966 0.57702 

Big 

(02H4) 

1.05516 -0.00554 
-0.28564 1.29966 

(C2D4) 
0.78552 0.02570 
-0.42715 1.04821 

B2u 

(C2H4) 

1.05475 0.02998 
-0.04123 1.01764 

(02D4) 

0.78573 -0.01842 
-0.77025 0.73183 

B3u 

(C2114) 

1.01746 -0.04548 
0.11959 1.04838 

(C2D4) 

0.73427 -0.04847 
0.15168 0.77116 



131. 

Isobutene - /OFF 

B2 

(04/18) 

1.05511 -0.00660 -0.04227 -0.00033 
0.00360 0.42588 0.02287 0.05867 
0.12413 0.43504 0.27353 -0.34480 
•0.22987 0.18792 1.14409 0.19871 

(04D8) 

0.78539 -0.01705 -0.04700 -0.00096 
0.00819 0.41403 -0.01429 0.05030 
0.17486 0.45462 0.28076 -0.27628 
0.30221 0.28229 0.83982 0.22532 
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