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ABSTRACT

A normal coordinate analysisg 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 Bzuspecies of isobutene was also
analyzed. An attempt was made to transfer force constants
from ethylene and thereby solve the Alspecies of isobutene,
but a solution could not be obtained. This suggests that
simple transference of force constants is not feasable in

this case.

The poténtial energy distributions obtained for ethylene
.are discussed. The normal coordinates calculated in this

work‘are‘appended.
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CHAYTER I

INTRODUCTION

The objective of this study was to study rpossible
relationships between force constants in olefinic type
molecules and to investizate the effect of the molecular

environment on isolated C=C bonds in different olefins,

Although a few vibrational sfudies of ethylene
have been reported, very 1little work on force constant
calcuvlations for more complicated olefins are availabhle,
Futhermore, differences in the results obtained by
different workers Tor 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 iﬁ~plane vibrations of ethylene and isobutene. It
is hoped that the results of this study may rrovide
methods for transferring force constants between molecules
which would then permit prediction of prorerties 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.square sense) to the
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observed freguencies of each molecule,. The force fields
used for the calculations were the modified valeﬁce

force field (IVFE), the Urey Bradley force field (UBFF)
and the hybrid orbital force field (HCFF). 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 eguations of the type
GF - ANE| =0 (1)
yield the vibrational frequencies of a molecule since
A= 472 P oF (2)
where G is the kinetic energy matrix and ¥ is the poten-—
tial energy matrix, v is the freguency of vibration, ¢
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 tre type of func-
tion choosen, one freguently must choose a potential
energy function which can be solved with the data avall-

able,
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One of the simplest and most widely used force fields
is the general valence force field (GVI¥), which assumes
that if a bond changes its length duvue 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 asgigned ﬁo bond angle changes. This means that
oh the basis of the GVr¥® the potentisl energy function may

be written as:

VeXik, saRE+Eik Ak’ (3)
a m !

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

and.d(m is the change in bond angle of the angle “"m", The

summations are over all bond angles and bond lengths,

The GVFF includes all possible cross térms to account
for interactions between terms. In most cases it is necess-
ary fo 1imit the number of cross terms introduced into
the GVFT since, even with the use of isotopes, the number
of observed frequgncies are freoguently too few To solve
for all of the force constants. It must be admitted,
!however; that there is no sure wey of knowing which are the

proper cross terms to use and which should be omitted.

Another type of potential function, introduced by
H., €. Urey and C. A. Bradley (28), should be mentioned here,
They superimuosed on the GVFEF a repulsion potential of the

forms: '

v = a/R (4)

1]



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 Waals repulsive forces bhetween non-bonded atoms.
P

A third type of field, the HOFY, was proposed by fills
(?1) and considers that changes in bond hybridization are
acconpanied by changes in bond length. Hence changing
the hybridization ratios during bending creates a secondary

interaction with the stretching vibration.



CHAPTER II
METHOD OF CALCULATIONR
A. Description of the NMethod

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 egquilibrium cdnfiguration of the molecule (so that

Ri = 0 at equilibrium). The potential energy expression
is thus: 2
P AV 1 .F'E: S B N
V=TVg+Z; C5gy) Ry + 2 ¥ R2IR. JR.R.
3 - 1d i3
+1/6%, % i( I aR)D‘l Ry +...(5)
v

0 defines the potentlal energy at equlllbrlum and is
taken as zero. 1In the second term, since (d V/ BRi) is

to be taken in the equilibrium position it is zero by
defination. ‘the coefficients of the third term are whaﬁ
are known as the harmonic force constants and are defined
by Py = (32’\7/,93?3}{3).

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

energy function. The symmetry coordinates, Si’ are related

to internal coordinates, Rj, by means ¢6f the elements of

a transformation matrix, Uij’ according to the equation:



S, = ¥ U,. R, (6)
R
or in matrix notation
s =UR (7)
The symmetry coordinates of any molecule may be classified

into symmetry species.

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

cribed the following procedure for calculation of force

constants.

Defining the potential and kinetic energy by:

2V = ¥ 3. F.. R.R. (8)
i 3 1j 717
2T = $ 3 G,. R.R. (9)
?ﬂ 3 1j 7i7)
or in matrix notation
2V = R' ¥ R (10)
21 = &' ¢7 R (11)

Where ¥ is the force constant matrix defined above andr
the elements of the G"T matrix are functions of atémic
masses and equilibrium geometry of the molecule. The
values Qf ¥ 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 R = ( 3 R;/ 3 t) where t is time,

A& column metrix of normal coordinates, Q can be defined
by R=5LQ (12)

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



Qy 253;1’13 Ry (13)
The transformatioh matrix L ié chosen such that *

2V = Q' A Q (14)
and 20 = Q' E Q (15)

where E is the identity matrix and A is a diagonal

matrix of the frequency parameters, )k:= 4?T2 02 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 eguation (12} into equations (10)
~and (11) and comparing the results with equations (14)
and (15) yields

L' FL = A (16)
and It ¢l L =R (17)
Combinétion of thése.two eqﬁations gives the expression
FIL=06LA (18)
or GFL=LA (19)

Consider a single éolumn of the L matrix dencted by
Li and let the corresponding frequency parameter be j&.
Equation (19) can then be written in the form
(GF -], B) I; =0 (20}
where ¢ F=(6F)y = b G Fry -
A necessary and suffiéient condition that non-trivial

solutions (i.e. I # 0) for equation (20) exist is that



|e® ~Az| =0 (21)
Bguation (21) is called the secular equation. Expansioﬁ
of it leads to a polynomial equation in A which can be
solved if the elements of G and T 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 eguations with (3N-6) unknowns reduces to
several smaller problems which are correspondingly

simpler to solve,.

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

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

I's.

‘Desius (9) published "A Tabulation of General Formulas
for invefse Kinétic EBnergy 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 coordinztes of thke bond stretch-
ing and angle bending types, together with a torsional
type of coordinate. Using the tables of Desgius internal
coordinates are choosen for a molecule by selecting conven-
ient bond lengths, bond angles and torsional argles in the

molecule. Symmetry coordinates are then set up such that



they are linear combinations of the internal coordinates.
The symmetry coordinates are not necessarily unique, but
must be normalized, orthogonal and of the form

= =
where Sj is the jth symmetry coordinate, Ty the kth inter-

nal coordinate and Ujk the appropriate coefficient for

rk. the condition of normalization is satistied whei

z -

" Ujk Ujk = 1 (23)
and the condition of orthogonality is satisfied when

z _ A

¥ Ujk Yix = O (24)

where J#i.

It is not necessary to actually calculate the symmetry
coordinates (Sj); only the coefficients, Ujk’ in equation
(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

G =Ug¢g?U (25)
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 transrose

matrix of U.

in order to simplify the calculation of the G matrix

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



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 Ry, RZ? R3’ and‘R4.

The second program, called WORK3, uses as in-put data
the U matrik appropriate to each symmetry species and the
g matrix generated by program WORK4. WORK3 calculates the
G matrix for the specieg assording to the equation

UeglU' = @ | (26)

where U*' is U transpose.

For both WORK4 and WORK?3 the format for the in-put
data, a sample problem, and the programs are given in

"Appendix I.



1.

B. TForce Constant Refinement

Using equations (20) and (21) one éan calculate the .
')\‘s and L's if G and F are known. In practice ¥ is not
known and the ANf's are observed values, Wilson, Desius
and Cross (30) have employed perturbation fheory to solve

the equation |G ¥ - N\ B

= 0 by a force constant
refinement procedure. In this procedure an initial set

of force constants, T, are used to calculate freguencies

( A *s) and to calculate the transformation matrix L. The

force constants are then adjusted to obtain better values

for >\‘s.

$he changes in frequencies were shown to be (30):
AN = Zk Lyi Dy & Fix (27)
where Lji and Eki are tié trarnsformation coefficients,
Thus in matrix notation
AN = JAF (28)
where 4/\ is a column matrix of A A's, AT is a column
matrix Astk and J is the Jacobian matrix whose elements

are the products of Lji and L,;. Thus equation (28)

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 subsequently

revised by H. Kimmel for the IBM 7040 (16) then by this
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author for the PDP 10 time shariﬁg system used by Personal
Products Company, a division of Johnson and Johnson. The

modified program, shovn in Appendix II is summarized

below.

An assumed set of P's (i.e. the I matrix) is used to
‘calculate A°'s and a set of transformation coefficients,
1%s. If AAi = Ai - A%, setalA=JnF where the matrix
J is computed from the L's (J is Jacobian matrix whose
elements are products LjiLhi' It is possible (though not
-necessarily true) that o ¥ caﬁ be found which directly
satisfies aA=JdaP. 1t is usually necessary to compute
the correction to P° so that the difference between ob-
served amd calculated frequency parameters, a/\ , are
minimized, let r = J a F ~af\ where r represents the
error in the solution to a/A = J ao F for each correction

‘to F°., The solution a.F is obtained by a least sguares

method,

If the weighted square error, S, in the solution of
equétion o\ =Ja T is definedbas S =1r' W r where the
matrix @ is a diagonal matrix of the weight Wy, o= 1/?\?,
then the solution A F that minimizes S can be determined
by forming the eguations |

J' WJIaAaF=utWaA
' the solution for this equation is

AF =@ wa) o owal (29)
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and the A F's can be used to form a new set of force con-

stants by

<y — 1_‘ ° ﬁ

Flnew) l(old; t ol (30)
The calculation is then repeated using F (new) as the FO.
Phis iteration procedure is repeated until A ¥ = O or 1s

negligibly small,

The dispersion of each refined force constant is cal-

culated by the relation
2wy = (@ w3 o

where =2 = (A A ) W (a A) / (W - P)
vaeing the number of fundamental freguencies used in the
calculation and P the number of refined force constants,
The diagonal elements of o2 (F) give the uncertainties
obtained by the equation.

2 (F) = (3w 3" o

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 wren the

relationship Aol = J A F is valid.

Equations (29) and (30) show that in the iteration
process it is necessary to obtain the inverse of a matrix,
Kot all matricies have an inverse. A matrix with no inverse
is knovn as a singuler matrix, in wvhich case the deter-
minant of the m2trix is equal to zero. Since a computer

carries a finite number of significant figures, it is
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necessafy to decide what constitutes a determinant close
enough to zero that i%¥ should be considered zero and
computation should be halted. ‘he 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 éontinues 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 (made by Digital Equipment Corp.).
‘A determinant less than 107°0 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 Freguency Assignments

Table I shows the atomic weights used in this work,
and in rigure 1 (page 2% ) 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)
kydrogen 1.00797 (13)

Bartell, et al. (%) did an electron diffraction study
of tﬁe structures of 02H4 and 0234 and compared their re-~
sults to the results of earlier workers. Table II sum-
marizes fheir 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,
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TABLE IT

ELECTRON DIFFRACTION STUDY OF 02H4

(Bartell, Roth and Hollowell (3))

ATD C2D4

Czﬁ

—2 4

C-H bond length 1.1030 £ 0.0018 (angstroms)
¢=C bond length 1.33%69 t 0.0016 (angstromé)
H~-C-H angle 117.2 T2 (degrees)
021)?L

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
lengfhé,:however, suggest that the relative distance could
be revérsed 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 (32H4 molecule
seems more reliable. In view of this we have used the

measurements reported for CZH4 and applied them to both

isotopic species as shown in Figure 1.
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The structure of Isobutvlene was obtained from micro-

wave date reported by Scharpen and Laurie (19),

Pne 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-nlane
symmetry species. Since there is a discrepancy between

the two papers for both the Blg

2

and B2u syrmetry species,
both sets of data were used and force constanis zre re-
ported for each set,

TABLE L1T

ASSIGHIELTS #FCR IN-PLANL VIBRATICOHS ¢F ETHYLELE

Symmetry Descrivtion 02H4 02D4

Ref.(12) xef.(6) Ref.(12) Ref.(6)

Alg C-H stretch 3019.3%  3026.4 2252 2260
CH, sym bend 1342.4 1342, 4 081 085
C=C stretch 162%.3% 1622.6 1515 1518
BSu. C-H sym stret 2989.4 2989.5 2200,2 2200.°2
CH, agym bend 1443.9 1443.5  1077.9 1077.9
Blg C-H streteh 3069 3102.5 2304 2310
CE, rock 1055 1236 860 1011
B,y C-H stretch  3105.5 3105.5 2343 2343

CH, rock 995 810.73 T40 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 C4D8,molecu1és are

given,
TABLE IV
Frequency Assignments for the In-Plane
Vibrations of Isobutylene
Species Description | Egj%i 3425
A1 C-H stretch 2984.9 2226,2
C-C stretch 803.0 705.0
“CHZ wag - 1416.0 1047, 6%
skeletal bend 38%,0 222,6
- C=C stretch 1658.0 161%.4
B, C~-H stretch 3083%.5 2305.5
C-C stretch 1281.0 1267.0
CH, 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 NMatrix

In the normal coordinate treatmént of a molecule the
kinetic energy is exﬁressed by the G matrix/and is a func-
tion of the atomic masses and molecular configuration. Oncé
a set of bond lengths and bond angles is choosen, the G
matrix may be calculated most conveniently by usinz 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
éngles between the C=C 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 speciles of ethy-
lene which is calculated by using the internal coordinates‘

suggested by Arnett and Crawford.
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TABLE V

Arnett and Crawford G Matrix for Bthvlene

A]g Symmetyry Species

- £y

1.037%  -0,0868  -0,1047
0. 1655 0.2010 Lormal sthylene (02H4)
2,0718

0.5417 -0,0870 -0.1048
0.1655 0.2008 Deuterated Ethylene (CZD4)
1.2%51

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 ¥ atoms in each C¥y

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

ed directly.

Shimaznouchi et al., calculated a G matrix for CZFZ
w@ich can be used for 02H2 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 aprlying the geometry of ethylene and
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and deuterated ethylene (Figure I) to the G matrix for-

mula,

Table V1.

G Matrix for Ethylene Calculated from G Matrix for 02 4

(From Shimanouchi et al. (22))

Alg Symmetry Species

1.0373 -0, 0868 -0.128%
0.1665 0.2462 Normal Ethylene (02H4)
3.3402

0.515% -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 bdnd lengths were used together with the six bond
‘angles of the planar figure of the molecule. A torsional
angle wasg used to describe the out of plane bending of the
molecule, hoWever, the out of plane motions were not con-
sidered in this worik. Because of a lack of structural
data, KXilpatrick and Pitzer assumed that the bond angles
were 120 degrées. USiﬁg 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 mabrix for the A species. Table VII

i}

shows the results of our G matrix calculation using the

structure shown in Figure 1.

TABLE VII

G Matrix Used for Ethylene Alg Species

1.0373 -0.0868 0.0740

0.1665 -0.1421 Normal Bthylene (02H4)
1.1134

0.5415  -0.0868  0.0671

0.1665 -0.1289 Deuterated Ethylene (62D4)
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 wnich is being assumed. The
kinetic energy is described by the G matrix, and as pointed

out, is different when different intermal coordinates are

~mnsed to calculate it.
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STRUCTURAL DATA USED

Ethylene

hydrogen
hydrogen

hydrogen:

hydrogen
1.1030 2
1.10%0 4
1.1030
1.1030
1.3%69
121.4°
121.4°
121.4°
121.4°
117,2°
117.2°

2000 b

Deuterated

Ethylene

deuterium
deuterium
deuterium
deuterium
1.103%0
1.1030
1.1030
1.1030
1.3%69
121.4°
121,4°
121.4°
121.4°
117.2°
117.2°

20 =0 =0 (-0 1O

273

Isobutene

methyvl

methyl

hydrogen
hydrogen
1.507
1.507
1.088
1.088
1.330 A
122, 35°
122, 35°
120,75°
120.75°
115, 3°

118.5°

O >0 0 =0 >0
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CHAFPTER IIT

VIBRATIONAL 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 summarigzed 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
(P 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
coérdinates for ethylene based on a somewhat different
set of internal coordinates from thogse 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 ethylené.
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Using the same gymmetry coordinates as Arnett and
Crawford, Crawford, Lanoaster, and Inskeep (5) calculated
a set of force constants which are satisfactory for the
planar vibrations of ethylene and several oflits 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 fregquencies
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 Vork

The most difficult problem in attemnting 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, ILikewise,
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 eléments rather then directly to
the g matrix., The resulting G matrix is the same in either
case. ﬁe have, therefore, choosen to multiply bond stretch-
iﬁgnangle bending interactions’by the length of the C-H
bond in ethylene (1,1030 3) 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 masseg'". 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 Or CALCULATIONS

A. The Ethylene Molecule

-Ethylene belongs to the point group DQh‘ The nine
in-plane vibrations are factored into four symmetry species,

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

1lg

tions and the’Blg, BZu’ and B3

which contains two vibraticns. If all possible inter-

u symmetry species, each of

actions between vibrations are considered, then for a

given symmetry species containing n vibrations, there will
be (3n)(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 symnetry coordinates used for ethy-
lene were the same as those used by Kilpatrick and Pitzer

(18) and are shown in Pigure I1I.



Figure IT
Symmetry Coordinates of Ethylene'

Symmetry Type Coordinate
81 = % (R +32+n 4)
Alg S, = 5 (a +a,tay 4)
83 = R5
— 4 n _
Blg. 34 = % (R, R2+R3 34)_
385 = % (a1~a2+a3~a4)
By, S¢ = i (Ry-R, +R4)
S7 = % (ay-a, —a3+a4)
B3u Sg = 4 (R1+32—33-R4)

S9 = % (a1+a2—a3*a4)
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A.1 The Valence FTorce PTield

Two isotopic gpecies of ethylene,'CZH4 and 02D4 were
used and the usual assumption was made that the force con-
stents aprropriate to each sgpecies 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 walue was necessary for the Alg Sym-
metry species.

The several freguency assignments found in the liter-
ature and reported in this work in Table III are in agree-

ment for th Alg and BBu specles of ethylene., An initial

set of force constants was obtained for tre calculations
from preliminary trials. The calculated force constants
and dispersions for the &lg srecies were ovtained
several runs srovn in Table VIII holding different constants

from the

invariant during each run. The results of {the three runs
indicate that thé initial assumption, i.e, the C-H stretch-
bend interaction constant is negligible, is a wvalid one,

In 2ddition, the results suggest that the data obtained
from run 3 give good agreement between the observed and

calculated freguencies (Table IX),
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TABLE IX

OBSERVED AKRD CALCULATED EREQUENCiES FOR Alg SPECIES OF ETEYLENE

Description of Observed Calculated Percent
Vibration Frequency Frequency Error
C-H stretch 3026.4 3085, 2 1.9%
C=C stretch (C2H4) 1622.0 1653.5 1.9%
H G H bend 1342.2 13268, 3 1.9%
C~D stretch 2260,0 2211.7% -2,2%
C=C stretch (C,D,) 1518.0 1485.3 ~2,2%
DD bend 985.0 963.8 -2,2%

The uniformity of error in the deuterated and undeuterated
species suggzests 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 B;, 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 X presents the force constants found for the B3u

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-
ported frequency assignments for the Blg and B2u species
of ethylene. Since the assignments are somewhat different,
both sets of reported freguencies were used ahﬁ the force
constants obtained are shown in Table XI., PFor 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 02H4 molecule and
two for the C,D, molecule) it was possible in each case
to compute a set of force constants without using any

constraints,

In both the 5lgand BZu symmetry species the calcu-
lated fregquencies 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. TIn addition, the cal-
culated dispefsions are lower for both the B1g species
and theABzu species when Cyvin and Cyvin's observed fre-
quencies are used. This suggest fhat the frequency assign-
ments of Cyvin abd Cyvin may be the mére 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



Observed Ref,

Frequency

3102.5
1236.0
2310.0
1011.0

3069.0
1055.0
2304.0

860,0

3105.5

810.3

2345,0

584.0

3105.5
995.0
2345,0
740.0

(6)
(6)
(6)
(6)

(12)
(12)
(12)
(12)

(6)
(6)
(6)
(6)

(12)
(12)
(12)
(12)

Table XTI

Force Constants For Ethylene

MVEFFE
Description Calculated

of Frequency
Vibration

'Blg Species

CH str. 3102.7
CH, rock 1238,6
CD str. 2309.6
CD, rock 1006,1
str.-rock interaction
CH str, 3069.2
CH> rock 1058.7
CDh str. 2303.6
CDy rock 852.9

str ,.-rock interaction

Boy ‘Species

CH str, 3105.6
CH, rock 813.1
CD str. 2344 .9
CDh, rock 576.1
str.~-rock interaction
CH str, 3105,8
CH, rock 1005.1
CD str, 2344 .2
CDs rock 712 .4

sty .-rock interaction

Force
Constant

5.124
0.534

0.131

- 4,897

0.398

-0.,078

4,353

0.964

-1.507

4.444

1.085

-1.371

35.

Dispersion

-(o'“)
0.017
0.004
0.023
0.024
0.005
0.027
0.185
0.169
0.185
0.688

0.622

0.735
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product of frequencies For the substituted molecule to
that for the normal molecule, the ratic 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 (8A) for a given symmetry species

Det G' _ a7
- & ra
Det G 7oL

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 ascsumed

1o be harmonic.

The results of the calculations for the Blg and B,
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 speciles than the data of
Gallaway and Barker.

TABLE XIX

PRODUCT RULE - RATIC O +R0DUCTS O FREQUEFCIES

Symme try [ gt
Species | G |
Cyvin and Gallaway and
Cyvin Barker
Big 0.6091 0.6090 0.6120

Boy 0.5350 0.54473% 0.5616
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It is also interesting to note that the vibrations in

the B species are apparently harmonic ones whereas in

1g
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 fregquencies and harmonic freguencies 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 freguency data of

Cyvin and Cyvin. fThey are listed in Appendix III.
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A.2 The Urey Bradley rield

Morino, Xuchitsu and Shiménouchi (22) presented a
normal coordinate treatment of the CF2 = CFz and CFZ = 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
t0 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 Forée
" Constants (22). These equations have been presented in
tabular form in Table XIIX. ‘The physical significance
of the Urey Bradley constants is:

KCH is the C-H stretching force constant

KCC is the C=C stretching force constant

HH~C~H is the H~-C-H angle bending force constant
HCCH is the C-~C~-H angle bending force constant
F'CH‘and Foy are CH non-bonded interaction constants
F‘ﬁH and FHH are HH non-bonded interaction constants

and Kappa is the intramolecular tension constant. The

usual assumption is that F'CH = O.1FCH an@ F'HH = O.1FHH.
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- o) ‘ e N
It should be noted that if F',y is equal to 0.1 Fome

then according to Table XIII the ratio of interaction
force constants is given by

Fi2 = 22040

F23
this is significantly different from the ratio 0.79 found
in the calculstion of the valence force field directly

as shown in Table VIIiI.

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 i1l conditioned solutionsr(negative Eigenvalues).
A sevenfh attemtt 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 bheen indicated,



iUREY BRADLEY FCRCE CONS

TABLE XIV

41.

The results of run seven have
XV. The observed frequencies used

Cyvin and Cyvin (6) since the work

TANTS USED AS STARTING VALUES
FOR ETHYLEZEER
Force Constant Run
1 2 3 4 5 6
KCH 4,80 4.80 4.80 4,80 4,80 4,80
KCC 10.50 8.00 10.50 10.50 8.00 8.00
: . .40 0.40
HHCH 0.40 0.40 0.40 0.40 0.4 4
2 .22 .22 0.22
HCCH 0.22 0.22 0.22 0 ¢
FCH 0.70 0.40 0.70 0.70 0.40 0.40
*
F'CH -0, 07 0.20 f0.07 --O.uCH 0* 0.20
- - *
FHH 0.10 0.10 0.10 0.10 0.20 0
*
F'HH -0,01 ~0.10 =0.01 —O.1FHH o* o*
Kappa 0.01 0.10 0% 0.01 0.01 0.10
% Held invariant during the run.

4.80
8.00
0.40
0.22
0.40
O‘*
0.20
O*
O*

been tabulated in Table

were those reported by

with the VFF and the

Teller-Redlich froduct 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.,% The Hybrid Crbital Torce Field

Using an Hybrid Crbital Field (HOFF) model the in-
plane vibrations of ethylene were investisated, Accord-
ing to the HCFF for ethylene (11) the CH stretching force
constant in the By, symmetry species is ecual to the cor-
responding force constant in the BZu symmetry species,
Futhermore, the CH stretch~CH2 rock interaction force con-
stants in tre Blg and BZu symmetry sreciles are ecgual and
these force constants are equal to 1.85 times the CH stretch-

and B

CH2 bend interaction force constants in the A o o

1
symmetry speciles,

In the first two runs the frecuencies taken from both
Gallaway and Barker (12) 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 uvyvints 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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L

s in agreement with the results of the VF¥ and Product
Rule Calculations. Vhen Cyvin and Cyvin's data were used
and the CH stretch-CC stretch interaction constant was
calculated, the value of 1.5471 was obtained. FKowever,
the dispersion associated with that value was 1,338,
nearly as high as the value itself. This suggests that
tﬁe value might be zero and is certainly not well defined
by the calculation. Comparing the runs using Cyvin and
Cyvin's data (Table XVII and Table RVIIY), it was found
that the averzge 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. %he average dispersion of
all force constants was 0,755 in the run in which the in-
teraction was constrained to zero (Table XVII). Yet when
the interaction force constant wzs allowed to vary (Table
XV1TI) 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

inn Table XVITI and Table XVIII.
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B. The Isobutene Nolecule

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 lsobutene belongs to the point group CZV' The
in-plane vibrations of isobutene are factored into two
symmetry species, i.e. the A1 symmetry SPecies‘(S vibra-

tions) and the B, symmetry species (4 vibrations).

. The internal symmetry coordinates used for Isobutene
were the same as those by Kilpatrick and Pitzer (18) and

are shown in Figure IIT,



INTERWAL SYMMETRY CCORDINATES OF ISOBUTELNE

Symmetry Type

FIGURE IIT

n n w

Coordinate

% (Ry +
x (R3 +
Rg

a1 + 8.2

a3+a4

(R1 -

(RB -

(8-1 -

e w wpR
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(8.5 -

R,)
R4)
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B.1 "the Valence Force Field

To consider all of the interaction force constents
in addition to the five principle force constants of the
A1 species, a total of fifteen force constants would be
needed, An additional 10 force constants are needed for
the Bz species, Since data from only two isomers are
available, it is clearly impossible to consider all inter-

action force constants.

Since the B2 speoies’needs fewer force constants
than the A, species it was thought that the best approach
would be to solve the Bo species first then transfer those
force constants to the A1 species., The frequency assign-
‘ments used were taken from Pathak and Fletcher (24)
since only these authors reported assignments for normal

isobutene (C4H8) and deuterated isobutene (0438).

Kilpatrick and Pitzer (18) reported observed fre-
quenéies for normal isobutene, and a more recent paper
by Nakahuar (23) gave the observed spectra, but no assign-
ments were made., Tentative assignments of the observed

data were made based on the previcus 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 32 sﬁecies
are reversed from the assignments of the earlier workers,
Data fox isobutene;pz and isobutene jD6 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 Aq 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 B, species.
The program did not converge on a single set of force con-
stants, but rather oscillated belween two possible solu-

tions and was halted after 24 iterations.

The two sets of force constants from the BZ species
were averaged and the resulting set was used as starting
values for the A1 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-H stretch and
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the CH2 scissors is zero (because of the resgulis of'the
Alg species of ethylene), there are five principlé force
constants and five interaction force constants to be
solved for. Using the freguencies from both the normal
and deuterated molecules, there zre only ten observed
freguencies. 4All attempts to obtain a set of force con-—
stants for the Aq specles of isobutene failed bvecause of

i1l conditioned solutions., The calculated normal coor-

dinates are given in Appendix III.

The failure to obtain a good set of force constants
for the Ay 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 svetemztic method of

constraining force constants is necessary to calculate

force constants for the Al symmetry species.



53 Ld

96¢°0 0E¥ 0~ ¥8Z° 0~
90L'0 ¥80°'0 Z0T 0=
(¢'0-) 8°2s¢
(1"1-) L'8sL
(s*0=) 6°092T
(€'0 ) LzIET
990°0  ¥8BE'O Z8€'0 (9°0-) P STV
G90°0 G99°0 Z¥9°0 (¢°z-) 8°1¢6
LLE"D 690°§ Z88°¥ (2°T ) 0°962T
€S¥°0 GS6° ¥ 850§ (1'0-) 0°080¢

II UOT3N[Og I uoT3NTOS  II UOTINTOS

(0317 %)
mwwv AURJISUOD JUBIEUOD Apusnboxg
uotsaedsTg 92304 ~ edxod po3eInoTeDd

UOTIRBISIUT pusd TelzsTss - Uoiadls DO
UOT3IDRIABIUT pusf Teaslads -~ YO3salds HD

(9°0 ) 9°¢ge
(€°1-) 0°LSL
(€°0-) 9°¢€9z1
(0'0 ) 9°s0¢ge

)
)

(0'T ) 6°¢€62T
) €°680¢

I uoT3niog
(z0x17 %)

Aouonboxg
ps3leInoIRd

0°€6¢
0°LIL
0°L97T
g°60¢ge

0°'8T¥
0°€Le
0°18¢T
G°€80¢

Aousnboxg
poaIesdo

eus3NosI Jo sardeds ¢g sy3 a0F pPuUNOF S$3R'UISUOD 82304

XIX oTqedl

pusd TeloTsys
s3o0x ¢ad
yosjaais DO
yo3eais add

pusd Teilelsols
o001 CHD
Uyo3eIa3s 0D
Uo3ea3s HO

UOTIRIGTA
3o |
uotadraonsad



54,

B.2 The Hybrid Orbital Field

Several attempts were made using the HOFF to trans-
fer the force constants found for ethylene to iéobutene.
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
HO¥FF 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, Porce 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=4/ (R, =B )°
where k is the force constant, Re is the eguilibrium 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 mbst satisfactory relation (mainly because of its
simplicity) was that proposed by C.H. Douglas Clark (8),

: 6
i.e. k Re = C

where C is a constant.

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 thé corresponding dispersions found for each of the
in-plane species of ethylene using the VFF. The data show

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

TABLE XX

C~H Stretch Force Constants for Ethylene

( VEF )

Species Force Constant o °
A1g 5.568 0,765
Blg 5.124 | : 0.017
By, 4,353 | 0.185
B3u | 4.72% : 0.224

Average : 4,942

Using the data from the Alg symmetry species of ethy—
lene and substituting the appropriate values into the
Douglas401ark 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. Althousgh we do not have re-
liable data for the C-H stretch force constant of iso-

butene, the data we do have suzgests 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 structurzl data shown in FPigure 1 suggests that
the H~-C-H angle in ethylene is slightly smaller than the
-H~C-H angle in isobutene. Since the isobutene E-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 thererore 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 BBu values for etbhylene and slignhtly higher

than the B value,

lg
TABLE ZXT
HE~C-H Rock Force Constant for kthylene
( VEF )
Species Force Constant 0“2
0.148
Alg 1.454
0.00
Blg 0.5%4 | 4
B2u 0.964 0.16¢9

‘BBu 1.%39 0.161



It is interesting, although pesrhaps a coincidence;
that when the C-H stretch force constants and the CHZ
rock force constants for the two molecules are compared,
the agreement is good if the Blg gspecies of ethylene is

compared to the Bz species of isobutene.



60,

C. Potential Energy Distribution

Prom equation (27) it follows that

Ai = 5k Dys Tws Fix
or in matrix form
AN =JF

Since the potential energy is given by

2V = 3 Q:EL
it can be shown (17) that the potential energy distribu-
tion (P.E.D.) is given by
P.E.D. = J FA
Thus the P.E.D. is a matrix which shows the contribution
of each force constant to each of the observed frequencies.
Tables XxXII through XXIV give the potential energy dis-
tributions obtained for ethylene for éach of the three
force fiélds used. The observed fregquencies shown in the
tables were taken from Cyvin and Cyvin (6) since their
data seemed to be more reliable than the previously re-—
porteavfrequencies, as discussed earlier, The P.E.D.
Ashown 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 fo zero.
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It is interesting that in all three foroe'fielas the
C=C stretching vibration is not a pure vibration'iﬂ the
normal molecule, i,e,. the'F(Z;Z) force constant accounts
for only a portion of the ﬁ622 cm“1 fregquency. 1in the
deuterated ethyrslene, however, there is a chance in <The
potential energy distribution and the F(2,2) force constant
accounts for most of the 1518 cm”1 freguency. This sug-
gests that as the moieties attached to the C=C bond bve-
come heavier the C=C stretching vibration becomes less
coupled to the HCH bending vibration., Unfortunately we
were not able to obtain the potential enerzy distribution

for the Ay species of isobutene,

The situation is reversed, however, when one con-
siders the C-H (C-D) stretching vibration. ‘the T(1,1)
force constant always accounts for more of the potential
energy in the CH stretch than in the CD stretch vibration,

The same is true for the F(4,4), F(6,6) and 7(8,8) fre-

guencies.

from the 02H4 molecule to the 02D4 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 unresdlved ambiguity in the

two sets of results, the potential energy distribution
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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 (MVFF) was used where interaction
‘force constants were constrained to a fixed value or zero
a priori. This permitted the calculation of a éet 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 consfrain and which ones to vary. Thus the force con-
stants obtained from the MVFF could not be used as a
basis for obtaining force coﬁstants for mofe,complieated

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 Force Field

(UBFT) and the Hybrid Orbital Force Pield (HOFF).
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The results of this study indicate that the UBFF is
not a useful model for ethylene. As seen in Table xv,
the reproduction of the observed frequencies using UBFF
is poorer than those obptained using the IVFF. Futher,
the dispersions for the repulsive force constants are
larger than the force constanis 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 ELnergy 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., 1t would thus appear to be
~an appropriate field to transfer some corresponding force
constants to more complex olefins. vHowever, the results
of the work on isobutene apparently indicate that the
HOF® is not, in its present form, a suitable model for

transferring force constants in olefin-type molecules.



E. FPuture York leeded

The frequency assignments by Pathak and Fletcher
(24) for isobutene contradict the earlier assignments
of Kilpatrick and Fitzer (18), 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 CHZ:C~(0D3)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 céordinate analysis of other olefins, such as 2,%-

dimethyl-2-butene, cis-2-butene, and trans-2-butene,



APPENDIX I

Programs WORK4 and WORK3

70.
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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

o

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,Ry.

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

(Free format).

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

The resulting l2vby 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.



4*?rogram - -—-WOLRK4

TTTTTTTTTUDIMENSTON RE(S1.BLUA)Y HI(A)Y 60(20,20)
1 READ(1,999)(R1(II)’X1 ch)
999 TR ORMAT (6F ) ’ o o

3.

READ(1,99914(81(11).I1=1, 6}

T T READ (L 999  CHACT D) L L= T T

‘A=1.0/R1(1)

TTTTTTTTTTIBE1L0/R1G2Y T
€=1.0/R1(3)

— D=1-0/R1(4)" "~ -
‘ £=1.0/R1(5)

FE=COSDUBIL1) ) e

FC=C0SD(BILZ))
TTTTTTTRH=C0SDABII3))
FI=C0SDIB1(4))

TTTTTTTRI=C0S0(BI(5 Yy T
FK=COSDIBLL6))

T TTTUUFLES INDABLIL) )

FH=SIND(BL(Z))

FUO=SIND(BL1(4)})

TUFN=SIND(BA(IYY T

FP=SIND(B1(5))
FQ=S IND(B1(6))

TTTTTTTTTTTTREAD (L9993 FR T

FR=1/FR
FS=1.0/HICYY —
FT=1.0/H1(2)

FU=1.0/H103) —
FU=1.0/H1(4&)

T RS (FJ-(FRRFGY Y/ (FLeFMY

FX={FG-(FFsFJUN)/{FLeFP)

FY=(FF={FG«FINY F{FMxFP) =

FZ=(FK-(FI«FH)I /(FO+FN)

TR0 {IG1)EFR TR OFS

60(1,2)=FR ¢ FJ
S0 (153)=0.0
- GO(1.4)=0.0

BO(1s5)=FReFF —
CGO{]l +6)=~FExFR=FL

GO(L,TI==(IB=FP*{(FF—=(FJ*FGCIY/(FP*F NI+

1(E*FL¥((FJ~(FF*FG))/(FL*FM))))*FR

T TG0 (1,8))=~E*FR¥FN o
GO0(1.9)=E°¢FR¥FD

GO(1,10¥=~B=FR=«FP~ —
G0(1,111=0.0

€0(17123)=0.0
GO(2,21=FR+FT

———— e G0( 2. 3)=0 20 -

60(2.4)=0.0

TR0 A(2 4 5 =FREFG T T

GO(2.,6)=~{(A*FP* {{F{~ (FJ*FF))/(FP*FL)))+

1 (E sFM¥ ((F J=({FG*FF)) 7 (FM¥FL 1)) ) ¥FR "

GO(2,7T)=-ExFR*FH

TG0(Z2.B)=E¥FR¥FN
60(2,9) = ~E*FR=FO

G0(2.,113=0.0

GO(2,10)==A*FReFP .

E—— GCU2,123=0:0
GO(3,3)=FU+FR

T G034, 4)=FRFK T
: GO(3,5)=FRxFH

T LU s WA IS SR 'S o VR = SR e




'/4.
T CGO(3.7T)=EYER*FM
GO(3,8)=—E#FR¥FN
GO39y == U{ErFN#2 (UFK-(FHFIYIIZ(FN=sFUYI I+
1(D=FQe((FH- (F&*FI))/(FQ%FG))))VFR
TTGO(3S103-0.07 o o
60(3.111=-D*FR*FQ
60(3,12)=0.0 ' h T
G0(4.4)=FR~+FV
CG0ALSY=FREFY T )
GO(4,6)=EvTReFL
T804, T)Y = =E¥FReFM T T T
GO(4.8)=~((E*FQOv ({FE-(FI=FH))/(FOxFN)) DI+
CI(CEFQe (CFI-(FK*FH) )V /(FQeFN DI I¥FR 7
60(4.:9)=-ExFR*FQ
f”wmm“””“WCO(QIIO} =0.0 T
60(4.11):~C¥FR¥FQ .
TTTTTTTTTTTROLL 12y =000 T T T T R o B ' B
GO(S 5 )=FR+FR
TGO(5,6)Y=-ARFRFFL 7 T T o -
BO(5.7)=-BeFR¥FH
TG 0U(5 .83 =—0#FR*FN B o
GO(5.:9)=-D=FR*FO
TR0, 10)““((A¥FL!((FGmFF*FJ)/FL*FP))+‘“”"v"m“”m o o
P 1(BeFM=C(FF-FG*FJ)/FM*FP) )) ¢ FR
GO, 11 ) =~{(Ce*FN*»((FI-FAsFK)/FNeFQI )+ T o
1(D*FO* ((FH-FI«FK)/FO*FQ) )} *FR
G0(5,12y=0.0 " T .
GO(66)=(E*E*FRI* (AeA#FS )+ ((EXE+AxA-2 . D¢ A*ECFF ) #FR)
GOGL v 7)={E*E*{FU I *FRECULE-(A*FF)-(B*FG) 3 *EwTH)Y  — 7777777
J+C(FLeFNe (L. 0-(FU=FWI) )+ TFJI*FUI I sA¥B ) ¥FR
TTTTTTTTTTG0(6 W By =h e L ULE-(CHFHI I FRYFCCE-(ARFRY ) s FRY Y T
GOUE, P)=—Ex ({(E-(C*FI))*FRIFL((E-(A*FF))=FR))
GO 10)=TA«A¥FX«FS)I+({CA-TUB*FII-(EXFF)) ¥AxFX)Y
PIeCLFPyFLe (1 LO—-(FXeFX)))+ (FGoFX) ) «BxE)#FR
TG0 (b LIV = COUURN S FRKISFOI v C) 4 (((FO*FK)=FNY DT 3¢ B -
CI(E=FR/FQ)
TR 0(e,12020.0 T o o T
GOU7,7)={E*E*FR)I+ (B B*FT )+ ((E~E)+(B*B)-(2.0«C*BxFG)) *FR
THGOUTB)="Ex ({L(E=(C*FH) I FRY¥((E-TB*FGII*FR)I "~
GO(7,9)=Ex ({{(E~(D*FI)I*FR)+({E-(B*FG))*FR))
GO(7+,10)=(B#B*FY ) ¢FT + {(B-E*FG-A¥FJI*BfFY+
YCFM=FPx(1.0-(FY*¥FY))+ FFxFY)xExA)*FR
TGO T s IV T UUR NS FK-FOIr CH(FOYFXSFND) ¥ DY ¥ (E®FRIFQY
60(7,12)=0.0
T COUB, B =(TvC*¥FUI+TEFE*FRIFU(C¥CHEFE=2 0¥ U*E«FH) ¥FR)
GO(8,9)={E~E*FZ*FR)+((E-C¥FH-D*F 1) *E*FZ+
T TR NAFO (L. O~ (F 2 F ) YHFKFFZ ) v Cx DI #FR T
60(8,10)=((FL¥FJ-FMI*A + (FM*FJ- FL)*BIx(E*FR/FP)
T RN (FHA(FIFFK) Y/ (FOREQ) T T T T T
GO(B8+11)=(D*D+FUFSI+{{D~E*FI-C*xFK)*D=FU+
TR FOSF Qe (1L 0-TF N FR Y Y #FHF W ¢ EXCY ¥FR
60(8,121=0.0 :
TTTTTTTTTG0(9,9)=DeD #FV # TE«EXFR + T(C¥D+EXE-2.0%DrExFIIvFR
‘ GC(F,10)={(FL*FJU-FM)e A + (FM*FJ FL)vB)f(E'FRIFP)
T FX=CFH-(FKe«F I /(FQ«FO) "7 777"
G0(9.11)= (D*D*FX'FS)ﬁ((D CvFK-EvFI)*D*FX+
IR QER O L IO (F X FX Y Y FHe FX V¥ O£V ¢ FR
60(9.12)=0.0
T UG0(10v10) =AY AsFS)F (BeBYFT) e (AxA+B¥B-2.0 ¥ A¥BrF IV« FR
G0(10,11)=0.0 :
e s L I B Rt ot T ¢ Tt e




5.
TGO I T VE (D DR F VY F(CR LY FL R DDA C T CR2 L0 RDRCVFKOVFR T T
C0(11:121=0.0 |
TG0 U12512) = (UA/FL) ¥ ¥ 2 ) FS # (TCT/FN ) ¥ W2 Y e Py« T
CLUAZFU) - (CFH/FN « FF/FL)*FE)) ¥FR+
LOCC/FN) = C(FE/FL + FH/FN)#FE))*FR
DO 10 JJJ=1.12 '
DU 1 O "I I {’;_—‘ JJ Jv 12 T e pmeem e e
10 GOCIII,JJJ)=G0(JJJI11
TP 20 1I1=1,12 0 -
MRITEL25998)(GOL T 1443 5JJJ=1,6)
T AIRITE (2. 998 (GOU T T TSI L JJIET 1207 T T T
998 FORMAT (6(F9.5,7¢7))
20 TTUTCONTINUE
END

S S SRS U S S —~ My P - S ————
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WORK4 Sample Problem

The Ethylene Molequle (C2H4)

00010 . 1.1€3€,1.31030,1.,1€30,1.1030.1.3365% __._
: 000290 121.4+121.4,121.4,121.4,117.24117.7
00030 1.00797,1.00791,1.007872,1.0079.0__ .
L 00040 12.01119%
M..ml.,. 07535¢..=0..03800,..0.00000. _.0.00000, ~0.06338,..-0.05316¢f oo,
' 12029 -0.05%316, 0.059316, =0.06713, 0.00000, 0.000C0O,
T O 038065 _1.07535._.. 0.00000, _0.00000, -0.04333. _.0.12029,_]
-0.05316, 0.05 316, *O.OS}I(M ~-0.06713, 0.00000, 0.000C0,
_0.00000, _0,00000, 1.07535, =-0.03806, -0.06338, ~0.05316, |.
0.05316+ -0.0531s, 0.12029, 0.00000, ~-0.06713, 0.00000,

0. 00000, _ 0.00000, -0.03806. 1.07535, =0.04338, 0,05316. ]
~0. 05316, 0.12029, -0.90%316, 0.00000, -0.06713. 0.00000,
_-0.04333, =0.04335, -0.04338. —0.04338. 0.16651, =0.06443, |

o !

Baa g

~0.06443, -0.06643, -0.064473, 0.10193, ¢G.101913, 0.00000G,

. ~0.0531%. _0.12029, -0.65316, 0.05316, -0.06443, 1.03589, | -
-0.12072, 0.15200, -0.15200, ~-0.91i517, -0.15790., 0.0000C0,

. 0.12029, -0.05316, _0.95316, -0.0%316, -0.06443, =-0.12072,}

1.03589, -0.15200, 0.15200, -0.91517, -0.15790, 0.000€C0,
_ -0.05315, 0.053lo, -0.05316, 0.12029, -0.06443, 0.15206, |

-0.15200, 1.03589y, -0. 12072,-0.15790. -0.91517, 0.000CO,
_ 0.05316, -0.05315, 0.12029, -0.05316, -0.06443, -0.152C0,

0.15200, -0.12072, 1.03589, -0.15790, -¢.91517, 0.000CQ,
~-0.06713, ~0.06713, ©0,00000, 0.00000, 0.10193, -0.91517,

’O-QlSL?v ""O 1) 7(2';), "O ls,; fc}Ov }. 83034' 0.000001 0 OOOCO;
0.00000, 0.00000, -9.06713, -0.06713, 0.10193, -0. 15796, |

T20.15790, -0.91517, -0.91517, 0.00000, 1.83034, 0.0000C,
_0.00000, 0.00000, 0.90000, 0.00000, 0.00000, 0.00000,

0. 00060, 0.00000, 7 0.06000,  0.00000,  0.00000,  2.41544,

—_— JEET . O — e S P —— —
.
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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 = UgU'
where U' 1is U transpose. Subroutines ARRAY, GMPRD and
GMTRA used in this program are taken'from the IBM Scientific

Subroutine Package.

iﬁput Daté

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.

ILine 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



18.
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 matrixvfpllow

in free format (row, column).

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

Outgut‘

The resulting ¢ matrix is written in the format specified
in Line 3 begining with element 1,1 through element 1,n

then element 2,1 fhrough element 2,n, etc.



79.

Program: WORK3

DIMENSION U(10,20),UA(200),G(20,20),GAC400),
1UTR (200) ,G1(200),62(20,20) ,G26 (400 ,FMT1(14) ,FMT2(14),

IFMT3CL4) »
i C FCRMAT FOR THE "U™ MATRIX INPUT
j . READ (1 ,S00) (FMT1¢I),I=1,14)
el FORMAT FOR THE "G" MATRIX INPUT
READ (1,900) (FMT2(I),I=1,14)
C FORMAT FOR THE "G" MATRIX OUTPUT
READ (1 ,500) (FMT3(1),I1=1,14)
900 FORMAT (1 4A5)
- C DIMENSIONS OF U™ MATRIX (RCUWS ,COLUMNS)
READ(1,999) NU1,NU2
999 FORMAT (21)
DO 3Iz1,NUL,]
3 READ (1 ,FMT 1) (UCT ,0) ,Jd=1,NM02,1)
CALL ARRAY (Z,NU1,NU2,10,20,U0A,U)
c DIMENSION OF "G" MATRIS(ROW,COL.) AND # OF DATA /LINE
~ READ(1,998)NG1,NG2
998 FORMAT (21 )
IF(NG2 - 6)10,10,11
11 IF(NG2-12) 12,12,13
13 IF(NG2-18) 14,14,15
10 DO 4 1 = 1,NGI
READ (1 ,FMT2) (G(I,J),J=1,NG2)
GO TO 16
12 DO 80 I=1,NGI
: READ (1 ,FMT2)(G(I,J),J=1,6)
80 READ (1 ,FMT2) (GCI,J),J=7,MG2)
GO TO 16
14 DO 81 I=1,NG!

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

g1 READ (1 ,FMT2) (G(I,d) ,J=13,NG2)
= GO TO 16 :
15 DO 82 I=1,NG!

READ(1,FMT2) (G(I,0) ,J=1,6)
READ (1 ,FMT2) (G(I,J),J=7,12)
READ (1 ,FMT2) (G(I,0),J=13,18)

g2 READ (1,FMT2) (G(I,J),J=19,NG2)

16 CALL ARRAY(2,NG1,NG2,20,20,GA,0)
CALL GMTRACUA,UTR,NUTL ,NU2)
CALL GMPRD(GA,UTR,G1,NG!,NG2,NU1)
CALL GMPRD (UA,Gl,G2A ,NUL ,NU2,NUL)
CALL ARRAY(1,NU1,NU1,20,20,G24,G2)
DO 5 I=1,NU1L,! |

5 WRITE(2,FMT3) (G2CI,d),J0=1,NU1,1)
' END
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WORK3 Sample Problem

The Ethylene Molecule (CZH4) - B, Symmetry

Qs — I
(6F)
o LIH G 12CFEL 4,200 S SO

2,12

M,-f):.. v,v_q...g.,'.;,,::..,.5__! 722:0.0 0,0, QJ,, 0. ¢

100
I JR—— - © LA, SO, A S - P —
0+040.06C,.55154.55%15:~.5515,-.5515,0,0,0

12,12

1.07535. -0.03806,
L0.12029, -
-0.03806, 1.07535, 0.00000,
2005316, 0.05316,_20.05316,

0.00000,
-0.06713,

-0.04338,
0.0000 0,

0.00000, 0.00000, -0.04338,
0.05316, 0.05316, -0.0€713, 0.00000,_

=0.05316,
. 0.00000,
0.12029,
0.00000,

0.00000, 0.00000, 1.07535, -0.03806, ~0.04338,
0.00000, 0.00000, -0.03806,

=0.05316. 0.12029. -0.05316, __

1.075357 -0.046338.

e 0.05316. -0.05316,  0.12029,  0.00000, -0,06713,

-0.05316,
.0.00000,_

0.05316,

0.00000, ~0.06713., 0.00000,

~0.04 338,

-0.053156,

0.12029,
. 1.03589,
‘ -0.05316,

J.05316,

~0.06713,
=0.91517.
0.00000,
-0.15790,

-0.04338,

0.12029,

-0.0%316,

0.0%31¢,

-C.05316,

-0.06T713,

015790,

0.00020,
~0.91517,

0.0C000,

3 G'UXBCiO

UNEWE
0.0740

0.0740

0.00000.

1.1 134

-0.04338,

.=0.06443, ~0.06443, -0.06443,

’0.04338v

0.10193,

-0.05314,

0.05316,

-0.05316,

0.12029,

0.15200, -0.12072, 1.03589, -0.

0.0000C0,
=0..15790 .
-0.06713,
-0.91517,

0.05316,

,.70.12072, 0.15200, -0.15200, -0.91517, -90.15790,

-(.05316,

0.15200, -0.91517, =0.15790,_

0.12029,

. .=0.15200, 1,03589, -0.12072, =0.15790, =0.91517,

-0.

0531\31

0.0G000,

L 1.83034,

'0.06)71}1
0.00000,

0.000C0,

0.000CC,

15790, -0.91517,

0.165651, -0.06443,

-.0.10193., 0.00000,

-0.,06443, 1.03589,
..0.00000,_
-0.12072,
_0.00020,

0.15200,

0.00000,
-0.15200,
_0.00000,.
0.10193, ~-0.91517,
0.00000, 0.00000,
0.10193, -0.15799,
1.8303%4, 0.00000,

-0.0644 3,

-0.0644 3,

-0.06443,

0.00000,
L

00000,

0.060006,

6.008000,

0.00000. 0.00000,
0.00000, 2.41544,
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Program CHEMZ2

81.



Program CHENZ Operat

This progrsm adjustis an
until a least squares fit of
frequencies of a molecule is

isotoric versions of a given

ing Instructions

ad

initizl set of force conctants

the obsgserved fundamental
obtained, From

one to three

molecule may be run simultaneously.

IHNZUT DATA

1. The first 4 lines contain alphanumeric information about
the molecule to be used a2s a heading, punched in cols
1 to 73,

2. The 5th line contains the fixed point numbers defined
below in the order given in successive 2 column fields
beginning in col. 1. A1l fixed rpoint numbers must be
right justified.

In Number of symmetry coordinates, Col.1-2

1L Jumber of internal coordinates, Col. 3-4

iR Number of cartesian coordin=tes. Col. 5-6

Ti Number of principle Torce constants, Col. 7-8

1H Fumber of independent variable interaction force
constants. Col. ©-10

NISP Humber of isotonic molecules., Col. 11-12

NT The maximum number of iterations to be allowed
is equal to 8%(IL - 1). Col., 13-14

IsCr 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 tren each be
scaled by a factor of 1/iSC¥ before being applied
to the existinz set of force constants. Col. 15-16

IFFC Hurber of force constants to be invariant in the
iteration, Col. 17-18

Iw Zero if the weigrting factors in the wvariance are
to be unity, otherwise non-zero. Col. 19-20

18YM If the C matrices are to be entered in unsymme-

trized forn,

a non-zero value is entered and tre

program will symmetrize them and print them out

in symmetrized form.'
Col. 23%-24

is entered.

Ctherwise a zero value
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ID= Fumber 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

Ly =0 ; W(I) are all unity

19 = 1 3 w(I) = 1/TLambdall)

W =2 3 @W(I) = 1/Lambda(l)**2

Y =% 3 w(I) = 1/delta Lambda(i)**2

The delta lambdas are defined by the elementgs of
W(I). The uncertainties in Kus (wave numbers)
and zetas are entered directly. Lote that if
LW = 3, I¥ cannot be zero.
The sixth line contzins the number of symmetry svecies
in the first ur to the MISP-th isotopic derivative in
successive two column fixed-point fields, beginning in
Col., 1.
The seventh line contains the dimensions of the symmetry
speciegs of the first isotopic derivative in the order
in which the symmetry vlocks appear geing down the

principle diagonal of the G matrix., {hese numbers =re

in successive two column fixed point fields, beginning

cin Col. 1,

If there are more isotopic derivatives, lines similar
to the previous card are included for each, in proper
order.

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 ard is followed Dby 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 non-zero values of matrix elements.

3 .
Zero elements need not be entered. The number of C

~
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matrices will be equal to'IM+IH+IF?C, 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 comstruct
the interaction terms of the ¥ matrix, A given C
matrix containg the coefficients in the ? matrix of
thé corresponding interaction constant{ Tn 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. |

The G matrix by indices for each isotopic species.
Eaéh G matrix is terminated'by a blank card.
Oééefved frequenciesg in sucessive free fields begin-

ning 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 1t follow the chplete set

for the normal molecule using the same rule for order-
ing. )

If IW is non~zero lines for the altered weighting

factors come next. Each of these lines contains an
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1.
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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 Dblank card follows the iast cérd. If IW is
zeré, no data are entered here and no blank card.

The column 6f initial force constants follows. ZIach
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. Thé order of the intial force con-
stant must agree with the order of the C matrices.

A line with a non-zero fixed pbint 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

1iﬁe is included here.



86.
OUTFUT

A11 the input data is printed out except item 11, 1In
item 2, the numbers printed have labels which omit the let-
ter T 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
P matrix, calculated fregquencies with their observed values,
errors and percent errors, the average percent error over
2ll 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 farth@r the matrix is from being singular provided it
has no diagonal elements nearly zero. After each set of
eight iferations, 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 I 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 peréent error over all fregqguencies,

and the correlation matrix for force constants.



87.

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:

3.
4.
>.

Hone oi the calculated frequencies or corioclis
constants differ from their values in the pre-
ceding iteration by more than 0.01 percent,.

The maximum number of iterations specified is
reached;

A negative eigenvalue 1is calculated.

The average percent error exceeds fifty percent,

The éingularity criterion is less tkan 0.001,

in cases 1 and 2 the final results are printed. In cases 3,

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

cessfully completed are printed. In casekB, 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.
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003290

003490

00360

00380

00410

00420

00430

0044 0

00450

00470

f”““OOQSO”“

0049 0

005190

005390

00550

00460

00520
TOUsE 0T

TO0400 7

Y b ey Y e 09
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0 i H
g

aRaks

3L
00330
~00350

00370

Program:

DIVENSION IDENT(13.43,
10012, 123, DKLL4) TE

CHEM?Z2

VEBS{18.ML18),0(12:12:8),
MP {18914, 0U12,12,3 ), VNUIE L HILIB Yy 777

CEL{I2 612, 3)oF L1242V VEE8) s VUYR(188) « NXN{1 848N (18),

JTKRI{L4,8)«AJ(18:14),
LINEG(IBY,ELINCLR
OKIDENT{33, 33, NFAC{3},ID(8, 3}

DIMENSION FLMUOBS(L1E8), ﬁ»U“aﬁ(lé?)

LOHMON /Bi1718.IL-IR. IH,

CLMPH,NUMBL ITER NEG, MPHT, TH T VAR/B2/VOBS . X V/BIJVYR, TKR, XX ¥,

COMHON DLEL-ELIN AJHICo A0

DELK(14),SUNT(Z2. 8y AdWILLE 04y, -
+32¢33.580K 014, SiGVilgiu

THo NISP NI ISCFe IFFC. WL IBISY M. IDEG. N2, LW

SUMTS T

2BAJIENP /B3 /G/BO/XT < INEG/BT /F . H, ﬂ&!B@/lDFNY,K{ﬁEﬁY H iﬂ &%ﬁflﬁ?i

T30 IN/BIO/SIGK
TTTRORMATA(IIASY T
TREAD IDENYIFICAYION T
TTTREADILLANTLIDENTL T s 3} LI L. 130U 10 s

—O0SGQ

TCALL LINKY

CALL LINKZ

CCALL LINK3

«2IGV/BLI/FLHOBSFLNMD

1S UTHIS CTHE LAST SET - OF DR TA - oo oo mom oo

I 0 O Sf’ 0 R S s s R E A D ( 1 5 2 } g\i ?)”’} [ - -

: 00570 2 FORMAT(24123

TTTT00580 7 T T IF (NND)Y 1001,1002,1001 B B B o
| 00590 1001 CONTINUE

gﬂ_m"_ JRUvp— 0 O 6 O 0 E ;’ga i e i i 4 5 e o e e 2 T S e 4 1 3 S o i 148 S — — SO




!

:E,_,..__A — ‘0 0 1 é G e i o st e

J— 00230

003107

T 00100
00110

———0012 O

00130
00150
001590

00170

TTTTTO01BO T

00190

C

00200

00210

00240
00250
00250

00270

00230

00250

00300

00320

— 0330

00340

——— 00350

C

C

[

CAQUIZLI2V L DRKULA) LTEMPLLI8: 143,612,412 33 VNUEBY L HTI(18) 7

GEIDENT{33, 33 NFACI3Y . ID{S,. 3y 7

AMPHLNUMB, ITERNEG,

C3CZeZM/BI0O/SIGKSSICV/BII/FLUOBSFLNC

25 CONTINUE e e e e e+ et e e e+

CSUBROUTINE LInKl — e e

READ 1IN DATA

DIMENSION IDENT(1I3.4)-VOBS{18) . UW(18),CL12,12:8)

ZEL{32:1233.F0 12,020 Y13 VYRIAIB,8) «UAX(18:s83.%C18),
BTKRI14,8),2A3018514) ¢ DELK(L14),SUNTI2,8, AU IL1&, 8y, -~ 77~

GINEG(LIB),ELINT{12,12:30,51CGK{14). SIGV4183a

DIHENSION Fiﬁ@BSiiS) FLHiilé)

COMMON DELLELIN.AJHWICoAS,Q [
COMMON /B1/7IMNe TL IR IMy TH  NISP NI ISCFIFFC s IHIB ISYM IDEG. N2, LH
MPHT. THT S VAR/BZ2Z/VOBS X V/BI/VYRSTKR XUK, SUNT/

2BG/TENP/BS/E/BO/XL JINEGC/BT/Fety DK/B8/IDENTL KIDERT U, TDNFAL/BYY

CREAD MATRIX DIMENSIONS AND CHECK HORDS 7 o e

CREAD{L.2)IN. TLo IR IHo IH  NISP NI ISCF IFF Lo IUy I
1iB ISYM., IDEG LU ISENT '
CREAD{ISZ2I(NFACLLLY I=10ISPY T
DO 25 T=1.NISP
K=NFACT(I)

READ(1., ZiiiB(J £),J 1 K)

00360 2 FORMAT(2612)
00370 TF (N1 4 43 ed
; 00380 3 KIT=1
00390 EO 1O 420
00400 4 NII=NI

00410

00420

TTTTT0043 0I5 NDETIL T

00440
00450
0046 0

004890
00490
, 00500
00510

005290

——0053p ——

00540

00550 ——1T0-D0 103 Js1oIN —

0056 0

G 5T D

00580

TTTTTGO05%0

00500

TTTTO0RTI G

00620

T104 ND=INTT

PO CONTINUE o o oo o

IF {ISYHM) 104,104,105

GO 10 106

106 IHT=[H+IFFC

IF. (IHTY BOI. 801,800 - === o

800 DD 112 i 1 lHT

o — -
¢ READ C MATRICES

SR : s S S
c o o A A 41 878t s & it b o2 b o e -

TL08 EL IM(J. K2 ) SELINCI WK 20+ ELCIN (S Ly D) s TEMPLL L, KY ™

— 00630 "

00640

006560

00670

00710

TS0 T DO IS L= NISPTT ' B

00760
007790

00650

111 TEMP(U KDY= fﬁﬁp(d K’*ELIH(J L 23*EL{W(K L l’
109 DU 112 J=1L 18T e

801

€
C -

LALL READFL 4TEMPLNDYHND.GY 77
IF. (ISYH) 109,109,110

DO 103 K=1,1L -~

EUTR(I K 2300
DO 108 L=1.14

DO 111 J=1,1IN

DOTTITK=1,1H
TEMP(J.K¥=0.
DI U= TIU I e e e

DO 112 K=1,1H

1127 CUJe K D)= TENP (I, KI , S

CONT INUE

READ G MATRICES — — }



TR LT e e e U
0790 ND=1N
DB 0 CALL READFL LTEHP, ND 3D, 0) e e oo
00810 DG 152 I=1.}D o
wm,,‘o G 8 2 0 . e e e ﬁ Q . i 5 2 J 1 ?,D ) e o i e ¢ oo s+ o e, e i s o i st 2 ot 4 sh L e e e o i St i i ‘—-v--—m—vﬂ-_m}f
00830 152 Gl J L¥=TEHP (I D) v
TTTTTOO084 0T IR UISCE ) 82081482 T T o - -
. 00850 61 FNISP=NISP
0086 0 S CF=1. JENISE - : : N
00870 07083
OB E 0 B2 MY ZEN LGP ¥ TG L T e o e e e e
00899 S5CF=1. /XYZ
Q0900 B3 FLNZECCE o e . S — S
0091 ¢ MZ NISP*(?@*!EEG) »
00920 "~ C e . - e e e -
009390 C REAQ LB ERV?G FREQUE%&IES ﬂND ZE(A tOhSTéNTS ;
e LT — S —
009590 READI(1,1158 SiVGBS(I)yI*i N
—-00960 "~ N3=NISPYIN e e -
009790 DO90LIT=1.,M3
00980 901 FLUCBS (T 1= {IVDBS LTS 71 30T 0) % ¥ 2 oo e e oo e
60990 IF{IDEG 1925, 915 91&' : ' '
01000 ""916 KAP=NI+l ~ e e et e e e e
D 01010 DO9121=KAP,. N2 .
T2 00T 912 FLMOBS (1 )= VOB S (L) 0 e e
01030 i18 FORMATLEF)
01040 915 D0 8J1 L N2
01050 8 WiJi=1.
61060 T T IR (1N BT 918N 8T T
: 061070 87 CALL READDMIVN,N2)
= 0108 0 S DO B9 I=leN2 i £ et e
01090 1F(VN(!))88;89 83
01100 """88 W(I}=VN(I)" SO S e
011190 89 CONTINUE '
01120 T 913 TF AL N 90 D0 GO L o e e e e
01130 904 IFLLH~13905:505,910
01140 905 - DO 90T To1oN2 o e e . e e e e e e
011590 907 W(ll= H(I)ﬂl QIKBS(FLNQBS(K))
01160 T TO90 e S
011790 910 IF{iMH-2)506.906. 908’
S 01180 906 DOYIOI=1.M2 —— R e
01100 930 HW{1)=U(I)el. OIFLﬂﬁBS(i)4¥Z
———01200 —— —BOTOY0 -~ e e o e e .
01210 908 DOY09I=1.,N3
T 01220 T IRLYNCD)920,920,9 21 ST
01230 920 HWLI¥=0.0
e 124 0 T TR0 T e e R
01250 921 U{13=(848904. 5!(VGBS(1)#V¥(I)))¥*2
TTTTTOI2607 909 CONTINUE e CoTm o
01270 IF{IDEG)YL.90,918
01280 918 DO9L1I=KAP.NZ
01290 IFAVNLTL))I925.925.926
1300925 W (IY=0.0 e e e o it e e+ e 4
01310 80T8911 :
01320 926 HUII=L.L0/VNLT) ¥R
01330 911 CONTINUE .
— 01 34090 CONTINUE : — e
‘ 01350 MPH=IH
— 01355 T T MPHT SMPHSIEECTT e ‘ e -
01360 NZG=IN*NISP
TO1380 T DO 103 ISR M2G T




01390 183 INEGBCIY=D 0 T

. 01400

121D
01420 )

B T T A sl i, S i B

; 01440 77 READ{L . 78IDKLI) e (KIDERNTUI,U)0d=1,3) E

D145 0 78— FORMAT (1F 4 A5 L ot — e

f 01460 € , , * ,

e 01470 C——LIST INPUT DATA — — o R

3 01480

01490 " TALLWINP] S

01500 10 CONTINUE
1Bl o RETURN - o o
01520 END

TUTTTTREADTINITIAL R ORCE CONSTANTS -

e e e




00100 —
, C
00120 T

0011 0

001390

00140 "

CALTULATE EIGENYALUES OF G MATRICLS

— 57

SUBROUTINE LINKZ

DIMENSION IDENT(13:.43.V0B8S418).H{18).0{12.12:81%,
IQULI2,123 DK{I4) TEMP{EIB A4, GL12,12: 3, VNULIB)L X1 18),

00150 ZELUI2 43230 FU 12,025 WULBYVYR(LIB, B, HUXI1B,35,%(18),
00160 7 3TKRI14.8) . AJ{18,14 DELK (L4, SUNT(2e8) s AJHI(IS14), -
; 00170 41N£$(18) ELINCI2:124 3 SiGK(l%) SIG¥{18§;V
TTTTTOeLIs e T THKIDENT {3333 NFACTI L ID(B, 37
00190 DIMENSION Ft¥885€183'?tﬁ£(18)
FTTTTO020 07T COMNON DR ELLELUINGAIHILC, AL 0 ' T
00210 LOMMON /7B1/7IH L TR IMe EHo NISP NI ISCRIFFCoIHaIBISYN IDES N2, LY
00230 T U AP H NUMBY ITER S NEGo HPHT s ITHT o VAR/B2/VOBS o X V/BI/VYRLTKR e XUNSSUMTY
00240 2BL/TENP/BS/G/BOI/XT  INEG/BT/F, PaDKlpgliDENT'KI“??T w ID NFAL/BYSy
TTTTR0Z250 T T 302 ZM/BLIO/SICK . SIGY/BAL/FLHMOBS FLMC T
: 00260 DO 24 I=1.02
A 0270 77724 TYNALTYEFLMOBSLTY B
002890 DO 33 L=1.NISP
— 00290 - D0 20 I=141N - S
i 00300 DO 20 J= lwi@
e 310 TR0 CTTTTTTTEMP (L3 EG{ I Ly T e M a—
00320 URITE( 2, 6QGBL

00330 600 FORMAY (1 THIISOTOPIC SPECIES.14./7/7755%.8HC FATRIX//) I
N 00340 LALL UTEMPLIN, I8
e 00350 C — e e kel e
00360 C EIGENVALUES OF 6 MATRICES BY FACTORED SYMMETRY SPECIES
e D 3T L e e L e
00380 92 IsC = 0
00390 DO 151 I=1,0IN - ) i o
00400 BO 151 J=1.1H
TTTTO061 0 TUTRINIUL I, Ly T .
00420 1%1 EL.J.L3=0.
00430 " M=D — SR S S
‘ 00440 N=0 | ‘
0045 0 TN I= TN CL=1) e e
60456 0 K=NFAC(L]
04T O 0 32 IDKX=1eK - T - , -
004890 AF {IDX-1) 1000, 26 27
T 0049026 M= N ) B
00500 607028
TTTGOST 0 T2 M MeID(IDK 1.0 h ) ) T
005290 28 N= M*iD(ID .L)
00530 T LEL - O
00540 £att bYVAS (AJUJqXI IS5C, INI ﬁ NsLL.G)
N 00550 ——"DET=]. ——
005560 DO 29 J=M.H
TTTTTORST O T A =g+ INTD N ) B o
00580 DET=DEV=XI{JI}
0059 0 T DO 29 IS Me N - -
00600 29 G(I JeLIZAINIIL I SOQRTANI(IT )
T 00610 327 THRITE(Z2: 808 IDNDEY —m o -
00620 601 FORHATCIHL, BOH DETFRHINQT UF G ﬂATRIX ViUCK.I3
TTTo0s30 T TR 2H =LELI4 063 T
00640 33 CONTINUE
S 00650 N2 G [N YN ISP S,
00650 DO 34 J=1.N25 :
TTTTTROBT O TTTTTTTTRETRIANFIOVETALLS ) B
00620 00 555 1I=1.1IH
0069 0 T DO 855§ IS TR e - - - - —
00700 DO 555 L=1.NI5°P

R L L I e e v R B ] i T TE T s




S 00 ?2 0 P 1 0 {} 0 C {} NE’ I Ny E e e e e o £ o S e e s —-P—w—u—m
060730 RETURHN '
e D T O ) e e —




—0010D
00110

00130

00150

TTTTT0160 T

00170

00120~

C
N

94,

COSUBROUTINE LI8K3
BG {YxR§§“ %S'

DIMENSION IDENTIR3.43.VOBS(18),4W(L1B8)Y . L(12.12,8),

001’{}0 i sa s

CRQUCIZ 120 DRALEY STENP{UEB 143, G(12:,1243 )

VH{183.,XI018),
2ED{E2:12433F 012,82 Y {LB)YYYR(IB,8)  XXNT118:82. %018},

ITKRII4, 83, AJ{18414),DELK

(14), SUHT(2,8) s ADWI(14.14)5 7

00180
00190

00210
00240
602590

027 0
00280

g 029 O

60300
003290
00340
00350
J 00380
00440

D045 0

00450

00470
004%0
00510
00530
00550

00570

00580
00590

SINEG(I8), ELIN{12,32,33.51CGK{14)-SIGV (18},

00200 "

SRIDENT(3I3,3%, Nr&ﬁi%)'iﬁig 3y
DIMENSION FLMOBS(18) FLMLCLIE)

COMNMON D ELLEVIN, RIHICo I 7

Q023 P

002507

—QO3L D
D330 0
00350
oo3IT B T

00445

00480

ToOsS0 0T

0207

00540

00560

COMMON /81710 TLe IRy I
THPHyNUMB, ITERs NEG, MPHT. LH T, VAR/B2/VEBS 4 Xo ¥ /B3/ VYR TKRy XX KXo SUMT/

JHoNISP, NI ISCF,

IFFC IU- IBISY M. IDEG N2 LY,

2B&STEMP/BS/G/BAH/ATLINEG/BT/F Hy BV/BS/ID:NT KI%:HT H:ID W%ﬂﬁlB%/

BCLIMIBLIO/SIGK,

o e e

SIGV/BLI/FLUNEBSFLHCT

GTART TTERAT [ON s mmmmms e e -
TE (NTY 423456 - - N _ . - -
3 NII=1
N T TR .. . - -
& NII=NI{
5 ISENT=1 e . S
ITER=-1

T COUNT =1
DOT2ITERX=1,N11
p 0
NUMB=KOUNT
ITER=ITER®1
CALL FCALCY

BD 31 1I=1.1%

KOUNT=1.1COUNT ~— "

e () T e

B0 31 JE LN
31 TEMPLTLJ)=F(I. D)
CIFCITERILIN0D, 36,37
36 URITE(2.602)
071038

g g

38 CALL WTEMPLIN,IN)
NEG=0

HRITE(ZL603FITER T o -
603 FORMAT(1H1.,48¥%.22HF ﬁATRIX FO& ITERATIDN I3I1H )

TTe02 TORMATUIHIZSINCIGHINITIAL F MATRIX/IH Y7

TTIFCISENTIO3E,931.932

B30 L2 TS NISP - - —
M=0
= —
INI=IN={1-1}
I - — - e
DO 45 I0¥X=1.K
TR {IDH-1Y T1000.400 00T - - e e
£0 #H=1 i «
e B T4 N
&1 M=MeID{IDN~-1.1)
T2 NepN+IDOIDYLLY T S e o
B0 43 [=M.H
g 43 JsMlN U e e e,
£3 AJUJILELJY=F (I, J”V
e e . -
CALL SYMAS (AJHJ X INaINI Mo N LL G)
45 CONYINUE o ) ) i i o
.30 CONTINUE




007560

~0077 0

00730

00790

00800

—— QR0

00820

R VOB O TTTTTTTTTHRITEL 2 610 NEG T

00840

00850

00850

00880

—— 0089 0

00900
TTTT009190
00920

__m_ ________ oo 93 g —

00940

00950

00946 0

00580

99y

01000

TTTTO10Y 0T

01020
TTTTTRLI030
01040
TTTTT1050
01050

...‘..__.‘..WM,O 1 G ? 0 —

010890

01090

01100

— 61110

. biiz2o
TTTOII30 T
0114 0

;m...,o,«i: 1 5 0 [ 9 7~D U 5 S . I = 1 . 3\32 SRR i e 4 e o e+ S 5 S o ¢ S e

01160

01180

0115 0 54 YIEVI4ABS(TENP (T, 0))

01200

——01210

01220

— 01230

01240

TTTTTQLI25 07

012560

B 15 U+ B

01280

—01290 "

01300

— O T3]0

01320

—g 13 G

01340
01350

00750

00970

932  HRITE{(2.3533IT7ER
833 FORMATI{ZBHOE IGENVECTORS FROK ITERATIONIA)

DU@S%i s
854 I?E(Z 8 5V (EL{T«JeK) e J=10IN)
855 FGR%&T(l} 010F11.5)

~DOB54K=1, ISP«meWMHWWW . R —

931 o IF {?jEG ) 76 @ :{;,{3 @ 76 T T T U I s e e e mmm——
76 falt HN%G%Y{ﬁ”EB

610 FORMATULY 13,7 NFGATi“E EIGEN YALUES. ™
M2 G- IN¢NISP e . B
DO 2121 1 = 1.H26

TF CINEGCIY 122,120,022 o o o e
122 HRITE(2:123) 1

T123 0 FORMAT(IH LI10Y
121 CONVINUE
S B T L00Q e e e e
46 N3=HISPe«IN

YYRUILKOUNT I =1303.0«SORTIFLNC(LY)
TR MR UALLKOUNTI=1303. 0¢(5QPT(F$4C(£)) SART(FLIMEBSA L)Y
IF(IDEG)9500950,960

¥y

DOGTIZ1, N3 7 T e

9560 KAP=N3+1 - o ) T
DOSH51I=KAP. 2 ~
YYRAT L KOUNTY=FEMC{TY. T T
965 ANXC[.KOUNTI=X(1)
TS50 DO4BI=1LNPHY T - -
&8 TKR(I KGUéT}:SK{I)
- e S U
£ CALCULATE JACOBIAN (A3 FRGV EXGENVECTQRS
e e e e
49 DO 50 I=1.M2
DO 50 JE1e MPHT
50 Adli.J) = 0.0

e ——
M=(L-1)#1nel

M= M NS V e e e e o e o S
LALL EIGJA{ iﬁ Ny L3

TTTTTSTTCONTINUES -
CALL HNUOUTY (AvVE)

Yi=0.

o e VS G ey ] TMPH T e -

TERPLL, J)=A411, J3¥DK(J)/“LM€(I)

DO559= 1. MPHT

TSRS TEHP(L L) ETERPLTL Iy 10D LD /YT
IFLITERIS 745357

§3 - WURITE(24605) — — — = - e
605 FORMAT ( 1H1,29X, "POTENTIAL ENERGY DISTRIBUTION,

TG H =T CONTRIBUTIONTOF K{3) "T0 NUCTI71H )
CALL WTEMP (N2, MPHT)

~57 DO 98 [=1sN2 e ittt e+ e e —
DO 98 J=1.MPHT

S8 TENF(I,JY=AS(I 0y

WRITE(2.,6043 TTER
604 FORMATULIHL, 47X, 23HJACOBIAN "FROM ITERATION, [3/71H )
CALL WYEMP(N2.MPHT)

TR {AVES100. 320,201,200 T o T
200 HRITE{(2:202)

202 FORMAT(66H CALCULAVION TERMINATED BECAUSE AVEK&GE ERRGR EHCEDES 1



- 01370

013890

01390

01400

TTTO1%LI0

014290

—— 01530

01440

C

Lo

i
201 BO 58 I=1.n2

96.

O PER CENT ) & e R

LG YB 10@@

(JTP&NSPGSE)(NS(JélmyﬁRSi A§ XNIY

TRA&;PGSE JﬁﬁGBEAM ﬁ&ﬁ fﬁh?

DO B8 STl HPH o o . —

58 TEMP(I,. J}~V({)1AJ{I J)

W_“Q.“.w.«.,,,oil L5

0L46 0

14T O

01480

— 0149 §

01500
01510
01520

01540

— 01550

015560

e G1 ST O

01580

____________ 01596

01600

—01HT O

01620

MQWM0163§.MW

016490

59 AJUI(TI,J¥=

"DOB9 I HPH T
DO 39 J=1,HPH
AFUI(T, Jy =0,
DO 59 K=1.H2 '

BIHICT I+ AS{KG DY ¥ TENPU(K, 3y e
IF(ISENTIO33,933,9 34

934

WRITE(2. 856V ITER

8%6 FORBAT(2 2HOMATRIX FRG% I?tRﬁTIGWI&)

01530 -

456

— 01650 """

01660

T 01670

01630

01590

01700

01710

017290

T VX730

017490
01750
01760

——Q1TT O

givao

1 79 0

01800

01820

858

— 915 CONTINUE — — e e
TTTTTTE37D0 64 T=1.NZ

B4 TONTINUE

—933 PROD=1.0 e et e e i e o
119 PROD=PROD®AIN (T ) ~m o e e et o o et e e e

615 FORMAT (1HO0.466Xs16HA (L, 1) »s v A(N.N) =, EYL.2y 7777 7+

g3 g
85? FGPY&T(BG?GE@UEESE Mﬁ?RIX FRUN

TT6D6 TFORMAT(IHO 46N ZTHIHIS IS TEE FINAL "JACOBY ANLD

DG 456 1-1.MPH e
MRITE(J 8)5)(AJWJ(I J) J 1 h?ﬁ)

DO 119 I=1,HPH
HRITE(Z2.56153PROD

NEROR=0
CALLINVERT(AJU I MPHL, 1. 0E-DO 3, NEROGRDET,PROD S
IFCISENTID35,935.936

WRITE( 2y 8573 ITER & o oo momssm s i
IYE%ATIGNI&)

T D03581=1.HMPH
WRITEA(Z . 8533 iAJMJ(I J)iJ 1 h?H)

IF(&ERGR)?&wé? » 75

IF (ABS((FL%C(I} Vﬁ(l))l?i?ﬁ(13}~.0003) 6# 64;6)

WRITE(Z2:608)

&0 10 73

65
66

P83 0

01840

S 01 8 5 O S

01860

— 01870

0188 ¢

e L 8

01900
1910
01920

01940

01950

019560

91970

01930

937

T

70

990

68

85 g —

: Dﬁ 6 6”“Wi = 1 ~ 5}2 — [T —— B e T ST — - o
V(D) =FLNCL D)

WRITE(2.120) PROD~ -~ === e e
FORMAT(1HO. 46X, 26HDETCAN/ALL, 1) v ¥ ¥ AN, N) =,E11.2)
DD 67 T=1sMPH = e
DO 67 J=1.N2
0181 g TEMP (T T 1o D —
DO 67 K=1.MPH
CTENP (IS IISTENPUS, TISASHICILKI¥AJOIKI*UL Y~ T
b0 69 I=1, WPH
— DELK() .
DO 68 4= 1 NZ
DELK(I) = DELK(I)- YEHP(J,I)¥(FL%CtJ} FLMOBSLJY)Y -
DX(1)= DK(I)+DELK(I)
TTTIFCISENTIT0. 70,937 T
WRITE(2,8560) ITER
FORMAT(32HOPARAMETER INCREMENTS, ITERATIONIZ) — ~
DOB59 I=1.MPH
WRITE(2,855) DELKUIY - o
CONT INUE
T LT T T T TR Y ) T ———— B S s
"ICOUNT =8

CREOUNT 5B o o o e



o7.
TTTTUOI9s e T T T M I TER-RUNSE YT - B N T
01990 CALL SUHS ,
02000 TECITERS 7L T 2e T e U e
02010 71 CALL HDKNUX{M) ”
e ——
02030 DO 56 1=1,HPH
TTUT02040 0 56T T DECIIEDRALL-DELRL Ly Ty e e
02050 VAR= SUMT (24 RUHB)
5208 0 ALT- S TAT
02070 991 WRITE(2,607)
T 02080 0 607 7 FORMAT(IH1.10X. DID NOT CONVERGE .. ..u...”) - T
02090 G0 TO 1000
TTTTO21007 Y3 TCALL SUMS T B — - )
02110 M= ITER-NUNB+1
03120 AL L HDKNUY Y . - — _
02130 VAR=SUNT (2, NUMB) |

.................. 02140
02150 74
02160 608

609

02210

22 O T

TTCALL STAY ¢

“ 1000

HRITE( 2,608

CFORMAT{IHLL 10Ny "END OF TASE .o 20 u0s ~3 B B B e
GO 10 1000

MRITE(2 c609) R e e e e e
FORMAT(32H NO INVERSE EXISTS FOR THIS CASE)

RETURN




BOLOD T SUBROUTINE “SUMS e e
00120 :
~00120 ¢ T CALCULATES TAVERAGE PER CENT ERROR AND VAR JANCE — — s
00130 € :
00140 DIMENSTON VOBSCL83 »X {1832V (183 e VYR(18:8) 0 XXK(218.8), TKR (14:8) ¢
00150 C ISUMT(2¢8) s IDENTI{13+4 1oKIDENT(33:3) H{18)sID(8c3) s NFAC(3)
e OBLA G D] HENS (DN FLHOBS (181 FLUT (18] - err mes fmmmrimeos st 2L R s
00170 COMHON /B1/ TNy ILs SRoIH, IH HISPoNIISCF, IFFC, IHoIB, ISYH, TDEG, N2, LY
—=0019 0T T T IHP He NUMBy ITER S NEG, MPHT, THTIG VAR/B2/VOBS s Xo V/BIJVY R, TKR Y XX K SUMT
00200 2/BB/IDENT KIDENT M, IDe NFAC
021D COMMON /B S LHOBS L FLRD o
00220 N3FHISP*IN |
___;T.M_,., O O 2 -3 G et e 2 o e Kﬂ P:“: N3 ¥ 1 e e & £ it o e o et et 4 e ot o e o e+ o et ot e o i 12 e o o e -
00240 AN=N2 : |
e 0aE D =1 s HUHB S
0025 0 SUM1=0.
02T o RUHZE0.
. 00280 DO 2 J=1.n3
0790 — S ML=SUH 1+ ABS LXK T/ VOBSCIT)- e
00300 2 SUMZ=SUM2#HII) ¥ (VYR (J4L ) #2-V0BS (J) #¥2)/1303.0%¥2) ¥ ¥ 2
:,«_‘.’L ........ OO 31 o o s i e I F.‘ .{D E G ) tj 5 ‘é - L e bt
00320 & DO3J=KAP, N2
00330 T TUUSUMIESUMISABSUXRX(Je TI/VOBSIY)) — 0 7 T e e
. 00340 3 SUM2Z=SUM2+UHII) #XXN(JeT)w w2
00350 B CUNT(L LI SUML 100 - T KN e
003560 1 SURT(2. )=sunz :
00370 RETURN e e S e
00380 END




TTTT00100
00110
00170
-~ 00130
001407
00150
—b0160-
00170

TUTTTCALCULATES FHMATRIX FROM G DX, ARD (THATRILDES

TUDIMENSION FL12.123,0082,120. 001202, 8y T T

S SUBROUTINE FCALCY B o S o

151112 1233 ELTMN{12:12,33,, 45018, 1A).AJMJ{léw1 } Dﬁ(lé)
TCOMHON DLELLELUIN. AINHILC A5G N o
COMHON /B1/7iN, TL IR, I8, IHs NISP.NI.ISCF, IFFC iﬂsiﬁ ISTH. IDEG. N2, L%

Se—pe 19 0T T THP Hy NUNB, g?{n,M¥cﬁﬁPaz THT,YAR/BT/Foe HiDK .

00200

—0p210- " -

. 00220
TR026 07
0028 0

I 0029 0

00300

0310

c*»u&

DO &6 I=1s :
0O & leg{%mw,,Vwmw e e
Fela0)=0 ¢
DO 3 K= L;{H?mmA“menwwwwwwwwmmw_ ............... - U

Fils J)~F(I J?#C(I,J K3«DK{K)

TCOMTINUET : o
RETURN
ENDT e T e e e e

s
e,




S 001006

001190

e 00120

00130

0D 14O

00150

V._.,»,:Z.._»_A_. 00 16 6 s i e e

00180

—— 019G g

00200

TTTTTRO210 T

- 00220

00240

00250

00260

fMMWOGZYO"MWMWW

00230

[ — 00290

00300

e B S UNU R CR X v SUMT s Mg KT~ e e e e

100,

T USUBROUTINE HDKNUXOHNY

”WM”WWTPRIN?S“%ﬁVﬁﬁa'AﬂQ'X”Cﬁlﬁﬂﬁﬁ‘AFTER”E&CH”S%T“E?'%KGHT“i?&ﬁﬁ?lﬁﬁﬁﬁ
CALLS SUBROUTINES WDK.AND HWNUY

s Xaiaks)

DIHENSION YYRTU18, 81 X¥XC18.8), TER(14,83.5U8T{2:38)
TCOMHAON /BI/INGIL TR THy IR NISP W, ISCF.IFFCY UL TR ISYH » IDEG N2 LY
IMPHNUNMB, ITER NEGo MPHT o THTL VAR/BI/VYRTER X UYL SUNT
e O LY E A2 g8 GG F Mg TTER o oo s e e .
449 FORMATO1HZ. 394, 25HK COLUMNS FROM ITERATIDNS, I3.8H THROUGH.I3)
e R UDK M) e e s S e e
WRITE(Z:450 N ITER
TTUES0 T FORMATAIHI o34, I9HNUS FRDM CITERATIONS I3 . 8H THROUGH, 13y
S 917TH PLUS NU UBSERVED)
g O e S S
CALL UNUZIY TR, SUMT M KL)
T URITE(2e451 0. [TER e
451 FORMATOIHL L 18X, "X(NY CALC. — NU 0BS.y COLUMNS FROM [T
T T AERATIONST X13,8H THROUGH.13.24H FOLLDWED BYI AU UBSERVED)
K{=1

RETURHN

00330 T e - - I




00100

00116

0 0120

006130

00160

00150

00 17 0

00180

Y0190

00200

e I

00220

002490

0250
00260

o o " 107,

CQUBRDUTINE WDK(H) T e

[N

TP RINTS KUCOLUMNS T AFTER TEACHSETOFTEIGHTI ITERATIONS T

O DIMENSION VVRE(18,8) AUXULI8.8 ), TER{14,8),.5UnTL2.8y

WRITEL2:. 1030 3=H-1TERS

COMMON /BL/INoIL IR Iy TH NISPoNI ISCF,IFFL,IHa I8, ISY M, IDEG. N2k
CAINMPH.NUNMB, ITER NEG-MPHT «IH DL VAR/BI/VY RS TEKR XXXSUNT 77 o

TUHRTTE(Z2:43 777 , - - o
DO 3 JD=1.,HPHT

3 HRITE(2623JD5 (TKROJIDK) . K=1, NUND)

FORMAT(IHO,I11,7114)

CFORMAT(IH 212.8F1&.7) o o
FORMAT(1H

RN

“RETURN —— "
END




00110

00120

00130

00140

00150

O 16D

00180

aka¥a)

00200

0210

0022¢

O 230

002490

002890

00270

0029 0

0603090

ﬂw;ww00310wmm..wuwwa

003290

THPRINTS HU AND X COLUMNS

- SUBRODUTINE WNQY(A SUHMT M. KC)

DIMENS IGN FLMOBSUIB)Y.FLMICLIE)

Ton

HON 7BL/7IN

s Tl TR TH THy NISP. NI ISCFLIFRC, T

102.

1MPH.NUMB, { TERy NEG. MPHT IH T, VAR/B2/VOBS XV
“COMHON /BL11/7FLMOBS, FLHC
JD=0

THRITE(Z242

O AFLKCY9,10,9
HRITE(2411y -

"FORMATC(LIHO + 45 2THPER CENT ERROR AND VARIANCEY 0 777

DO 12 JD=1.2

QRﬁAT(lﬂ

I EIRERRRNE
1 FORMAT(1HO,111,8113/ 14 )
“DGT3 UD=1.82 S
MRITE(252) D4 (ACID oK) K=
“3TONTINUE ™

2 FORMAT(1H .1219?13 5)

MeITERY,JD

TUDIMENSTION ATL3.83,SUNTIZ,8),VOBSUIBY X188 . VIR

CAFTER EACH SETOF L£IGHT ITERA?EBNSfM;”“’

+s 1B ISYH.IDEG,NZTLH

1. NUNBI.VOBSLID)

HRITE(2:16 30D {SUNTIID K1 K=1 NUMB)
yIZ 8?15 ?)

—00330 " 10 RETURN" e - - D
00340 END




00100
00120

- 00130

60140

00150

00170
00190
00210

0022 0

00230

TTTouesn

00270

00280

00300

“00380
0039 0
D0 400
00410
00420
00430

0045 0

,,,,,,,,, 00450 "

00470

T 00480

60490

0050 0

00510

CSUBROUT INE

DIMENSION }%Hé 1&»3 BH#? (Liliéhij(lé)
e VTR ETLLO
NEROR=0
S 0 10 S5 1 N
A0 L2t4y=d

INVERT(ANS EP S, NERDR<DELTALPROD
C MATRIX 13“‘22«! iSin‘i BY G?‘\USS JUR"“AN ELiﬂ ‘?Jﬁ?iﬂ&

EPS=10.0¢ #%20“
20 20 i 1

K= e e e e e e
Y=A{I.,I}
T T T S
iP=1+1
IF{N~LPI1&,11. 11
CR1 DD A3 JTLPuN e e e e _ e e
H=Al{1s J)
’1 F {i\gg { ;;‘3 mﬁgg (‘{ ) 3 1 3 2 13.‘ 12 T e pmmm— o o T T
12 K=
e g e e I
13 CONTINUE

14 DELTA=DELTA®Y — JE
DU 15 J=1.0

ALIKI=ALI, 1)

AL E-C LAY
A(AI J) Al 3 7Y

AL, I)~l Ol*f

00520
00530

— 00540

00550

00570

TTTT00580

00590

00600

00610

—— 00620

00630

00540

0065 0

00660

00670

— 00690~ -

o710
TTTO0T 290
00730

—00TE D "

00750

TQoTRL T

00790

“““““““ “Q080 0

00810

e GG 8 2 0 —

00830
00840

00560

© DELTA==DELTA

- T2l S - e e -
LZ(D)=LZ(K)
Lzuy=g o
DO 19 K=1.4
TR TIKy LE L g e e e SO S
16 DO 18 J=1.N
E( 1718 e S
17 A(KJ) =8 (K. JI-BLII #C (KDY
18 CONTINUE T T o
19 CONTINUE
20 CONTINGE I e
WRITE(2,1) DELTA
LITFORMAT (LHOG 46X, THDET(AY=GEIY .2y
PROD=DELTA/PROD
e U RITE (22 120) ~PROD
120 FORVMAT (1HO.46Xs24HDET(AI/ AL 1) e¥vAININ) =,E11.2)
CIF (ABS(PRODI-EPS) 80.,80.81 o
80 MEROR = 1
gD YO B2 T e
81 DO 200 I=1.W
FFCI-LZ{I3}100,200,100
T —
BOO0 DO B0 0 JeK s e e e S S —
T R 20U )5005600,500 7
600 M=LZ(1)
e P Y2 L2y o e
Lzt =



085G

00860
e QO BT O

c088 0 700

A{Jd.Li=C(L)

BOT00 Lelan
COL=all 1)
AU T L) SR (gl ) o s

104,

e QDBY G 500 CONT INUE e o o e - e e e e
60500 200 CONTINUE

Cm BOGL 0 T B2 RETURI o e e e e o
0092 0 END




00100

00110 L )
001207 C T T CALCULATES EIGENVECTORS AWD EIGENVALUES OF FACTORED A MATRIY
00130 C CORRESPONDING 'TO 6 OR GF3. EIGENVALUES ARE STORED IN Z amﬂ
00140 ¢ TETGENVECTOGRS "(UF GF)Y ARE STURED IN DILFAUTOREDI. 777 T

00150 C

B 205§ %t A DIM%NSIG%'£L§12,12;3)1EiIM(12.12,3)wAJWJ(lé;I%% {12, T

00170 31208 sA0018,14) Q{12023 VOBSUL B X{LE)VULBILTENPLI18,14), XI(18)1

TTTUTTODIBG U 2INEBLLB) s U121 2, 33 7018 . ALLAS AL HNITLL A, 14

00190 DINENS ION FLHOBS{IS Y, FLHCOIE)

00200 COHMON D ELEL INAJHICo AT Q0 o -

002190 COMAMON 7BL/7 1IN JL IR IM IH  NISP NI ISCFoIFFL s IH IR ISYN.IDEG. N2 LY

00230 T IMPH NUNB, ITER NEG. MPHTJIHTL  YAR/B2/VDBS s X2 ¥V IBLSTENP/BO/ XIS INEG

00240 COMNHON /Biilrl 10BS FLﬂC

R L T e I R o -

00260 M= BN
-~ 00270 e NN T ~

002590 IF(I5CH1 241

o020 O T LHELK FDR iX1y SPECIES o T .

00300 i iF(N“M)llﬁ 142 1#5

"""""""""""" 003140 142 INH=INT+H o I

00320 ZCTHMI=CGIMHo LLIsA{NM, ﬁ)sﬁiﬁ ﬁ LL)

00330 AR AZOINMY Y 1434144, 184 S o

034 0 1643 NEG=NEG+]

TTTTTO0ISY TTTTTTANEGINEG Y2 I o o - - -
00360 ZOINM ) =2 L INNY
TTTTTRO3TL T TIBLTFLMCTUINBY =Z{INMY -
00380 UMY =FLACCINMY~ FL%QQS{iNM>
0396 T T EL I M LU =G (ML M LY i e+ e - -
00400 ELIN(M, .LL) 1. IEL{% P Ly
“““““““““ 00410 T RETURN T
00420 145 DO 2 [=M N
TTTTTRGE30 TR0 2 J=HL N

00440 EL{I.Jd,LL3=0.

0450 T TR0 P KENLN - S

0046 0 2 ELAT.J.LL} fL{I J LL)%A(I K)¥Gi“,J.LL)

e 004TO T DO 3 1=MeN e e e e e e e e
00480 DO 3 J=M,N
TTTTO004Y0TTTTTTTTTTTACT VI =0,
00500 DG 3 K=M,N
TTTTTOO051 0T T T ACTI LY AT 3G K TS LY R E LSS LY
005290 C & IS5 NOU (S?RAN&?GSﬁ)(F)(G) NHERE G iS DEF{kEB IM Hnlm FROGRAM
[ 00530 CTTTTTTTTUAFTER STATEMENT NOL 32. ' e
0054 0 C CalLCuLATE EIGEN%ALHgS -
TGOS TR IR AN~MIS s 695
- 005590 6 INM=INI+HM
Q0§ T O L NN = A A Mg M) e o S —
00580 A{M.M)=1.
00590 " RETURN " - S

0060 0 5 £=0.

———G0s} 0 DO 101 T=M.N S O .

00620 101 E= E%ABS(A(I 133

S B0630 T RENEMET . - - S e

00640 EzE7(5.%RY

SR0650 TR0 102 TSN S . R

006560 DO 102 J=M.N :

TG Os P RT3 V103, 104y 103“’ -

00680 104 ANITUI.J)=1.

——00690 60 T0 102 B e e e . .

00700 103 XnNIT(LJ)=0.

o7 D LT I I ol A T Sl B N T R - . I

SUBRDUTINE SYMAS(A.Z

v IS0 TNT s MMM

JHMANNLLG 3

105,




00720

00730

00750

TS D

0077 O

””mmw0973§';”

RUNARE

008D 0

003810

0082 O
00830

00350

[V 00 8 6 O et e

00870

0088 0

003890

00910

[ 0 0 9 2 0 RS

00930

0G4 D

009590

00960 "

00970

et AWOO 9 ,8 G [ETS—

009990

D1i010

00900

01000

105

Q0T G O

126
125

107

108
109

i1
110

QX=ACLL U/ (2.

oG EGES

106.
M2 oMa] e e . o S
HEY iGn J:
t=g-1"7"" o B
B0 106 I=HH.L
IF {ABS{AL{I I )~EY 105:106.,126 T
IFLACUTL, i)*‘%d J))lﬂ? 125m1@?

Qr=adi.Jy
L0 Y0 109

WOACT 3T JER (] g7g ) J ) o o
IF (aBS(Q¥Y-0.41421) 1081169 109

522 9Q%7 (1.« (QY=Q¥) T I
Lo= (1.*(@%*%%))](1 +(QX¥QX))

~C0-T0 110 . - N S
S=. 10710678

COZ.TOTLIOLTE

IFiQX)lli 116.110

e S S —
CC=CO0x=00

L5=00+5S

113
115

01020~

01030

__.'._.,ww___m,_hﬂ.l‘ of!} . 0
01050

— 01060 — 1

01070
TTTTT1080
01090

JOR—— 0 1 100 © e s e

01110

1120

01130

TTTTTUILI4 0

011590

011670
01170

118 0T

011990

S 01200 ——

01210

— 01220

01230

01250

01260

01270

01290

T01300

01310

01240~

01280

TOXTACL I LCC-SSI+CS¥IACI, D =ALT, )y T

TEWP(TI.J2=0

R=EALL D)0 C4a {0 d) 25542405« A1)
BlJJ) =SS ALT T30 Cv AL~ (2.%0SAL ]I
All.J)=QY

AL TroR o o B
AL, D)=ALT, 3
DO 112 K=# 0 7 - -
IF(K-1)113,114,113
IFAK-J) 115,114,115 - T
REACIKIvCO+A(JLKI*S
ACSKY =AU KI¥CO-ALL,K)¥S ) —
ACKs 3 =ALIK)
ALKy R N _ _ R
A(Ke 1) =A(1.K)
TREXNIT(K, T)#CO+XNIT(KoJ) ¢S B —
CANIT(K JI=KNIT (Ko ) # CO-XNIT (K, DI #S
TRNTIV(K, [)=R™ e - - R
CONT INUE
DO 116 J=HZ N e
L=J-1
Y B
1F (ABS(A{I,J))-E) 116,116.105
TONTINUE S e -
TF(E-1.06-010)117,117,118
E=E/10. S
50 10 105
DO 119 T=M¢N = " - S — - e
INTI=INI+ ]
ZOWID =ACL DY S
DO 119 J=M.N
TACTVIYENNITLI L0
IF(ISC) 120,122,120
DO I21 TeMom . I
INII=INE+T
TF (ZCINIEYY 1404141,141 7 ST e e
ZOINID)=-ZCINIL)
NEG=NEG+1" ‘
INEGCINI 1) =1
CFLMCCINIDYSZOINIDY - -
DO 121 J=H,N



1330

01340

e ] 3§

01360
01370
01380
—0139 0
01400

e IR

014290

— 014305

01440

01450

01460

0147 D

01480

:_“Aw...m.,_-.o 1 A_g 0 s sy

01500

015290

01530

015490

01560

— 01570 —

015890

159§

01600

01610

0162 0

Tols1o T T

01550 —

T ——
DO 121 K=iaN
I NKe NIk : B —
TEHP (1, J)STENP (1, J1+A (K. 1) #XT(IRK) v G (JuKoLL)
121 ELCT,J,LLY=EL(T, Jo LLI+G LI K LLI¥ALK, U) 7 7
C EL IS NOW THE MATRIX OF £ IGENVECTORS OF GF.
A s Fe S .
DO 135 [=t,N
T K eI N e T
IF. €(1-N) 139,135,135
139 TF(FLUCIKI-FLMC(K+1))137, 135,
137 R=FLHC(K)
. FLMC R ) SFLHCCKaL)
FLMC(K+1)=R
e FLHCCRATISR
INEG(K) = INEG (K+1)
e
DO 138 L=M.N
O —
CEL(L, 1 LLY=ELLLLT+1,LL)
TELCL TRLyLLy R
=TEMP (1, L)
TEh)(I CYSTENP (1] o)~ o
138 TEMP(I+1,1)=R |
135 KCK)=FLMCOKY-FLHOBSL{KY ~ — ~ 7 "
DO135 I=H.N
R
136 ELIN(I,JoLLI=TENP(L. I3
123 RETURN. - e
END




—oiF T T T "

00116

0 01 2 O

6031390

0014 0

00150

00160 "

60170

- "‘0 {) 1 8 Q s

00190

e T B

00220

023 0

00240

00260

— 00270 "

00280

—-00250

00290

00300

00310

00320

ST 00330

0034 ¢

——00350

00380

——00370

00380

00400

D0&1 0

T 00430

. 00440
TTTTTTO0450
00460
00470
00480

“Q0S500

00520

00530

R 00540~

‘00550

00570

o os80 CALL WTEMPUIN,IM)

00590

00610

00600 T

004G D

17

—— 00630

00650

R 00660 —
G067 0

TTO0BE D
00690

00710

TTTTTTO0T2 0
607390

00700

35 TeMpP
R LR

56

CSUBROUTINE HINPI

T PRINTS “INPUT DATA —

"DIMENSICN TDENTU13.,4),NFACL3),VOBS(L 8, W{18)aL{12,12,8)s
10012:12)3 D14 - TENP (38,143,060 (12412.3),EL(12:423)eF{12+12%s

CTU2VULB) S XCLIB) G AJTIBY AL AINI 14, 14) L ELINTIZ2, 12530, {IDEN{(B)@B)Mﬂw%

3,ID(3. )
TTUDIHENSION FLMOBSLIBY,FLHC I8y
COMMON D ELELINAIWILCoATL0
LOMMON /817 TN TL IR IHs IH o NISPo NI ISCF, IFFL, IW, I8 ISY M, IDEG,N2LL

IMPH NUMNB, ITER, NEG. MPHT IHT, VQRISZIVSES X ViBél’EﬂP!BD!G!B!J? Hs B
TT2/B8/IDENTLXIDENT. U, IDL NFAC

CU%VU% /811/?1 SBS Ftﬁﬁ

WRITE(2 13 CCIDENT(Tad) e 1214130, 021, 4)
CFORMAT(1H1,22X:13A5/7 €10 422X, 13A5)) 77 77 oo
HRITE(257) INyILe IR £Mo THoNISPoNT, ISCFaIFFOL TUs

1B ISY My IDEGL LA e Ay e A e T

7 FORMAT(LIHO 04X LNy 4X o XHL o 4% s LHR 4 4Xo LHHA 24X+ 1HH. 2X,4HNIS P

13X ZHN T4 2% 3 3HSCF . 2Xs 3HFF T3 X LHW, 64X+ THB . 3X s IHSYH,2Xo™

24HIDEG 12X, 2HLU /164 1315)

 RITE (o oy _” S
FORMAT (1HL, ™ 1SOTOPE NO. FACTORS

IMENSIONS " FOFI-478" P

DO 3 I[=1.,NISP
TKENFAC(I) e
WRITE(244) 1,KaCIDCIINT INUE
iy o

WRITE{2:T (1HO,56X.SHINPUT/IHO)
e T T

34 FORMAT (1HO.55X,10HG MATRICES)

PO L3 LETLNISPT : B

DO 14 I=1,IN '

DO 14 J=1. 18

14 TEMP(1.4)=GC1,J.0)

CORITE L e ——
FORMAT (1H1.5- CALL WTE

13 CONTINUE" o

D0 35 I=1.IN

o o e

(1+J3=001..0)

WRITE(2,36)

FORMAT (14145 8%, 1HQ)

FACTOR DI

IF {MPHT~IM) 56456, 55

URITE (2, 3B e o oo B B
38 FORMAT (1M1, SSX 10H€ HAFATRICES)L, {HT
DD 39 640 ‘ DO 39 3=1 IN e . -
39 TEMP(I.J)=C{I,JsL)
WRITE(Z. 60377 )
CFORMAT(IHILS9X,12)

TTTALL MTEMPOINGINY
37 CONTINUE

CNRITE (2,485 S B
48 FORMAT (LH1.2H 129X+ 2HMLo12X,2HMZ, 12 X0 2HN3 412K, 2HM4/ /)

43

00740
0TS0

FORMAT (1HI 43H

URITE(FAZ V&3 Yy 7

E€2.43)

I+6X+4HVUBS10%. IHU 12X 1HK)Y T T T
ITMAY =AMANOINZ . MPHT) ‘

" DG 44 - I - 1 ® I?ﬁa x/ - v SO —- - SR B




- ——0pT6D "

0ov?o 45

e T T T

TIEO{MPHT-1

455406546
WRITE(2:47)1.V0BSTI3HITL ), DRKIT) S {1}
G O G g e —

- 109,
KIDENT(I50)ad=1:3)

00790
T80 0
6osd 7

£5 WRITE(Z 4 7)1, ¥0BS{13.H{1)

e CCONTINUEEA - R

0 44

TTTTTTTR0ET AL VOBS Ty LWLy T
00800 &4 CONTINUE
TTTTTTQOBL O TTTET T RORMAT A I3 G PRIV TR FI3L5 4N ARG
- 0o820 RETURN
OR300 T T END S N e e
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Q01006 0 SUBROUTINE READFL(DeMI.HZ2.IMY B
60110 C

00120 T READS T MATRICES e —
001390 ¢

TTTTT00140 7T DINENIION DLIZ L1463 IHULIS Y JHOYSY T T
0015 ¢ DOIGI=1.M1

0160 DD 10 Selatz
00170 © 10 DUI,J)=0.

S 001B0 5T T UREAD (1 LI CIHC I S JHO [ s 121015y
00190 1 FORMATC1F, 30 1)

e ——
00210 2 DD 6 K=1.15

e
00230 4 [=IH(K)

0020 LK) B e
00250 6 D(I.,J)=DH

TTTTP0260 T TGO 1005
00270 3 IF(IX)22.23422

00280 23 DO 20 -1t - , S .

; 00290 DO 20 J=1.M1

00300 1F (1<) 21:20421 R e .

00310 21 IFA(D(I+J3311,20,11

00320 11 DA oD (L gy

, 00330 20 CONTINUE

0034 03 2 RE TURN- - = e e e e o
00350 END :




. 00100

0011 0

c

111,

- SUBROUTINE READDM (D.IRY

TTTTTO0120 TTCTTTTTTTUTREADS THMASSES T INTATONIC WEIGHT UNITS AND MCDIFIED WEIGHT FACTOR

——00160 ~
Q0180 3
Do 0 T

;_,m_mo 0220 — g

S 00 24§~

00130

~0014 0

00150
00170
0019 ¢
00210
00230

00250

C

2

6

7

TDIMENSION DIL331.1HZ4)

-1

"

DO 1 I=1.IR

oeiy=0. - ) h
READ(1.331DH, (IHC(L) s 1=1,24)

—FORMAT(LF L2467y e e

IF{BHY 4. 744

DO 6 K=1.24
IF{IHIEIYS5e 245

IS T=IH(K) =~ e e e e e e e e e e e

DLISTy=DH
0 102
RETURN

e 26 0 RN D
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00 1{) Q, S VS Ug R G i} T i }“‘3 g, ,S. TAT s s e i st o L o St S St 3 B4 e e S S ey s o USSP ——
0011 6 C

~00120 € CALCULATES “AND PRINTS STATISTICAL ANALYSIS OF FINAL RESULTS ™
00130 € )
TTTTT00140 T T UUDIMENSION EL{12.12.300ELIN{12,12:3),C(12212.85. S —
0015 0 LAJMI(L4, 146D, AJ018,14),0012412),VOBST18) X CLE) Y 18) , TEMPL1B.14) s
TTTTTOOL6 07T 2F (12,12 33 DXA14) S IDENT (L3, 4) JKIDENT(33,3),H 1183 -
00170  3IDA8.3) . NFAC(3)4SIGK(L4),SIGV(LE)
SO0 IB 0D IMENS TON FLMUBS(1IB) JFLHCCL8) - -
00190 D 1M NSIDN VYR{18,8), TKRU14 ,8) XXX (18,8),5UNT(2.8)
""""""""""""" 00200 7T TUCOMHON DL ELGEUIN, AJWISC.AJ.Q T
. 00210 COMHON lﬁk/iéwltglR IHe THo NISPoNIa ISCFy IFFC, IWa T8, 1SYH, IDEGS N2, L]
TUTTR0230 UL MP He NUMB . ITERS NEGe MPHT < IHT S VAR/B2/VOBS X+ V/B4I/TENP/BT/ Fy ﬂ DK
00240  2/BS/IDENT KIDENT.H. IDSNFAC/ELO/SIGKsSICY ,
Q0250 T CUOMMON /B11/FLMOBS, FLHC
00260 COMHON /B3 /VYRZTKR X UK, SUMT
——G02T0 T LIRS IR AR R AR VY
© 00280 ¢ PRINT EIGENVECTORS
00290 € e EREEEEEES ﬂ
00300 MRITE(2,15)
0031 05 FORMAT ( 11254 Xe LOHL HATRICES )~ B
00320 DO & L=1,NISP
038 R ITE (3B 3L e e e o e
. 00340 2 FORMAT(IH1,59%.12)
00350 DO 3 Tepian _ e
0036 0 B0 3 J=1,1N
wwwwwwwwwwwww 00370 3 TEMP (L. oEL{T duly — . e
00380 CALL WTEHP CIN,IN)
0490 T CoRT N e
00400 C
TTTTR0410 T CTTTTTUPOTENTIAL ENERGY DISTRIBUTION ~— 777 7 7 e
C

00420
00430 &8 00 24 I=tenN2 77—/ o
00440 Y1=0.
U 00 45 ‘0 e o e e DG - 2 3 B J 1 ?‘ p H T - - e e e i e O [ . VU
00460 TENPUILHI=AJ(] J)#DR(J)/FLNC(I)
T—— 0 04? ﬁ'w ““’2 3 Y 1 \( 1 + ﬁB S i T éz f!}) ( i’ J ) ) " T T T T T S T T e
004890 DO 24 J=14WPHT

00490
00500 WRITE(24+25) )

~ 00510 25 FORMAT(LIH1.29X,44HPOTENTIAL ENERGY D ISTRIBUTION ~ CONTRIBUTION,
00520 1174 OF K(Jy TO NULI) /71H )

00530 T CALL WTEMP (N2 2 HPHT ) o o o mmms

AND FREQUE&C!%)

00580 SIGHMA=VAR
.............. 0059 ' DL F2N2<MPHT = ; . . .
00560 0 IF(DIF)26,26,27
TTTR0610 T TTTT26 D IF=LL0 T T T
00620 27 SIGSQ=SIGMA/DIF
B 1131 ¢ B SIGHA=SORT(SIGSQY - R — B B
00640 DO 28 I1=1,MPH
TTTTR0650 T 28 STGK(T)SSICHARSORITAINICT Iy T B T
00660 DO 29 I=1,N2
........»-—..»..._...._»0 O ﬁ ? 0 ................................ D Q . 2 9 J: 1 ; HP }; P >
00680 TEMP(1,J4)=0.
00890 DD 29 Kel.HPH S
00700 29 TEMP(I.J)=TEMP (I, J)+AJ(I KD eAJUI (K, J)
BOTL 0 DO 3T 1= 1sNB- - ot . — —




0 T4 D ~40 Y1=Y1+TENP (L, K B O R e

[ O 08 i) 0

S 00T60 - T N3IENISPeIN e e e e

TROTE O T TSRO SIGVITISBAB904 LS/VYRUTHUNBYeS IOV e

00720 T Y1=0.
00730 DO 30 K=1,HMP1

00750 31 SIGviiy= SirﬁﬁvSQQI(Yi)

00770 POSGI=1, N3

00790 .
T PRINT R INAL FREQUENCIES FORCE CONSTANTS o AND DISPERSIONS

TCERITE(Z2.33)

00570 2 e e
3 FﬂRMAT(l?l 3*&0.;LX ?ﬂNU ﬂBS.;éX BHNU CALC»a?Xv

C
e
60810 €
— 3
00830 3

00850 Qéy 1OHPCT ERRGRgéﬁ:gﬁSIGﬁA(NU)céxflﬁK.1GX}8HSEG%&(K)/1H H

085 O AVE =0

00870 DG 37 I=1,N2

00 BR O T T DIF =X (1) /VOBS (1)) #1000, . -
: 00890 AVE=AVE+ABSIDIF)
TTTTTTTROI0 0 T T IR A I-MPHT Y 34,345 367 S
00910 34 HRITE(Z 3531,V0854(13, ?(I).X(I .DI? SIGV(I):

00980

«-»—.—MM.OI O 4 0 S

TH09207 T TTTTIYpKT ) SIGK (I L (KIDENT (I, 3y 5 d=1.3)y T
0093 0 60 10 37

00940 35 FORMAT (1H o 12,F10.3.F16.7.3F13.5,4X.F10.7,F11.5.1Xs4A6)
00950 36 WRITE(2,35)1,VOBSTI). V(I XUI),DIF,SIGY(I)

00960 37 CONMTINUE

00970 FN2=N2

CTTTTTAVE=AVE/FN2

009% 0 WRITE(2,38)SIGNA, AVE

010007738 FORMAT(1HO, 20X 30HSQRTASUN (k¥ (0-CH¥#2) /(NO-RVII=F10.6, 10X,

010190 - 925HAVERAGE PR CENT ERROR = F10.6)
01020 — Qe e
01030

CORRELATION MATRICES

aRaly!

01050 © WRITE(2,39) |
01060 7739 FORMATU1H1,40X,38HCORRELATION MATRIX FOR FDRCE CONSTANTS/IH ) ™
01070 DO 40 I=1,HPH

01080 — DD 40 Jol.MpH
010990 40 TEMP (I, J)=AJHJ(1,J)*SICSQ/ (SIGKII)*S IGK(JI))

TTTTTTTOII0 0T U CALL WTE NP AN PH L MPHY T ) o
01110 ' RE TURN
e QLT 2 0 = = RN e £ e e e e _ e




00110

G2 O

00130

00140 T

00150

60100 T

00160

00170

[— 00180

00200

00210

00220

alsin

ST L OMMON /B INS T IR, [H TH  NISPL NI, ISCF. IFFT, T4,

114,

TSUBROUYINE EIGJAC (IIefE,LY

e CRECULATES FREQUENCY JACUBIAN FROM EIGENVECIORS 7

CTUUUUDIHMENSTON EUT1241293 0 ELTN(12:123) AINIIY L, 14Y, T
30012, 12.8).A0018, 84, 0012,12),V0BSUI8),XL18),.,¥118)
TTTTTTUDIMENS ION FLMUBS(18) JFLHECCYEYy T h

LCOMHMON DJELELIN,AINILC,ALSQ

ABYISY M IDEGN2. L
IHPH,NUMB. ITER S NEG, MPHT . IHT S VAR/BZ/VOBS XV
T OMMON T /BLIJFLNMOBS.FLMC o

1G6=0

90230 T T DD 2 TS TS TE -

. 00240 I6=1G+1

B0 25 0 DD 2 ST s TH —

' 002690 DO 2 K=1,1W

TUUR0027067 T 2 AL AT Y HEL K 16, Ly e ELA(K, 16, L) ¢ QUK J) - o
00280 [F{NPHT-IHIL000,1C0060,3

P QU 29 D TR Q) T T e e e e

. 00300 D0 9 I=11.1E

S 00310 G RG] e R
00320 DO 9 K=1,1IN

TTTTRO330TTTTTTTTTT T p0T e IPsl. 1N ) B . T
00340 DO 9 J=1,[HT

——00350" " e MR T M T T e e e
00360 9 AJUI, IM)= AL, IMU) +EL(K s TG L) *EL(IP L IG. L) ¥ LK 1P, J)

03T 07 TTLOD0 CRETURN o e e e -
00380 END




56100

00180

00190

00210

G0240

- S — o . 115
CGUBROUTINE WNUOUTCAYE) — o o
C WRITES NU O085., NU CALC.. X, PCT. ERROR,' K AFTER EACH JIVERATIC
T DIMENSION VOBS(18) . X(183,V(18).F(12,12):DK{143,
CAIDENT(13+4) «KIDENT(33,3),U(18),1D(8,3),NFAL(3)
TDIMENSION FLMDBS(183.FLNMCLLIEY
COMION /BY/INTLs IR IHe IH, NISPNISISCF IFFC, 1M IBISY M, IDEG,N25 L

CAHPH . NUMB,, ITER W NEG.MPHT IHT s VAR/B2/VOBS XoV/BT/F HDK/BB8/IDENT,

‘ 0028690 . 2KIDENT W IDs NFAC
““““““““ 002807 77TTTTTTLOHNON /BIIJFLHMOBSJELHC T
00300 N3=NISP+IN

00310

00330

:”"""‘“""00 3506 IO KUIXEL303L 0¥ (SQRTAFLMCUL ) ) —SORTLFLHOBS LIy — 777

00370

00390~

00410

00430

0044 0

00 45

DG 10 I=1+N3
Y{13=1303,0«SURT(FLMLLI )

N&=N3+1
T L
11 VOIISFLNT D)

HRITECZ2.1VITER
1 FORMAT (1H1.35%, 16HI¥ER&:1CN VLMBER 13)
CHRITE(2.2) e .

. 00460 2 FORN&T(lHO IHNDO.+3X, 7HNU OBS., 78, 8HNU CALC.:ﬁY SHEEETA‘NUs
T O0&T O 77T 94N 10HPLTL. ERROR. 12X« 3HNDL 5K, LHK /71 ) o T
00480 AVE=D. :
— 60490 o0 F TETL HPHT e+ e —_—
005090 PCT=A(1)«100./7VOBSL{)
TTTTTTOOS10 T T T TTTTTHRITE(Z A YIS VOBS LT )L VT Y o X T L PCY L TSDKEE Y T
. 00520 TLKIDENT (1,30 »0=153)
D530 3 AVESAVE+ ABS(PCT) e -
00540 4 FORMAT (1H »1I2.,F13. 3 3F13 5 IZX IZ F13 7 ZX 4&&3
TTTTTTOOSS50 T IR ANZ-HPHTY 7, T 5 -
00560 5 11=#HPHT+1
05T O DO 6 I=1[JN2 R R B
: 0058 0 PCYT=X{1)=100./7V0BS(1)
T 00590 HRITE(Z2.463 1, VOBS{TI 1. V{TI), X (1),PCT
005600 6 AVE= AV£+ABS(DCT)
— 00610 T TEN2 N2 e U - U
00620 AVE AVE/FNZ
~ 0063 0 T WRITE{2: 8 AVE" o e o e ot o e e S
00540 8 FGRHAT(lHOglﬁHAVERAGE kRRGR =, F10.5.9H PER CENI)
T QOS850 TTTTTTTRETURNT -
00060 END




TO00100 T T UUSUBROUTINE WTEHP(NR.nCY
00110 C PRINTS UNSYMMETRIC HMATRIX(60,60)

AAAAAAAAAAA 00120 L
00140 DIMENS ION TEHP{18.14)
00150 COMMONS BE JTENP o oo s oo o o

T,_,... W«»,._MOO 1 7 0 e et e e s S ~I N C_‘:l e P - : e e s i e e et o i nas 4 s e PR
001is 0 IL=9

WM.‘NO 0 2 1 O P ———— D g ,1 e I:l ., 3 e e [U— - po—

00230 [F (NC~-ILY 2,243
00250~ —2 “IL=NC e
‘ 00270 3 HRITE(Z2e 43 4{dod=INC, I

S 00280 % FORBAT CLHOs3IHI7de ITaSI 13y FIH ) = s o oo e

00290 DO 7 J=1,HR

00300 7 T T U UMRITE(2s103 3 CTEMP (O, K3 s K= INC, IL)
00310 10 FORMAT(1H +13,9F13.8)

003207 T IE ANCEIE) BaSab
00330 6 INC=INC+9

00320 1 TLaTlag
00350 5 RETURN

_’LMMM.O 0360 " TTUTEND U -
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CHEM2 Sample Problem

The Ethylene Molecule (C2H4) - B3 Symmetxry
u

- INPUT
MMMMM 00010 ETHYLENE -

00020 B3U SYMMETRY

00030 TWO _ISOTOPES

000490 MVFF JOHN COMERFORD

00050 _ 020000020302040000000000000002__

00060 0101
e 00070 02 e o

00080 02

00090 1eO0ls) -

00100

00110  1.0s2s2

00120

00130 1.0s1s2

00140

00150 1,03739191 -

00160 1el1346242

00170 0.07406142

00180

00190  0.,5415s1s1

00200 0.617752¢2

00210 007409142

00220

00230 2989.551443.5,2200625107749

00240 5.57s CH2 STR
00250 _1.45s CHz BEND _

00260 0.00003s STR=BEND

00270 01
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APPENDIX III

Normal Coordinates of Ethylene
and Isobutene (Bz Species only)



1.01518
~0.05635
0.04002

0.73554
-0.1098¢
0.07101

1.05516
-0.29882

0, 78131
-0.44209

0.99296

- ~0.40973

0.74376
~0.32496

0.98735
0.3%2869

0.70919
0.30288

Ethylene - MVEF

Aig
(CoHy)
~0.0%545
0.2324 1
0.61584
(¢,D,)
~0.01072
0, 38050
-0.1%835
B1g
(CH,)
0.00516
1.28912
(C,D,)
0.03533
1.02199
BZu
(CH,) -
24 0.35697
) 0.9%242
C.D A
‘P20 0.25400
0.6602%
B,
C.H.)
(CoFy 0.24986
-1,.00268
(C,D,)
24 0.19635

-0.72439
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0.06447
~0.3%3062
0.85589

0.01924
-0.09818
0.69525



1.00480
-0.14565
0.17763

0.68708
~0.24799
0.23057

1.05204
-0.39157

0.78093
-0.50983

1.05437

.=0.10986

0.78525
-0.12475

1.01702
0.1289%

Ethylene - UBFE

Aig
(01,
-0.16282

~0.32347
0.78481

(D)

-0.31685

B1g

(C,H,)

(C2D4)

21

(02H4)

(D)

u

(C,H,)

(C,D,)

0.08123%
1.27176

0,08860
1.01058

© 0.041%2

1.01254

0.03%3%0%
0.72522

~0.05454
1.04727

-0.0568%
0.7693%9
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0.03413

0.20163
0.68258

0.00110
0.06743
0.57683



0.71126
-0.212%8
0.12518

"1.05516
-0. 28564

0,78552
-0-42715

1.05475

0.78573

" Ethylene - HOFF

A1g
(CoH,)
~0.09400

~0.28248"

0.91817
(02D4)
-0, 18867

-0.34183
0.%6966

qu
(CpH,)

(50,

BZu

(C,H,)

(€,D,)

B3u

(CoH,)

(€5D,)
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0.02842
0.26917
0.49958

~0,.00%473
0.06744
0.57702

-0,00554
1.29966

0.02570
1.04821

0.02998
1.01764

-0.01842
0.73183

1.04838

-0.04847
0.77116



1.05511
0.00%60
0.12413%
©0.22987

0.78539
0.00819
0.17486
0.30221

Isobutene -~ NVER

-0, 00660
0.42588
0.43504
0.,18792

-0.01705
0.41403
0.45462
0,28229

Bo

(C4H

(C4D

g)

g)

-0.04227
0.02287
0.27353
1.14409

~0.04700
-0.01429
0.28076
0.8%982
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-0,0003%3
0.05867
-0.3%4480
0.19871

-0,.00096
0.05030
-0,27628
0.2253%2
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