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‘Abstract

APPROXIMATE MACROMOLECULAR ORBITAL THEORY

By

Wyman Woon-Man Wun

Adviser: Professor David L. Beveridge

The general formalism of INDO and MINDO/2 approximate macromolecular
orbital calculations have been developed. The calculation of macromolecular
properties, and the systematic analysis of one-~dimensional macromolecular
orbitals based on group theory has been presented. A test calculation of
polyethylene is described in detail. Application of these methods to
the calculation of the electronic structure, energy bands, and electrical
properties of polyhydrogen, polyacetylene, polyethylene, F and NHZ-
substituted polyacetylene, polypeptide, graphite and poly(hydrogenfluoride)
have been carried out. The conformational potential energy surface of
polyglycine calculated by INDO-MO and INDO-CMO methods in the free space
approximation has been presented. A gébmetry at which the existence of
metallic hydrogen might occur has been predicted by these methods. The
semiempirical molecular orbital calculations with the parameters used in
MINDO/2 yield a band structure of polythylene in good agreement with
experiment. The conformations of polypeptide predicted to be preferred
in the free space approximation are discussed with the simple molecular
orbital calculation. This result.indicates that approximate macromolecular
orbital calculations masy be used in the same way as molecular orbital

calculations for conformational analysis.
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T. Introduction

The purpose of this project is to develop a general approxi-
maﬁe macromolecular orbital theory for infinite one-dimensional
polymers. The project consists of four parts:

1) Derivation of the gemeral formalism for self consistent
field (SCF) macromolecular orbital (MMO) calculations at the

ab initio level, and development of general approximate methods
for treating all valence electrons;

2) Calculation of MMO's for prototype systems and analysis

of the orbitals based on factor group, site group, and point
group theory;

3) Application of the methods to the calculation of the
electronic energy band structure, certain electrical and optical
properties, and conformational stability of a set of representats
ive polymers;

L4) Assessment of capabilities and limitations of the method

and prospects for future applications,

It' has been recognized for some years that a useful
perspective on the electronic structure of organic and biolog-
ical macromolecules may be derived from the energy band theory
of solid state physics. The quasiperiodic core potential of
the macromolecular backbone gives rise to a manifold of energy
levels resembling that expected for a one-dimensional crystal.
The terminology of band theory can be used to describe the
electronic structure of the polymer. In a valence electron
treatment, the occupied manifold is referred to as the valence

energy band. The unoccupied manifold is referred to as the



conduction band. The bands of levels are separated by forbidden
zZzones or band gaps.

The electrical properties of the system are related to the
band gap A E between the highest filled and lowest unfilled bands
and the density of states (band shapes). The band gap is zero
for a perfect conductor. There are free electrons in the
conduction band due to thermal excitation. In an insulator,
the magnitude of band gap is about 7 to 12 ey. Thermal populat-
ion of the conduction band is completely negligible. Materials
with band gaps between zero to 7 ev are called semiconductors.
With band gaps in this range, thermal population of ihe con-~
duction band is possible and increases with increasing temperature.

The optical properties of macromolecules can be related to
the energy band structure in much the same manner as the absorption
spectra of a simple molecule is related to the orbital levels.

The wealth of experimental results now available in simple
sgstems have already shown that the position and nature of
the energy bands in a large number of materials could provide
much information about the absorption of light in the visible
and ultraviolet spectral. The band structure can be used
directly to interpret and predict the photoelectron spectra
of macromolecules in a simple way.

This thesis is concerned with the development, testing
and evaluation of an approximate macromolecular orbital theory
from the point of view described above. The following chapter

develops the theoretical background of the project with regard



to both physical model and methodology. In chapter 3 the general
formalism for crystal orbital calculation at the ab initio level is
given and factor group analysis of macromolecular orbitals is described.
The following chapter gives the details of approximate macromolecular
orbital theory for valence electrons and parametrization of the methods.
Chapter 5 is concerned with applications of the method to the calcul-
ation of the electronic structure, energy bands and the related con-
formational and electronic properties of representative polymers. An
assessment of capabilities and limitations of the method and prospects
for future applications are collected in chapter 6. The thesis is con-
cluded with an appendix of the listing of the digital computer program

used for approximate macromolecular orbital calculations.



IT. Background:

Theoretical studies on macromolecules have been carried
out using statistical mechanics and quantum mechanics.
Statistical mechanics is used for large systems with highly
approximate or empirical calculation of the conformational
energy. Values of all thermodynamic quantities can be
predicted by this method. Quantum mechanics is tractable only
for relatively small systems or ideazlized representations of
large sys tems, but . provides a more accurate consideration of
conformational energy. Quantum mechanics can provide expect-
ation values of other molecular properties and information on
electronic structure as well.

Models of macromolecules: Theoretical studies of macro-

molecules have been implemented using various models and
methodobgy. The models are defined as follows:

1) pPolymer Model: In the polymer model, the polymer is
represented with explicit consideration of each of the mono-
meric units. Polymers with only a few monomeric units can be
treated by quantum mechanics. Large polymers are computation-
ally intractable using quantum mechanics. The problems exncount-
ered are purely computational in nature, and arise from the
necessity of evaluation of the multicenter integrals. These
systems can be treated in the polymer model using statistical

1which have applied

mechanics. Many papers have been published
statistical mechanics to the calculation of the average dimensions,
the probability of distribution of monomer, conformational stabil-

ity, and phase transitions in mccromolecular systems.



2) Dimonomer Model: The dimonomer model considers the structural
features and molecular properties of two bonded monomers as represent-
ative of the macromolecule. This assumes that the macromolecular back-
bone and short-range interaction of side chains with the backbone in
the macromolecule is the determinant factor in the establishing of the
conformation of the macromolecule. The interactions with neighboring
side chains are totally neglected. This model is of limited validity
for large macromolecules where nonbonded interactions across chain
segments and large entropy effects could be quite influential on the
conformation. Macromolecular systems treated by the dimonomer model
are tractable using molecular quantum mechanics. Extensive studiles
based on this model have been carried out on polypeptides using app-
roximate molecular orbital theor&%l

3) One-dimensional crystal model: In a perfect crystal, the
interaction potential between each constituent atom is extended
periodically throughout the crystal. For a highly idealized simple
system, quantum mechanics is tractable for this method when Born-Van
Karman cyclic boundary condition;Bare imposed on the problem. This
is the method used in this thesis.

Methods of treating Macromolecules. In statistical mechanical

studies the calculation of conformational energy is carried out by
classical semiempirical methods. Bond lengths and bond angles are
fixed and the energy of internal rotation about single bonds, non-
bonded interactions, electrostatic interactions and hydrogen bonding

are represented by various semiempirical pairwise potential functions.



It is customary to include enﬁropy effects in these calculations, and
estimate the statistical weights of the various conformations. These
problems have been treated theoretically by Poland and Sheraga} S.F.
Edward;t M.E. Fishef? P.J. Fiory and S. Fisﬁiand by semiempirical
methods using digital computer simulation. There are two approaches
in computer simulation. One 1s the exact enumeration calculations by
M.F. Sykez, M. Kumbar, S. Windwerg and K.K. Knaell and R.A. Scoté?
The other approach is the Monte Carlo method. Both of these methods
involve the generation of non-self-intersection random walks. The
difference between these two methods is the different way of calcul-
ating the properties of the system. In the Monte Carlo method, properties
of the system are calculated for each random walk of length N. After
a subset of the complete set of random walks of length N is generated,
the average values of these properties are calculated in the limit of
a long subset which is assumed to be approaching the values for the
complete set. In the exact enumeration method, the properties of the
system are calculated only when the complete set is generated.
Quantum mechanical studies of macromolecules have been carried
out using the dimonomer and one-dimensional crystal model
using a wide range of methods. Since the calculations presented
herein are based on quantum mechanics, we review the quantum

mechanical methods for polymers. in some detail, including pi-



electron, valence electron, ab initio, molecular orbital and
crystal orbital calculations.

The theoretical description of polymers as with other
large organic molecules was first approached in the framework
of the T - electron approximation, using free electron theory
to simplify the computations to a tractable level. The Hiuckel
theory of organic quantum chemistry has been applied extensively
to polymeric systems by a number of workers, notably by Lennard-
Jone;? Ooshika31Longuet—Higgens and Salem?gTsuji; Huzinagn and
Hasioﬂ}gand Kutzelniggr.“+ In Hickel LCAO approximation, each
mobile or T -~ electron is considered to occupy a molecular
orbital (MO) extending over the whole framework. This orbital
is approximated by a linear combination of all p -1 atomic Sl
orbitals. The desirable physical properties of the system are
obtained by solving the Schrodinger equation with the corres-
ponding effective hamiltonian operators. The Huckel methodlfg
a rather primitive and the results are generally considered too
crude for the charge distribution, total energy and the geometry
of the molecule. The T - electron approximation carries severe
limitations, and is of very limited value in polymers with any
degree of saturaftion or with any geometry other than planar.
Improved methods for treating the electronic structure of
polymers must provide for a consideration of all chemically
effective electrons.

The extended Huckel theory (EHT) proposed by Hoffma&6is

a logical extension of the ordinary Hiickel method. In this



method, both ¢ and Jf electrons are treated explicitly. The
basis set in EHT is a minimal slater orbital set of electron
atomic orbitals. The diagonal elements of the EHT matrix are
given by the negative of the valence-state ionization potentials
(VIP). The off diagonal elements of EHT matrix are related to
the overlap integrals of the orbitals. The procedure to
obtain the physical properties by this method is exactly an-
alogous to simple Huckel theory. " In comparison of theory and
experiment, extended Huckel Theory gives often umnsatisfactory
bond lengths, charge distribution and exaggerated dipole
moments. EHT can give a reasonable molecular conformations
because of the mutual cancellation of errors in the final
total.energy calculationx7 ‘

In order to improve EHT, an iterative procedure was
introducéd to the EHT by ReinlBPullmahl9and Duke%o It is called
Iterative Extended Huckel Theory (IEHT). This method has been
shown to be a considerable improvement over EHT in terms of
charge distribution in the orbitals. In IEHT, a parameter
is assigned to each atomic orbital and it is minimized to get
the best energy of the system. Integrals must be recalculated
at each cycle of iteration. It has been shown that IEHT is a
considerable improvements in iteration. The diagonal elements
in IEHT are closer to the diagonal elements in SCF calculation
because of the iteration in IEHT® But it is still not a very

refine method, since either EHT or IEHT does not explicitly

consider the electron repulsion terms.



The most elementary theory retaining the main feature of
electron repulsion is the complete neglect of differential
overlap method (CNPD) introduced by Pople, Santry, and Segafv
Only valence electrons are treated explicitly; the inner shells
are treated as part of a rigid core so that they modify the nu-
clear potential in the one electron part of the hamiltonian
operator. The differential overlap approximation eliminates
all three and four-center. and most of the ome and two-center
integrals, leaving only the so-called coulomb integrals. The
multicenter integrals are smallest in magnitusde but the approximat-
ion is still severe. The CNBO.. method, particularly the CNIDO/é2
procedure, has manyhadvantages and some disadvantages:z.3 Although
most of the electron repulsion integrals are ignored, the
important one, coulomb integrals are included. The method is
simple enough to be generally useful for large molecules and
avoids the multiplicity of parametrizations inherent in extended
Huckel and other-empirical methods. Comparing theory and exper-
iment CNDO has been shown to give good bond angles and a reason-
able electron distribution as evidenced by electric dipole
moments. Bond lengths are generally not predicted as well as
bond angles, and binding energy and ionization potentials are
predicted too high.

Several investigators have attempted to re-parameterize
CNDO metho?llt’z%nfortunately, as with the other semiempirical ..
methods, a given parameterization which is suitable for the

calculation of only one physical property, is generally found



to be poor for the others. So far, there is no unit approx-
imate theory which is suitable for the calculation of all
physical properties. DPople, Beveridge, and Dobosh have

worked out a modified CNDO method known as IND026(intermediate
neglect of differential overlap) method. The two methods are
closely related, for the basic approximations are the same
except for monmatomic terms. The mono-atomic differential
overlap is retained in INDO , but only in one-center integrals.
The detailed parameterization of INDO method will be given in
the later section. The INDO method predicts molecular geometries
as well as CNDO/2 or better, and is also capable of reasonable
prediction of ESR hyperfine coupling constants.

The INDO method has been modified by Dewar and co-workers27
for computing heats of formation of organic compounds. This
modified INDO method is called MINDO , and- differs from thé INDO
method by the electron repulsion integrals and the total
energy of the molecules. DetailedMIMMVZ parameters will be
also given in the later section. Excellent agreement with
experiment for heats of formation and ionization energy of
many hydrocarbons have been obtained by MINDO/2 method.

Because of their advantages among available semi-~empirical methods,
MINDO/2 and INDO were chosen for the calculations on macro-
molecules using the crystal orbital model as described herein,

The series of papers by Ladik and co»workergghave detailed

the application of independent electron crystal orbital theory



in the T - electron approximation, with extensive applications

to the calculations to the calculation of T-bands in periodic

models of nucleic acids. A mrallel series of papers by Andre,

Gouverneur and Leroy have treated the electronic structure of

polyene, polyacene, and graphite from a similar viewpoint.
Studies on polyethylene and poly(tetrafluoroethylene)

using crystal orbital theory in the CNDO/2 approximation have

been reported by Morokuma?o Calculations of electronic structures

of polyethylene and polyglycine using extended Huckel and -

CNDO methods have been reported by Fujita and Imamuré? Studies

on pdyene, polyhydrogenfloride, and lithium hydride crystals

using CNDO method have been reported by Bacon, 0+Shea and Santrf?

Calculations using ab iritio methods have been reported by

Clementi, Andre and Leroyyon polyene and polyethylene.

During the progress of this project, studies of polyacetylene,

polyethylene, and polyglycine using the crystal orbital theory

‘at the levels of INDO and MINDO/ZwaS reported by Beveridge and
Jano, and La&ik?4‘A comparison of ab initio, EHT, and(CNDO band
structures for polyene and polyethylene was reported by J.M.
Andre, G.S. Kapsomenos and G. Leroy. A series of papers concern-
ing the electronic structure of periodic protein models have
been reported by S. Suhai and J. Ladik?6 These calculations

will be described in more detail along with our own results in

section II.

¥
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The interplay between the théoretical studies on the
electronic structure of polymers and the experimental work on
properties such as electrical conductivity has to date been
very constructive and significant. For example the band gap
for a two-dimensional polypeptide network was calculated by
Suard—Sender?ao be about 5 ev against an experimental value of
about 2.4 ev. This appeared to rule out intrinsic semiconduct-
ivity. 1In reconsideration of the relationship between calculated
and observed values it was recognized that the experimental
studies of Burnel, Eley and Subramanyan3%as to advance our
knowledge of the conduction mechanism in DNA in light of recent
theoretical work on the electronic energy structure by Ladik et
al. The success of the conformational analyses of polyethylene
and polypeptide by quantum mechanical calculationg seems to able
to open a new way for the research of conformation-:of the
structure of macromolecules. The comparison of the photo-
electron spectrum and crystal orbital calculations of polyethylene
by Wood, Barber, and HillierZindicates that interpretation of
spectra in terms of electronic structure macromolecular systems
can be performed macromolecular orbital theory. Further
considerations on these points will be presented in subsequent

sections :of this thesis.
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II. Theory and Methodology

The theory and methodology ‘for treating macromolecular systems
in the quantum mechanical crystal detailed orbital model were
developed especially by Ladik‘}O In this section we offer a
review sufficient for specification of the theory and
designation of notation and terms relevant to the discussion in
succeeding sections. Consider a system of identical elementary
cells in a cyclic array of order N. The electronic structure of
the assemblage of polyatomic elementary cells can be described
by a product wave function of one-electron crystal spin-orbitals.
The spatial part of the spin-orbitals is considered as a
linear combination of the atomic orbitals (LCAO) of all atoms

contributing to the system,

3/28-1 =n (1)
=N C 8 ( -
\Pl)p > ) ; Crep r- ja )
j=0p=1

where ¢(rA_.ja) denotes the pth atomic orbital centered on

the A-th atom of the j-th elementary cell, n is the numbexr of
orbitals per elementary cell, N is the number of elementary cells
and a.is the elementary translation in the chain. The crystal
orbital indices | and p take the values 1 to n and O to N-1,
respectively. For an infinite polymer chain pr one-dimensional
crystal, N-—>o@ and the determination of linear expansion
co-efficients by incorporating Eq. (1) into the Roothaan

41 widely used for molecular self-consistent field

equations
calculations would be intractable since the matrix eigenvalue

problem would be of order infinity.




The problem may be reduced to tractable form by recog-
nizing for large N the infinite or quasi-infinite chain may be
replaced with no essential loss of generality by a cyclic chain
where the first and N-th elementary cells adjoin. The crystal
orbitals are then subject to the Borm-von Karman periodic

boundary con.ditions"&j3i -

(2)

'\'/1 (r)=\.’/ (r+Na)

P 1p

according to which an orbital must have the same value for
arguments differing by exactly N elementary translations.
Equation (2) leads directly to the Bloch'condition?on the

linear expansion coefficients:

c = exp(2Xijp/N) C (3)
jplp plop.
As N becomes arbitrarily large, it is possible to define ‘he

wavenumber k accordingly as:
k = 2xp/N = 2ppal/L, (4)

which to a first approximation changes continuously from O to
21 with L representing the total chain length. Subsituting Egs.
(3) and (4) into Eq. (2), the LCAO expansion appropriate for the

system reduces to
-1/2

= N exp(ijk) C g (r -3ja).
\Plk Zz plk p A (5)
im

14



As a consequence of the Born-von Karman boundary conditions

and the translational symmetry of the chain of elementary cells,
the matrices entering a Roothaan-type treatment based on Eq.5

are cyclic hypermatrices, and thus can be unitarily transformed

to the blocks are each Hermitian matrices of order n only, with

the elements depending parametrically on the wavenumber k. The
problem thus reduces to the solution of a complex matrix eig-

envalue problem:

F ()¢ ) =5 & c k) EW. (6)

|
Here C(k)is a matrix of linear expansion coefficients and g(k)
is a diagonal matrix of orbital energies. The matrix p'(x)
of the Hartree-Fock Hamiltonian operator and the overlap matrix

reduce further to:

F' (k) =zeXp(ikq) F(q), (7)

q

s' (k) => exp(ika) S(q), (8)
q

where q is a rumning index over all unit cells. Thus the
matmrices th and s&k)involve interactions within an elementary
cell (q= 0) as well as intercell interactions ( q # 0 ) .
Since intercell interactions are expected to fall off
rapidly with distance, it is customary to use abridged forms

of Eqs (7) and (8) including only nearest neighbor interactions

15



explicitly,' i.e. restricting the summation over q to intra-

cell (q = 0) and first neighbor qg=+1) interactions.

Then
\J
F (k) = F(0) + exp(ik) F(1) + exp(-ik) F(~1), (9)
and similarly for S'(k) . The elements g of F(q) in
PV,
the nearest neighbor approximation are o
SRV D DI
uOVq ' Uo}& ,‘.’s,t=-l,(8—t)#2 O‘E %GE ( )
*

X (g | WO - 1200 |y ) s

where (s-t) is a superscript label (not an exponent ),

o 1) -1/2V ZZ(—H” At (11)

q lA—

i

and

_ * o1 % (12)
(uovql)\strt) —J'j(buo(l) ¢,,q (L Ty ¢ _(2) 6 (2) d'r.ld'cz-

The elements p, c.(s—t) of the charge density - bond order

s t
matrices are obtained by numerical integration over the wave-

number k,

(s-t) s~t)

-1

T R ® exp(i(s-t)k Jdk

0
Tt -t)
-1 (s

= 9T Re (k) exp{i(s-t)k |dk ([,

J 0 X0t (o] (13)
where (s-t)
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The computational procedure involved is quite analogous
to matrix Hartree-Fock methods, with an initial guess at the
n? elements of P used to generate a firstEﬂ matrix, diagonal-
ization of the F' matrix for eigenvector matrices which are in
turn used to construct a refined guess ét P- and a new F' .
The process is repeated until the change in P on
successive iterations is within a certain prescribed tolerance
level. For each such iteration through the Hartree-Fock circuitry,
the F' matrix is constructed and diagonalized for several
values of the wavenumber k y generating C(k) . The evaluation
of P by Eq. (13) at the end of each cycle is accomplished by
hunierical integration over k. The energy band structure of the
system is specified by the extremums of Eiﬂo for each band 1 .
The sz) matrices are Hermitian complex,

F o= + 17, (15)

where using Euler's relation exp(ik) = sink +&cosk

F = F(O) + [F(l) + F(-1)} cosk, (16)

F o= WD) - F(-1) sink. (17)

With the real and imaginary parts of the crystal orbital Hartree-
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Fock matrix expressed in this form, solution of the matrix eig-
envalue problem in complex space is accompiished by numerical
methods elaborated in Ref. 43 .

The electronic energy per cell in the nearest neighbor

approximation is given by the expression

: - (18)
electronic E(0) + Ecore(l) + E(-1),
where
E(q) = 1/2§ P o(H +F ). (19)
BoVq HoVq PoY
Ay, °4 Tera Tedd

The total energy of the system per elementary cell is the

sum of electronic energy and nuclear repulsion energy E

core’
given by
Ecore = Ecore(e) + Ecore(l)’ (20)
where

-1
(q) E , z
AB 21
core B(#AO) A ZB ( )
where ZA and ZB are the core charges of atoms A and B respect-
ively and RAB is the internuclear separation. The summation

E:g refers to all atoms B in cell 4 .
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The end result of a crystal orbital calculation is thus
the orbital energies&(k) as a function of the wavenumber k,
the LCAO-CO coefficients C(k) defining the electronic wave-
function, and the crystal orbital density matrix P . The
£(k) determine the energy band structure of the system, from
which the band widths and density of states function may be
derived. Excitation energies in this formalism are calculated
directly from the difference between the top of the highest
filled band and the bottom of the lowest empty band, since
the macromolecular coulomb and exchaﬂge integrals vanish as
N“———>‘xf?d The P matrix may be subjected to an electron popul-
ation analysis completely analogous to that suggested for
malecules by Mullikenf

With the theory and methodology of the calculation of
crystal wave functions thus specified, we now turn to gemneral
considerations on the calculation of mamromolecular properties
from the wave function. Of specific interest herein will be
the électronic energy band structure, related electrical
properties of the system, photoelectron spectral characteristics,
and conformational stability.

When a system can be described in terms of the motion of
electrons in a one-dimensional periodic potential, the wave
functions of the electrons are characterized by the wave number k,
equivalent to the electron momentum. The energy of the electron

is a continuous function of the wave number k. The range of

£(k) with respect to k defines an energy band for an electron.
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In a many electron system, a manifold of energy bands develops
due to quantization. The energy bands may be occupied or
unoccupied (virtual). The band gap between bands occupied
and unoccupied at O% K and the respective band shapes define
theoretical values for the intrinsic electrical conductivity
of the macromolecular system.

An intrinsic semiconductor is characterized by a relatively
small band gap. At normal temperatures, some electrons are
thermally excited to levels in the conduction band, creating
conduction electrons and so-called "holes" in the valence band.
In the presence of an applied electric field, the electrons
at the top of a conduction band move in the opposite direction
of the field, while the holes move in the direction of the
field, since they have negative and positive effective mass
respectively. The total conductivity of a semiconductor can
be calculated in terms of the motion of electrons and holes.

The equation derived for intrinsic conductivity is

2 1/4 3/4 3/4 1
TG -3 7 (W Tt o m‘: ) (22)
0

where m: and m; are the effective mass of the electrons and holes
respectively, e is the electronic charge, h is Plank's constant,
and L is the mean free path of a charge carrier, taken to be
the spacing between elementary cell.

The effective mass of a carrier in a semiconductor is eval-

uated from the curvature of the conduction band (for electrons)



or valence band (for holes) at the band edge. Fpr an
electron in free space%s E(x) is proportiomal to k% accord-

ing to the equation

(hk)?2
(k) = (23)
2m*
For electrons in the conduction band, € (k) can be expressed
as
2
(hk)
€x) = € + — (24)
. v 2m*

where €,v is the energy of carriers at the conduction band edge.
The quantityéV is customarily set to zero, i.e. referred to a
condition of zero average kinetic energy. Then the motion of
the carrier in a periodic lattice just is analogous to that of
a free electron, except the mass m is replaced by the effective
mass m<* From equation (3), the equation for effective mass of

carriers is

2 -1
2 = 42{d €W (25)
F
i k=0

A similar expression can be obtained for the effective mass of
holes. Equation (4) can be evaluated by numerical methods.

In most semiconductors m* for electrons is considerably -
smaller than the free electron mass, The conductivity ( 07)

of a semiconductor can be calculated by the equation44

_ E/2KT (26)

0= e

(o]

g1
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where UB is the intrinsic conductivity, E is the energy band
gap, K is Boltzman's constant and T is the absolute temperature.
The orbital energies of a molecule or energy band structure
of a crystal can be directly studied in principle by photo-
electron spectroscopy'l}6 In this technique, electron ionization
is induced by vacuyum ultra violet radiation. It is thus concerned
with the ejection of electrons from valence orbitals of the
system. This information is obtained by measuring the experi-
mental ionization potentials, which are most closely related
to the energy of the molecular orbitals. According to the
Einstein's photoelectric equation?Ythe kinetic energy Ei of

a photoelectron released from the ith highest occupied orbital

is given in terms of the impacting photon frequency, ¥ , by

Ei = hy - I (27)
where h is Plank's constant, Ii is the relevant ionization
potential, In photoelectron spectroscopy 'y and h are known.

Ei is found from the spectrum, and thus the ionization potent-
ials Ii;are obtained. The most energetic photoelectron corres-
ponds to the lower ionization potential,and is therefore respon-
sible for the highest observed band in the photoelectron spectrum.
Photoelectrons with lower kinetic energies correspond to the
ionizations from deeper molecular orbitals (higher ionization
potentials). A photoelectron spectrum is effectively a dis-
tribution curve of the energies of electrons emitted from a
molecule by the action of monbchromatic radiation. Koopman's

48
theorem equates the ionization potential with the negative of
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the Hartree-Fock orbital energy, and thus the photoelectron
spectrum of a molecule is related to the orbital energy level
diagram.

Molecular orbital theory has already beemn of great help
in the interpretation of photoelectron spectra, and the use
of macromolecular orbital theory to interpret photoelectron
spectra of polymers is an important potential application of
the theory. This problem is taken up in more detail for poly-
ethylene in chapter V.

The conformation stability of the system can be determined
from the variation in the total energy with geometry. The
total energy can be considered as a function of the 3n-6

normal coordinates Qi(f the system.

(28)
E = E (Qp5 Qs+« -5 0Q )

The geometries corresponding to the global and local minima
in this function specify the theoretically stable conformat~
ions of the macromolecule. In practice, calculations are
usually carried out with respect to one or two critical intermal
coordinates of the system. The calculated total energy of
the system per unit cell can be partitioned into electronic

and nuclear repulsion energy E both contrib-

ener E
gy e core

le
uted from the original and neighboring cells, The expression

for E and B can be found through equation 18 to 21
ele core

in section II.



ITI. PFactor group analysis of macromolecular orbital

The symmetry of a linear polymer can be described in terms
of line groups. A line group is a one-dimensional space group.49
There are two types of zcpecicl symmetry operations in an infin-
ite chain-like molecules: the reflection symmetry witﬁ respect
to the plane passing through the center of the chain, and the
translational operation throughout the chain. When the in-
finite or quasi-infinite chain is replaced by a cyclic chain
where the first and the N--th elementary cells adjoin, the
translational operation in an infinite linear chain becomes
an infinitesimal rotational operation with respect-to the
centex of the N-side polygon. ZFach unit is rotated by an
infinitesimal angle of 2 W/N , whereN is a very large number.
The reflection operation with respect to the plane passing
through the center of the chain becomes a reflection operat-
ion in a plane perpendicular to the plane of the infinite
polygon passing through the center of the pblygon-and. one of
its atoms. Besides the translational and reflection operations
characterizing the chain, there ére also a point symmetry
operation characterizing each individual unit cell, If there
are H symmetry elements in each individual unit cell, then
the order of symmetry in this line group is 2NH, while the 2N
translational operation form a self-conjugate subgroup of the
line group. The translational group has H nonequaivalent cosets
which form the factor group of the line group. The factor group

elements ET, R2T, ceey RHT are sufficient to characterize a
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line group, where E, R veny RH are the elements of the point group.

22
This is because of the factor group is independent of the order of
the translational group. Therefore, no matter whether the line group
is finite or infinite, it has the same factor group. The factor
group of a line group is always isomorphous with a point group and
therefore has the same character table.

The next thing to formulate is a systematic procedure for the
symmetry classification of a linear macromolecules based on the
factor group analysis. This procedure is analogous to the procedure
given by Cott;%?for point groups. Since there are almost no incidence
of T, Ty, Td’ 0, O I, I, in linear infinite chain liked polymers,
therefore, we can forget about those special groups and follow the
following sequence of steps to find a correct classification.
1. Determine whether or not the molecule has any point symmetry
operations plus screw rotation and glide reflection. If any are found,
we proceed to step 5. If only the point symmetry operations are found,
and the atoms in a unit cell is linear, it can belong to group Do°h
and Cggy, depending on whether it has a center of symmetry or not.
2. We next look to see if there is an n-fold rotational axis C,.

If so, we proceed to step 3, if not, it can belong to Cy, C,, or Cl'

5
Then we look for a center of symmetry. If any is found, it can belong
to group C;. If we find a plane of symmetry instead of a center of
inwversion, it can belong to the group Cs' If none of any symmetry
elements can be found, it must be belong to the group C,.

3. When a rotational axis Cn 1s present, we must look for whether

there is a two-fold axis Co perpendicular to it. If so, we proceed to

step 4. Otherwise, the symmetry described by the groups generated by Cn‘



26

If there are not any symmetry elements except the identity and n fold
rotational axis, the system belongs to the group C . 1If in addition

to these two elements, there is also a horizontal plane and an inversion
center, the molecule can belong to the factor group Cnh' If there is

no center of inversion, but instead there is a set of vertical planes
perpendicular to the C, rotational axis and also to the horizontal
plane, the molecule can belong to the symmetry group Cg,.

4. In addition the C, rotational axis, there are a set of C, rotational
axis perpendicular to the C, axis, but there 1s no other symmetry elements,
the molecule can belong to symmetry group D = V. If we still can find a
center of inversion and a set of planes of symmetry, the molecule can

belong to the D, = Vh group.

Zh
5. In addition to the point symmetry operations, the molecule also
possesses a screw rotations and glide reflection operatioms, the
classification should follow the following steps: first we look for
screw rotational operations. 1If found, we proceed to step 6, if not,

the molecule can belong to the group C; if it possesses a plane of glide
reflection.

6. If a molecule possesses a screw rotation Cn’ then we look fqr

whether there is two-fold rotational axis perpendicular to it. If so,

we proceed to step 7. If not, the molecule can belong to the group C,,

if there are no other additional elements. Next, we look for a horizontal
plane of symmetry. If ound, the molecule can belong to the group Cnh or
Cnv depending on whether the molecule has a center of inversion or a
glide reflection plane.

7. At last, if a molecule has a screw rotational axis and also a two-

fold rotational axis perpendicular to it, the molecule can belong to
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the group D=V or D depending on whether the molecule has a

2n’
horizontal plane of symmetry and a set of glide reflection planes.

The steps of sequences of systematic classification of groups
can be summarized in the table 1, The symbols in this table are
defined as follows (the Chain axis coincides with the z-axis of a
coordinate system).

E didentity operation
0f, reflection at the xy plane

fb reflection at a plane parallel to the z-axis

gy reflection at the yz-plane

q% reflection at the xz~plane

Ch rotational around the z-axis by the angle k360/n, where k=1, 2, ...,

p—l
]
C, rotation around the z-axis by 1800

1
C4/»rotationa around y-axis by 180°
i dinversion at a center

Wﬁ glide reflection at the yz-plane along the z-axis
6%? glide reflection at the xz-plane along the z-axis

C, screw rotation around the z-axis by the angle k360/n, where k=1,

1

n

2 se p—
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IV. Approximate Macromolecular Orbital Theory:

Quantum theoretical calculations on the electronic structure of
molecules based on matrix self-consistent field (SCF) methods increase
in size as n~n4, where n is the number of atomic orbitals included
in the LCAO expansion. Thus detailed studies of large molecules, not
to mention polymers, often require vast amounts of computer time.

In view of this, considerable research effort in recent years has

been directed towards the development of computationally rapid approx-
imate LCAO-SCF schemes suitable for large molecules. The general
approach has been to systematically neglect some polycenter electron
repulsion integrals and introduce estimates based on experimental

data for others. The more recent procedures, such as the CNDO2 %ethod,
the PND651method, and the INDOEg,nd MINDqumethods treat all valence
electrons explicitly and have been somewhat successful in accounting
for a variety of molecular properties. Any of them can be adapted

for macromolecular orbital calculations, and as we have been mentioned
in chapter II, concurrently with the research described herein, the
CNDQ method has been applied to macromolecular orbital calculations

by a number of authof?j;3§he CNDO method has been shown to give generally
good molecular geometries and electric dipole moments. The INDO method
is a modified CNDO procedure which accomodates nuclear spin coupling
constants and hyperfine copling constants;ZBIonization potentials and

heats of formation are computed by the CNDO and INDO methods are
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Ionization energies in a molecular orbital

theory are related to orbital energies by Koopman's theorenﬁsand in
macromolecular orbital calculations to the energy band structure.

Thus the INDO macromoiecular orbital calculation might be satisfactory
for geometry but unsatisfactory for electronic energy bands. A
modification of INDO which gives improved agreement with experimental
results of ionization and electron affinity has been developed by
Dewar and is called MIND0.27Thus the INDO and MINDO/2 are chosen for

the marcromolecular orbital calculatioms in this project.

Formalism and Parameters for INDO and MINDO/2. In going from

the exact formulation to the approximate form characteristic of INDO
level approximate self-consistent field theory, the basif¥ functions @
are restricted to valence orbitals centered on the atoms in the F
elementary cell, and the macromolecular orbitals are calculated for the
motion of valence electrons in the field of non-polarizable cores
constituted of atomic nuclei and inner shell electrons. The details

of the reduction are completely analogous to the reduction of the
Roothaan equations to the INDO level described by Pople, Beveridge

and Dobosﬁ%’wherein atomic integrals are approximated with expressions
involving semiempirical parameters. The principal approximation is

the neglect of differential overlap in polycentric electron repulsion

integrals. With the neglect of overlap, Eq. 6 in Chapter II reduces to

Fk)c (x) = ¢ (x) &(k) (29)
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and the elements of Fj,',“y."are given by

F =0 + _
Folo Poko ZO.A PQ'O‘ (POPO'O'O 05) I/Z(Po%'uoﬂ'o)

(30)
+t %: G . -2z )
t=-1 B4, BBy By YAoBt ’
were U is a one center atomic core integral, YAo'Bq is

Hop

ofo
a two center atomic coulomb integral over valences orbitals

centered on atoms A and B. Furthermore,

' (31)
F = P 3/2 -
PoVb BoVo / (}10)/0 l Eo Vo) 1/2 (Popo Voyo)j ’
and
F =H -1/2°P . . (32)
uVe PV PoYy Ya oBq, "toe A. VESD

The diagonal two center core matrix elements are

H = U - z (33)
Popo FoPo ; B%D) B YAOBq

and the off diagonal two center core matrix elements are

calculated by

B o= 1/2 (B + g°) s (3%)
Folq BA pB Polyq ,
where the ﬂo and po are empirical parameters, and their
A B

values are given in table I. g I‘q is the overlap integral
Bo
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matrix elements computed over Slater orbitals with Slater
exponents, and the remaining atomic integrals are assigned

on the basis of valueé derived from atomic spectra. The

detail calculations of the integrals are given by Pople and
Beveridge.? Using the motation of Slater. ‘and assuming 2s and 2p
orbitals to have the same radial parts, we may write the i .. .«

nonvanishing integrals.

(ss] ss) = (ss |xx) =P = Y, (35)
(sx| sx) = 1/3 6" (36)
(xy | xy) = 3/25 F° (37)
(xx | xx) = F° » 4/25 F° (38)
(xx | yy) = Fo - 2/25 F° (39)

and similar expression for (ss]"zz), etc. The Slater-Condon
parameters F°, Gl, and F2 are two -electron integrals invol-
ving the radial parts of the atomic orbitals. The values

of those parameters are given in table Il A and IT B.

The core integrals U“ll are
Hydrogen
-1/2 (T +'A)g = Ugg + 1/2EH (40)
Lithium
/2 (T+4)_ = TUg +1/2 F° (41)
-1/2 (I+A) =U_ +1/2 F° - 1/12 ¢! (42)
P PP -
Berylium
-1/2 (1 + A)_ = Uy + 3/2F° - 1/12 6l (43)
-1/2 (1 +4), = U, + 3/2F° - 1/461 (44)
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Boron to Flourune
-1/ = - o . - 1
1/2 (1 + A)S Ugg *+ (zA 1/2)F 1/6(zA 3/2)c (45)

~1/2 (T +4), = Uy, + (z,-1/2)F°-1/361-2/25(2,-5/2) F2 (46)

The MINDO/2 method involved modification of thefa v formulation to
u
o °q

/s“o vy =B (I,+1L,) S“o"’q (47)

where IP is a valence state ionization potential of ¢P, and modification

of the core repulsion expression to

@) =5° q -1 _ _
Egory (@ ; B_S_ ;A;,) Ya B, + (2p2gR, Y;OBq)Xexp( KR, ) (48)

and evaluation of electron repulsion integrals by the formula

= R2 2 ~1/2
E\onq Res (Pp+Pp” (49)
oBq
where |
/OA =.26459 /Y, fB = 0.26459 /YBB (50)

The disposable parameters o¢ and were chosen by least squares

B

refinement techniques. Numerical values for the parameters are

given in Table III.



~ The INDO and MINDO versions of macromolecular orbital theory were
programmed for the CDC 6600 digital computer and the program listing
and test calculation are given as Apprendix I. The full details of the
test calculation are given below.

SCF-MMO (INDO) Test Calculation for Polyethylene: To carry out a

calculation of the energy band structure of polyethylene, one must first
specify the position of the atoms in the elementary cell. The geometry

chosen for the test calculation is as follows:

'\c C/H‘kﬂ\ /|

L
Coordinates of atoms
No. of atom Symbol X Y z
i1 c 0.00000000 0.00000000 0.00000000
2 H 0.00000000 0.00000000 1.10000000
3 H 1.03708994 0.00000000 -.36666667
4 c -.72596298 -1.25740472 -.51333334
5 H -1.68797558 -.96810387 -.96148150
6 H -.19985346 -1.64986001 -1.39604939.

The atomic orbital basis set is the valence orbitals of the constituent
atoms in a unit cell. They are 2s, 2px’ Zpy,andez Slater functions on
each carbon, and 1s on each hydrogen atom. The following functions are
used for testing the calculationmn.

Carbon:

91 = @ (C;

5V
_j;) r exp (- c;r)
3T,

258) = (
5\
¢=¢(C;2p)=_£) xexp(-(r)
2 X 14 )



: ¢3 = -p(C; 2py)

P - B(c; 2p,) =

Hydroggns:
P - é(Hlé 1s)
P6 = gla,; 10) =

o)

T

Ao S

——,
S Gl S

)
;

)

%

y exp ( —f;r)

Z exp ( -Z;r)

=

n—

exp (-§7)

exp ( —f;r)

(50)

(51)

The values of the exponents are chosen according to Slater's rules so

that f
1

AP
I3

1

8-7

1.0

(52)

Using these function, we may calculate the zero cell overlap and coulomb

integrals using formulae given in Ref.

(1.0000
0.0000
o 0.0000
MY 10,0000

0.5133

(0-5133

0.5903

0
YE=OMN
0.4317

0

1

o

O

O

.0000
.0000
.0000
.0000
.0000

L4577

L4317
. 7500

.2920

0.0000
0.0000
1.0000
0.0000
0.0000

0.0000

0.4317
0.2920

0.7500

0.0000
0.0000
0.0000
1.0000
0.4855

a2,

The results are:

0.5133
0.0000
0.0000
0.4855
1.0000

0.1805

0.5133)
014577
0.0000
-0.1618

0.1805

1.0009

(53)

(54)

W
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The intercell and coulomb overlap integral matrices are:

(0.3404
0.1712
0.2981
%ﬂr =~o.1217
0.1161

\0.1161

(0.3313
+ 0.2430

Yas=

| 0.21430
N

0.1721
0.0762
0.2005
-0.0819
0.0473

0.1149

0.2430
0.2116

0.1719

~-0.2981
0.2005
-0,155h
0.1418
-0.0820

-0.0820

0.243
0.171

0.211

0.1217 0.1161 0.1161)
-0.0819 -0.1149 -0.0473
0,1418 0.0820 0.0820
0.1340 -0.0096 -0.1052
0.1052 0.0601 0.0226

0.0096 0.0226 0.0601)

0

9
6

(55)

(56)

Using equations 33, 34, 40, 45, 46 and the Slater-Condon

parameters listing in table II, the 6 x 6 core hamiltonian

o
matrices H

1

56.9568

0.0000
0.0000

-0.2830

-0.2830

of the zero-cell can be

0.0000

00,0000

0.0000 -6.6466 0.0000

0.0000 -6.6466

0.0000
0.0000

-0.2523

0.0000
0.0000

0.0000

0.0000
0.0000
0.0000

-6.6466

-0.2676

0.0892

calculated as follows:

-0.2830
0.0000
0.0000

-0.2676

-5.3691

-0,0591

-0.2830)
-0.2523
0.0000
0.0892

-0.0597

-5.3691)

(57)

The intercell 6 x 6 two center core hamiltonian matrices are

calculated by Equation 34.

0. 2627
0.01328
~0.2300
0.0939

-0.0640

-0.1328 0.2300

=0

-0.0588 -0.1548 0

-0.1548 0.1199
0.0632 -0.1094
-0.0261 0.0452

-0
-0
-0

-0

.0939 -0.0640 -0.0645
.0632 0.0633 0.0261
.1094 -0.0452 -0.0452
.1035 0.0580 0.0580
.0580 ~0.0199 -0.0075
.0053 ~0.0075 -0.019%

(58)



Let us consider the sequence of events on typical
iteration of the Hartree-Fock circutry. Suppose a wave

function is available from the previous cycle in the form:

v [ 1=

WZ -~ /

“/3 Matrices of real Matrices of imaginar
’ = 4 +
\Vh part coefficience ¢t

Vi

s

(59)

part coefficience .(C

AW W N

We

.
L

The calculation of the density matrix by eight point Gaussian
numerical integration goes as follows, based on the procedure

described by Nhﬂseﬂ5é For an Gaussian integration of a

function f(x) over an upper and lower bound a and b;

b
I = £(x) dx (60)

with an interval transformation:

x =% (b-a) v + ¥ (a+b) (61)

]

in our case ve have b = JL, a =0, Therefore we have a

linear transformation

x=%(7-0) v+ % (7€ -0)
dx = L dv

b 1
T % £(x) dx = b 5 aj:l \Pyiav = gzgi @ (v;) (62)



In comparison with equation 13

1

AN

vV, = K,
1 1
_ ple~t) ¢
i) = Pag t\ki)
=2 C (x
1= %S 1

i) Cq;tl

(k.)

(63)

1

In an 8 point Gaussian numerical integration, for k = .,

0.06237655 and 8= 0.1012, the real part coefficient of the

wave function are:

CR

—0.8374
-0.0824
-0.0264

* —O 0352""

\"'0 . 352’4’

-0.0000
0.4491
0.0000

-0.6351

-0.h234
0.4234

-0.0743
0.1863
0.1471
0.1317
0.0555
0.0555

~0.4247 0.0000 0.0318
-0.1113 0.1714 0,0806
~0.4220 0.0000 -0,1173
-0.0787 -0.2424 0.0570

0.5378 0.2727 ~0.0299

0.5378 -0.2727 -0.029gj

(64)

The imaginary part of the coefficient of the wave function

are:

CI

(

-0.1677
-0.0256

0.0045
~0.0181

-0.0721

0.0000
0.0874
0.0000

-0.1230

-0.0824

0.0824

0.2587
-0.6096
~0.4750
-0.4310
-0.1798
-0.1798

~

-0.0882 0.0000 -0.0948
-0.0302 -0.3077 -0.4828
-0.0840 0,0000 0.7437
-0.0214 0.4351 -0.3414
0.1189 -0.4895 0.1760
0.1189 0.4895 0'176°J

(65)
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The corresponding coefficient of the wave function for

The

different wave vector k's are listed in the apprendix.

calculated value of the first diagonal element of the density

matrix can be summarized as the following:

0.062477
0.3194

0.7453

1.2827

1.8589
2.3963

2.8222

3.0792

Aw

wwwhwm

C

)
)
4)

wppﬁw:v

wHHAwu

)

P4 (kg)

mHHAwQ

P, Aw

)

g)

0.3509
0.3557

0.3787

0.4400
0.5796

0.6587
0.6459

0.6979

0.1012
0.2224

0.3139

0.3627
0.3627

0.3137
0.i2224

0.1012

Py (kp)ey
P11(k5)e,
P11(k3)eq
P11(k)ey

wppﬁwmvmm

P, (kg)eg

UHHAWQvWQ

P, (kgleg

8.0355
0.0791

0.1188

0.1596

0.2102

0.2066
0.1437

0.0706

(66)



The first diagonal element of the charge density matrix is

calculated by the following equation

0
P,y = EJ'Pll(ki)gi = 1,0991 (67)

The other elements of the same matrix are calculated in the
same way.
The final density matrix for zero cell are obtained

as below:

(1.0991  -.0771 -.0026 -.0545 .04630  .4630 ]
~.0771  .9876  .0576  .0383 -.0452  .7433
~.0026  .0576  .8852  .0407 .2011  .2011
PO = (68)
» ~.0545  .0383  .0407  .9605 .8044 =.3107 .
4630 -.0452  .2011  .8044 1.0338 -.0328
| -4630 7433 .2011 -.3107 -.0328 1.0338

The charge density matrix of the mneighboring cell is calculated
in the same way as the P°, but has to be multiplied by a factor
exp(i(s-t)k). This matrizes are

r

.3139 -.2205 .1403 -.1559 .0131 .0131
.0157 .1554  .2632 -.0143 .0222 .0341
-.4667 4743 -,2643 .3354 ,0080 .0080
pt = (69)
2 .0111 -.0143 .1861 .1655 .0283 .0115

-.0168 -.0369 .0225 -,0133 -.1852 -.0096

| -.0168 -.0250 .0225 -.0303 -.0096 —.1852J

KO



The diagonal elements of the Hartree-Fock zero cell matrices

are calculated by equation 30, where P is the electronic '

BBy

density of atom B at the location in the t cdédll. For this
particular example of polyethylene, the diagonal elements of

Hartree-Fock matices for hydrogen and carbons are

t=0 B atom C atom

o o
F =1 4+ P - -
ss ss ss(ss' ss) L“Pss(ss' ss) + (PB B ZB )YA‘ B +(Pc C "ZC )Y
o°o o] o o0 o 0 o AOCo
P (ss| xx)--%PS (sx} sx)
ss S
P _
o5 (88 | Y9) 2Py (sy]| sy)
P,,(ss Izz)-%Pzz(sz| 5z)
t=1 Bt atom ct atom At atom
+® -Z ) + (P -Z ) +(P -Z )
BiB, B, AB, CG Cp AC, AA M Al 0
t = -1 B~ atom C” atom A~ atom
+ (P -2) +((® -z ) +P =2 )

41



The off diagonal matrix elements are calculated

Thus the 6 x 6 Hartree-Fock matices are

FO
Y

The 6 x 6 intercell Hartree-Fock

[ ~0.0832
0.0124
0.0004
0.0088

'-0.3829

-0.3829
\

equation 32

r -0.3147
0.1302
-0.1527
0.0921
-0.0620

-0.0620

0.0124
-0.1939
~0.0148
-0.0028-

0.0098
-0.4128

-0.0963
~0.0845
-0.2333

0.0655
-0.0216

-0.0603

0.0004
~-0.0148
~0.1676
-0.0105
-0.0434
~0.0434

0.2068
-0.1983
0.1637
-0.1403
0.0425

0.0425

0.0088
-0.0098
-0.0105
-0.1869
~0.4423

0.1563

-0.0681

0.0655
-0.1637
-0.1309
-0.0563

-0.0016

-0.3829

0.0098
-0.0434
-0.4413
-0.2773
-0.0549

-0.0656
0.0607
-0.0461
0.0018
-0.0003

~0.0066

by equation 31.

-0.3829 |
-0.4128
~0.0434
0.1563
-0.2773

-0.2773

'~0.0656
0.0219
-0.0461
0.0566

-0.0066

'0'0003J

[N

(71)

matrices are calculated by

(72)
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4.

The Hartree-Fock matrices of zero cell EKV and intercell
%are diagonalized by Jacobi's method to obtain the eigen—
values and eigenvectors and this matrices also can serve for
next iteration to calculate a new charge density matrices.
The cycle goes on and on as stated in equation until the
difference of charge density between two successful iteration
converges. The orbital electronic energies of the final
iteration calculated as a function of wave vector ki, define
the energy band structure of the system. The effective mass
of charge carriers are calculated by curve fitting technique

53
based on Lagranges interpolating method. For eight points

the Lagrange interpolating polynomial is

Pék) = g Aij|=i1(k - kj)

i#j

(73)

where Ai is given by

A, = B () (74)
(ki-kl) (ki"kz) (ki-k3) oae (ki—ki_l) (ki—ki.l.l) ces (ki-kj) ’

where i, j, and Eﬁki) is the emergy point corresponding to
the wave vector Ki. The values of the eight wave vectors

are given in equation 66. By substituting the corresponding
values of ki into the equation 74 and 73, and differentiating
equation 73 twice, the curvature of the energy band structure

can be obtained in terms of the calculated energy points;



2p (k)
:3 8 = 50.4537E0— 110.1330E1 + 100.4546E2 - 76.8840E3 (75)
D k| k=0

-+ 92.1648E4 - 43.3753E5 + 24.0567E6 - 6.9653E7

then, the é&ffective mass of carriers, intrinsic and extrinsic conduct-

ivity can be obtained by equation 25, 22 and 26 respectively.



V. Applications

In this section we describe selected applications of macromolecular
orbital theory to some representative physical problems. The systems
considered are polyhydrogen, polyethylene, polyacethylene, polyglycine,
polyaniline, graphite, and one-dimensional polymers of hydrogen floride.

A. Polvhydrogen

There are two alternate theoretical descriptions of solid hydrogen:as an
atomic crystal consisting of equivalent interacting hydrogen atoms or as a
molecular crystal based on equivalent interacting hydrogen moleculegﬁ-The
electronic structural characteristics of two representations are depicted
in Figure 1. In an atomic crystal, the 1ls orbitals of neighboring hydrogen
atoms interact to form a 1s energy band. With one electron contributed
per atoms, the ls band is half filled, and the energy band gap is zero.
According to this picture solid hydrogen should be an electrical conductor.

On the other hand, one knows that two hydrogen atoms covalently bind
to form a stable hydrogen molecule, and alternatively solid hydrogen may

be considered as s crystal of H, molecules held together by van der Waals

2
forces. Just as the energy band structure of an atomic crystal is derived
from the atomic energy levels of constituent atoms, the energy bands for
a molecular crystal can be developed in terms of the molecular orbital
energy levels of the constituent molecules. For a crystal of hydrogen
molecules, the N bonding UTls) molecular orbitals of constituent molecules
interact to form an N-level (" (1s) band in the crystal. The antibonding
d!(ls) molecular orbitals likewise form a Uf(ls) band. The energy
bands in the molecular crystal should be rather narrow as a consequence

of the relatively weak crystal force between H, molecules. The ground

2
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state molecular electronic configuration is ity (ls)z, and with two
electrons per molecule the ds(ls) band of the molecular crystal will be
totally filled and the CF(ls) band would be completely empty. The band

gap would be unequal to zero, and depending on its magnitude,solid hydrogen
considered as a molecular crystal should be an electrical semiconductor .QTr
insulator. Weak intermolecular forces would favor the latter. The known
experimental characteristics of solid hydrogen favor the molecular crystalline
ferm under normal pressures. The existence of metallic hydrogen in the

core of Jupiter has been postulated by astrophysicists to explain the
powerful magnetic field,ssthe density and the heat source of this planet.
Recently, Soviet scientists have reported converting gaseous hydrogen

very briefly into a metal. The conversion occurred under explosive com-
presaion at 2.8 Mbar. At that pressure, the density of the hydrogen jumped
from 1.08 to 1.30 grams per cubic centimeter. The possibility of metallic
hydrogen has been considered by Bernal in the early 1925,who suggested

that if any substance subjected to high enough pressure it would become
metallic. Particularly, for a diatomic molecule, such as hydrogen, the
intermolecular distance decreases with high pressure until an individual
atom does not know whether it belongs to its own molecule or to the next

one. The material becomes metallic with all atoms approximately equidistant,
and all electrons are uniformly distributed. In 1935, Wigner and Huntington?
based on their lattic energy calculation, had predicted that hydrogen would
form a metal with roughly the density reported by the Russian scientists.

It was subsequently estimated that about 2 Mbar. Pressure would be re-
quired for the conversion of hydrogen into metal, which was considered to

be outside the scope of the technique at that time. According to the



Bardeen-Cooper-Schrieffer (BCS) theory of superconductivityﬂ4%ome theorists
have proposed that the metallic hydrogen may be superconductor at room
temperature. If so, and if hydrogen were metastable in the metallic phase,
it could have many practical application; it could be a really great
gcientific invension. For a variety of reasons, many researchers in the
United States are joining the band that is searching for metallic hydrogen,
such as Hawke and his associates at Livermore, Arthur Ruoff in Cornell,
and Ian Spain in Maryland.

Almost without exception, experiments on polyhydrogen are difficult
to execute and interpret. The basic properties of possible metallic
hydrogen are either uncertain or completely unkmown. By contrast, theoret-
ical calculation are much easier done, and can predict the conditions
under which it may be formed. The quantitative thebretical study of the
electronic structure property of solid hydrogen requires a detailed quantum
mechanical calculation. We have carried out calculations on polyhydrogen
at the INDO and MINDO/Z level of approximation using macromolecular orbital
theory.

The present calculation of the polyhydrogen has a three fold purposes:
To estimate the transition point between normal and metallic hydrogen, and
determine the metallic equilibrium geometry of the system, to study the
infulence of changes in molecular geometry on the band structure of the
system, and to compare the results of INDO and MINDO/2 macromolecular
calculations for a simple system, enumerating the similarities and diff-
erences in the methods.

The parameters for the molecular geometry of the elementary cell of

polyhydrogen chosen for the INDO and MINDO/2 calculationsare shown in tke

4%,



Figure 2. The intracell bond length is denoted as r, and the intercell
parameter is R. The INDO and MINDO/2 electronic energy band structure
are given in Figure 3 and 4, respectively. The molecular energy level
diagrams of these methods are also shown in the same figure for the
convenience of comparison between the crystal molecular orbital theory
and the molecular orbital theory. By varying the values of intra (r) add
inter (R) molecular distance of the polyhydrogen crystal, the values of
energy band gap, band width, and total energy per unit cell of the poly-
hydrogen crystal can be obtained as a function of geometry. The energy
band structure of the INDO and MINDO/Z calculations of polyhydrogen
crystal are plotted in Figure 5 and 6 respectively as a funcéion of in-
termolecular distances, when the intra molecular distance is kept constant
at O.74vﬁlthroughout all the calculations. The INDO and MINDO/2 energy
band gap of polyhydrogen is presented as a function of r and R simultan-
eously in the contour plots of Figures 7 and 8. The INDO and MINDO/2
energy curves of the polyhydrogen crystal are »lotted in Figure 9 and 10
as a function of the intermolecular distance, when the intramolecular
distance is kept constant (0.74°4).

Figures 3 and 4 show how the energy manifold of polyhydrogen at r=R=
J4A° is resolved into a valence and conduction band. The widths of the
conduction and valence band are theoretically supposed to be of the same
order of magnitude. In INDO and MINDO/2 results, the conducting band
appears much narrower in width than the valence band, with the band width
in MINDO less than that of the INDO method. This effect is a result of
the zero differential overlap approximation, and was recognized for
molecules even in Huckel theory. The calculated values of the energy band

are 14.37 eV and 7.75 eV respectively for the INDO and MINDO/2 methods.



This indicates that polyhydrogen crystal would be a non-conductor at this
geometry.

Pigure 5 and 6 show that the energy band width increases as the inter-
molecular distance of the polyhydrogen crystal decreases. The increase is
more or less linear when the two molecules are congiderably separated. When
the intermolecular distance reaches about 0.54 A°, the energy band gap widths
inecrease sharply and the band gap decreases drasticallx?becoming zero at the
intermolecular distance about 0.44 A®. In order to have a clear picture of
the energy band gap as a function of geometry, the INDO and MINDO/2 energy
band gap contour surfaces of polyhydrogen are in Figure 7 and 8. From
Figure 7, the INDO method predicts the zero band gap appears first at the
geometry with inter and intramolecular distances both equal to 0.44 A°,.

This is consistent with Bernal's suggestion; the material becomes metallic
with all atoms approximately equidistant and all electrons uniformly dis-
tributed. From Figure 8, the geometry of metallic hydrogen prdicted by
MINDO/2 method is {0.85 A®, 0.65A°), This result is not consistent with
Bernal's suggestion. Based on molecular calculations, the MINDO/2 method
does not necessarily give good regsult on molecular geometry, and the INDO
result is probably more reliable.

Based on the law of conservation of energy, the increased internal
energy of each hydrogen ﬁolecule must be equal to the external mechanical
work done by the high pressure on each individual molecule. Therefore,
the pressure required to compress the solid polyhydrogen crystal to the
geometry (0.444°, (0.444A°) is the minimum external pressure to make the
metallic hydrogen. ZFrom Figure 9, we find that the energy curve of the

polyhydrogen for unit cell decreases as the intermolecular distances

49: .



increases. It approaches the limit of the energy of a single monomer at
the point corresponding to the intermolecular distance about 3.24A°.
This 4is exactly the experimental value for intermolecular distance in
solid hydrogen. The energies per unit cell of polyhydrogen crystal for
the geometries E (0.44A°, 0.44A%) and E (0.44A°, 3.24A°) are obtained

to be -.4937 and -1.4746 a.u respectively by INDO quantum mechanical
calculations. The corresponding pressure required to compress the poly-
hydrogen crystal from the geometry (0.74A°, 0.324A°) to the geometry
(0.44A°, 0.44A°) is calculated to be 4.579 Mbar. This calculated
pressure is in the same order of magnitude with the experimental

result which is recently reported by the Russian scientists.

The energy curve of the polyhydrogen per unit cell calculated by
MINDO/2 method (Figure 10) is very similar to the result of INDO method.
MINDO/2 also predicts the dissociation limit when the two hydrogen
molecules are separated by the distance of 3.24A°.

In conclusion, the energy band calculations of one-~dimensional
hydrogen crystal have been carried out, and a geometry at which the
existence of metallic hydrogen might occur has been predicted by both
INDO and MINDO/2 methods. The external pressure required to turn hydrogen
crystal into a metal has been calculated to be the same order of magnitude
as found by experiment, using the INDO method. The MINDO/2 method can
given qualitatively the same results in energy band structure as the INDO
method, but with a smaller energy band gap. The INDO results predicts
the equilibrium geometry of metallic hydrogen to have equal interatomic

spacings.



B. Polyacetylene and polyethylene: Polyacetylene
The elementary cell and molecular geometry chosen for the
calculation on polyacetylene is shown in Figure 11. Only ¥
the planar trans extended form of the polymer was considered,
with all bond angles taken as 1209, The electronic energy
band structure of the polymer calculated with INDO method is
given in Figure 12, juxtaposed with the calculated orbital
energy levels of the isolated elementary cell. Considerable
band overlap im evident, so that the highest occupied and
lowest unoccupied bands are of mixed (~ and T character. The
calculated gap between the highest occupied band and lowest
unoccupied band is 10.14 eV. The §£({(k) curves for each band
are given at the right hand side of the diagram. The calculated
charge distribution is recorded in Figure 11, and reflects the
low polarity expected for the C-H bond. The calculated
effective mass of charge carriers are .1752 for electrons
and .7520 for holes, in units of electron rest mass.

A comparison between the INpQ calculated structure and the
corresponding(CNDO calculation is available by comparison of our
Figure 11 with Figure 3 given by 0'Shea and Santrj?e The
results as expected are very similar, considering the slight
difference in geometrical parameters. Note - that for overlapping
bands in our methodology, the Qfﬂ'nature of a given band may
change as k changes, and resolution in to pure bands is
necessary for direct comparison with their calculations. This

is readily accomplished by inspection of the € (k) matrices.
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- The calculated intrinsic conductivity is .7586@ch. For the
MINDO/2 calculations, the C-H bond length was increased to

1.19 A° as recommended by Dewar et. a1 2’

for molecular
calculationsf The calculated band structure is given in
Figure 13. Theynpop results are qualitdively similar to the
INDO results, but differ in quantitative detail. In particular,
the calculated band gap was 6.97 eV, substanttally lower than
the Iypo value. The MINDO/2 calculated net atomic charges
are recorded in parenthese in Fig. 11, and shows C-H with
slightly less charge separation than the INp0 values. The
calculated effective mass of carriers are .614 and .7947 respect-
ively for electrons and holes, and the calculated intrinsic
conductivity is .8139.."' /em.

The elementary cell and molecular geometry chosen for the
INDO calculations on polyethylene are shown in Figure 14. Only
the planar trans extended geometry was cocnsidered, and all bond
angles were taken as 109°28!, The electronic energy band
structure of the polymer is given in Fig. 15. Here as well
considerable overlap in the highest occupied and lowest un-
occupied bands is evident, and the calculated band gap is 13.64 -
eV. The INDO calculated charge distribution is also given in

$

Figure 14, and shows CQL H" with only a small charge separation.
The calculated effective mass of carriers are ,.6285 and .4703
for electrons and holes in the units of electron rest mass,

and the calculated intrinsic conductivity is .5&031ﬁd/cm.



In the MINDO/2 calculations on polyethylene, the C-H bond length
was again increased to 1.19A°, but other geometrical parameters were
kept the same as above. Again the calculated MINDO/2 band structure
and electronic charge distribution was qualitatively similar to the
INDO results, with the bandgap subétantially lower at 9.56eV. The
MINDO/2 calculated effective mass of carriers are .2397 and .9630
for electrons and holes in the units of electron rest mass, and the
calculated=intrinsic conductivity is 5.31144051/cm. Smaller band
gap and better intrinsic conductivity are predicted by MINDO/2 than
by INDO method. For reasons described earlier, the MINDO/2 values
are probably more reliable than the results. Both INDO and MINDO/2
values would characterize polyethylene as an electrical insulator in
agreement with experimental measurements.57

Previous calculations of polyethylene using extended Huckel
and CNDO methods in analogous formulations given gaps of 12.35 eV.
and 19 é%T%%%pectively. Various values of the effective mass
(.48 , .38, and .17;53ere obtained by the extended Huckel method
and the results depends very much on the parameters used in the
calculations. The discrepancy in the CNDO walue and INDO value
reported herein is due in part to difference in choice of elementary
cell and our use of the nearest neighbor approximation.

The applicability of the one-dimensional crystal model as a useful
representation of real systems is yet to be adequately documented.

The measurement of electrical properties of polymeric materials is subject

to well-known experimental uncertainies, and macromolecular conformational
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stability is known to depend in part on correlation effects
beyond an orbital approximation. More promising in this
regard are recently developed techniques in photoelectron
spectroscopy, which provide an experimental probe of the
manifold of ionization energies. Comparison of the observed
phétoelectron spectrum of a polymer with the calculated crystal
orbital emergy band structure tests the theory within the limits
of Koopman's theoreni.48

The system for which the most representative theoretical
and experimental data are presently available is polyethylene.
Calculations including at least valence electrons for polyethylene
have been reported by Imamurggusing the extended Huckel theory,
0y by Morakumés%sing the CNDO approximations, by Beveridge et
al with the rypo and MINDO/2 methods and at the ab initio
level by Andre and Leroy;nghe experimentally observed photo-~
electron spectrum of 036H7h has been reported by Wood, Barber
and Hilleriﬁgﬁd interpreted with crystal orbital theory and a
modification CNDO parameters due to Whitehead and Sichl}mjwe
have compiled a comparison 9f the calculated and observed
fesults for polyethylene, and the results are presented in
Figure 17€1

The observed spectrum shows three distinct bands below
25 eV. The calculated valence energy band structures all
appear to be higher in energy than the observed results with

the effect in calculations at the]ﬂﬂno/z level less pronounced.



HINDO/Z is also the only method giving three distinct hyper-
bands, and the calculated bandwidths are in reasonable agree-
ment with experiment. The interpretation of the spectrum
based on the MINDO/2 results parallels that offered by Wood
et al. The low energy peak (I) is assigned to be due to
ionization from the four topmost bands (A, B, C, D in Figure
17) having predominantly carbon 2p and hydrogen 4s atomic
components. The experimental width of this band ( ~ 8 eV)
is slightly smaller than the result predicted by MINDO/2
(~12 eV) as shown in Figure 17. A slight band gap (1-2 eV)
is predicted to occur at higher eneréy, in agreement with
the observed spectrum, before the appearance of Peaks II and
IIT. This observed band correlates to the ionization from the
second lowest calculated band (E in Figure 17). The experimental
width of the second band (~#4 eV) is in excellent agreement with
the calculated Hnﬂmféresult. The last observed band correlates
to the ionization from the lowest band (F in Figure 17) which
cover an energy range of A~ 20 eV. These values are in good
agreement with the calculated HINDO/Z results. These two lower
bands are calculated to be mainly carbon 2s character. Thus,
Peak IT and III are expected to be more intense than Peak I
in view of the larger photoionization cross section, and this
is the experimental result in the photoelectron spectrum,

The nm)o/a energy band structure calculated here is in
good agreement with the experimental results. The relatively
poor agreement produced by theCNDO/2 andIND0 methods is as

expected since these methods are well known to give poor iomization
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energies. Most surprising is the relatively poor agreement
between experiment and theory at the initio level. Thus, with
the parameters used in MmmeZ , relatively simple semiempirical
molecular orbital calculatiomns yield a band structure of poly-
ethylene in good agreement with experiment. This indicates

that reliable calculation of the electron of the electranic
structure of more complicated periodic systems may be performed

by such approximate methods.



c. Substituted Polyacetylenes. The purpose of the present
calculation of substituted polyacetylene is to study the
influence of substituted group on the energy band structures,
and their polarity for the band between the substituted group
and the carbon atom on the chain. The functional groups
considered are the F, and Iﬂ% substituted polyacetylenes.
The elementary celi and molecular geometry chosen for
the INDO calculation on the F-substituted polyacetylene is shown
in Figure 18. The geometry of the carbon chain is the same
as the polyacetylene. The C - F bond length taken as a 1.35A°.
The electronic energy band structure of the polymer calculated
with INDO method is given in Figure 19. Considerable change
of valence band structures are evident, the top two substituted
polyacetylene bands are similar in shape to the corresponding

two top bands in nonsubstituted polyacetylene. The band widths

are considerable narrower. The conducting bands greatly resemble

the conducting bands of the nonsubstituted polyacetylene. The
calculated gap between the highest occupied band and the lowest
unoccupied band is 9.62 eV. The calculated charge distribution
is recorded in Figure 18, and accurately reflects the large
polarity expected for the C-F band. The effective mass of
electron and hole are .1781 and .5583 in unit of electron

rest mass respectively, and the intrinsic conductivity is
.703h-ﬂ:4/cm. The elementary cell and molecular geometry
chosen for the INDo calculatinn on the NHz_sthitubtm'I« poly-

acetylene is given in Figure 20. The geometry of the carbon
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chain is the same as the polyacetylene, the hydrogen atom is
substituted by the_m{2 group, thepy.c and y_g bond are taken
as 1.37 and 1.00 A°® respectively. The electronic energy
band structure OfNHz— substituted polyacetylene calculated
with INDO method is given in Figure 21. 1In comparison with
the nonsubstituted and the F-substituted polyacetylene, the
energy bands of NH., - substituted polyacetylene have smaller

2
degree of change in their shapes. The three topNH. -~ sub-

2
stituted energy bands greatly resemble the corresponding three
top energy bands of nonsubstituted polyacetylene. The other
two lowest bands in nonsubstituted polyacetylene are preserved
their band shape in the]m5 - substituted polyacetylene. Once
again, the conducting band is not much affected by the
substitution. The calculated gap between the highest occupied
and the lowest unoccupied band is 9.25 eV. The calculated
charge distribution are recorded in Figure 20. The effective
mass for electron and hole are .2223 and .4814 in unit of

electron rest mass respectively, and the intrinsic conductivity

is .7034 -nCJ/cm. They are also presented in table IV.



D. Polypeptide -

The elementary cell and molecular geometry chosen for
theINDO calculations on polyglycine are shown in Figure 2.
The conformation of the molecules is specified in terms of the
dihedral angles Y and ¢ . The bond lengths chosen are based
on an approximate energy minimization of glycine using
molecular orbital theory. Here two geometries were explicitly
considered: planar ( W =0, ¢ = 0) and X-helical ( WV = 1230,
@, = 132°). The Iypo calculated crystal orbital electronic -t
energy band structure is given in Figure 23 and 24. The cal-
culated band gaps are 9.53 eV for the'planar polyglycine and
8.51 for the 0% -helical form. The calculated charge
distribution for planhar and ¢X -helical polyglycine are given
in Figure 25 and 26 respectively. The results ;re uniformly
consistent with chemical intuition, with the expected polarity
of the carbonyl bond and peptide bond qualitatively reproduced.
The polarity of both bonds appears to deprease in going from
the planar toe helical form.

In the MINDO/2 calculations, the C-H bond lengths given
in Figure 22. was increased by 0.1 A° and the N-H bond length
increased by 0,15 A° as recommended by Dewar. The MINDO/2
calculated electronic energy band structure is given in Figure
27 and 28 respectively. The band gap calculated by the

method were 6.14 eV for planar polyglycine and 5.7 eV for

the o{ -helical form. The MINDO/2 calculated net atomic charges

are given in parentheses in Figures25 and 27. The qualitative
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considerations remain approximately the same as for
but bond polarities are substantially more pronounced.

The MINDO/2 value of 5.7 eV is in good agreement with
the band gaps estimated in the Suard-Sender work. The
description of dielectric lowering and the comparison of theory
and experiment by Rosenberg and Posto#sgndicates that band
gaps between 4.9 and 5.9 eV are consistent with experimental
data on electrical conduction in protein systems. It shoidd
be mentioned, however, that in reality only high frequence a.c.
conductivity measurements could give more reliable experimental
information about the band gap, because the d.c. measurements
refer rather to the intermacromolecular potentials than to
the activation energy of conductivity within a single protein .
molecule.

The elementary cell and molecular geomeitry chosen for the
INDO calculation on the ¢{ helical poly(glycinetaniline) are ' . 7.
shown in Figure ég. The geometry of the polyglycine backbone
remains the same. One of the hydrogens at the é‘position is
replaced by a methyl group, with the CHS_C and CH2—H
bondlengths taken as 1.54 and 1.09 A° respectively. The
electronic energy band structure of the & helical polymer
calculated with INDO method is given in Figure 30. The
energy band structures of the polyglycine-aniline resembles
greatly the electronic energy band structure.of the polygly-
cine~L-glycine. The calculated charge distribution is recorded

in Figure Qﬁ. The electron donating methyl group produces
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a considerable change in electronic density at the nitrogen
atom and the adjacent Cd', with the nitrogen becoming more
negative while the C“ becomes less electropositive. This
can be explained by the higher intrinsic electronegativity of
the nitrogen atom carbon. There is not affect from the CH3
group on the electron demsity at the carbonyl group, because
‘the spatial separation between the CHS—group and the carbonyl
group is relatively large.

The calculated band~gap-incpolyfgliyéing-aniline) is 9.39 eV,
This large band gap indicates polyglycine-aniline) is likely
to be intrinsically an insulator. Some electrical properties
of polypeptide calculated.both by INDO and MINDO/2 methods
are presented in table 5; Unfortunately, this calculation is
still in its earliest stage, there have no experimental or
other theoretical results concerning the effective mass of
the carriers in polypeptides for comparison. To clarify
finally the problem of band gap and the effective mass of
carriers in proteins further work is needed both on the

theoretical and experimental side.



Studies of polypeptide conformations using the statistical
mechanics was first introduced by Ramachandrani63Recently a
number of new variations on methods have been added. This
approach to this problem involves the use of a hard-sphere
model and various potential functions for interatomic inter-
actions. The bond lengths and bond angles are fixed, and
the amina plane is fixed in the planar trans configuration.
The conformational energy is studied with respect to rotation
about the N-Cu and c°‘ -C' single bonds of the polypeptide
backbone;asThe various atoms or group of atoms are assumed
to interact pairwise as specified by selected pairwise
potential functions. These potential functions represent such
effects of barriers of intermnal rotations, hydrogen-bonding,
nonbonding and electrostatic interactions etc. All these :
potential functions are semi-empirical, and have been deduced
from the many experimental studies in physical chemistry.

They are far from being well established, and different
investigators often use different formulae and parameters.
Therefore, these methods and models possibly suffer from
incompleteness and arbitrariness.

A satisfactorily account for the overall zone of conformat-
ional stability of residues in globular proteins using the
PCILO method has been reported by Pullman.:2 Calculations on
dipeptides also have been reported by the CNDO and the EHT

methods. The dipeptide model of course can yield some
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information on the polypeptide structure, but the conformation
of the polypeptide chain is definitely different from the
stable dipeptide conformations. This is because of the high
specificity of the model. This limitation of the dipeptide
model has been recently discussed in detail by Pullman and
Margret% The alternative model for representing a macro-
molecule for the theoretical studies is the one-dimensional
crystal model, the real polymer structure may be intermediate
between the results of the dipeptide and the crystal orbital
model. It is interesting to compare the results produced for
energy conformational maps by‘these two models at the various
levels of approximation.

The dipeptide model chosen for INDO conformational analysis
is shown in Figure 32. Two amide planes are Jjoined by the
tetrahedral bonds of the ®& carbon, the rotation parameters are

8(c -N bond) and W(C - C'). Direction of ratations are
gshown in the picture. The zZero position in boﬂndﬁand VD
occurs with the two peptide planes themselves coplanar.

The elementary cell geometry for polyglycine chosen for con-
formational anlysis is given in Figure 33 .with all the bond
length taken as those shown in Figure 24. The steric con-
formational map of dipeptide glycine is represented in Figure
34. The capital letters F, B and C indicate the nonbonded
interatomic distances are less, equal and greater than 0.5A°
but less than 1 A° respectively. TheINDO-MO dipeptide and

INDO-CMC polypeptide energy conformational maps are presented



in Figure 35 and 36 + The most stable conformational structure
of dipeptide glycine molecule calculated by INDO"MO method is
shown in Figure 37. The most stable conformation corresponding
to the global minimum in Figure 35 is predicted for the region
@ =.120° and W = 300° and the symmetric position ? = 24Go,
p"-QI= 60° by the INDO-MO method. The most stable conformation
predicted by the INDO-CMO method is ¢ = 120°, Yy =2 200°, and its
symmetrical position (¢ = 24009, \P = 160°. This conformation,
leading to a seven membered ring, is called C, by Pullman and

7

is shown in Figure 37. This conformation is stablized by a
strong intramolecular hydrogen bond between oxygen atom Ol
and the hydrogen atom H2 in the neighboring cell.

The second most stable conformation, corresponding to the
secondary local mimima, appears 2 keal/mole above the preceding
global minimum in the regions == ’=09-60°, and 9 = Y= 90° -
120° (their symmetrical positions- § = W = 360° - 300° and
¢ = W= 270° -~ 240°) by the INDO-MO method. The local
minimum appears in the region # = W= 0° - 20° and @ = 1800,
W = 90° (and their symmetrical areas) using the CMO method.
The first secondary minima corresponding to the extended form
of the molecule is stablized by a weak intramolecular hydrogen
bond between the oxygen atom 02 and hydrogen atom H;. This
conformation, leading to a five mMgmber ring structure, is
called C5 by Pullman.

Comparing theINDO-MO , INDO-CMO and PCILO methods, the

global and two local minimas are predicted by all these three



methods, but the locations are slightly different from each
other. The energy minimum at @ = 180°, W = 90° in the PCILO
result which is called region M by Pullman is reproduced by

the INDO-CMO method in exactly the same region. INDO-MO method
predicts this region in the sterically allowed area. There

is argument on the significance of these region M involving
several investigatoos, since it is located in the sterically
forbidden area produced by empirical potential methods, and
has not yet observed experimentally. It is however also
predicted by A. Pullman using a more accurate ab initio method.
In general the INDO=-CMO energy conformational map is closer to
the PCILO conformational energy map rather than the INDO— MO
results. This difference may have to do with the INDO-CMO

method accounting for intercell interaction.



‘B, Graphite

Graphite is an excellent example of a substance illustrating the
effects of greatly differing bonding character in different crystallographic
directions. The atdms are arranged in hexagons in each layer and it can
be considered to be a ‘single large layer aromatic molecule. The spacing
between layers is considerably greater (3.35A°) than that between atoms
in & given layer (1.424°). As a consequence of the large interlayer
spacing in graphite, there is covalent bonding between the atoms within
the layer, whereas the bonding between planes is bf ndnbdﬁding”character.

. Therefore, it exhibits strong anisotropic behavior. Most of the optical
properties of graphite can be well understood on the basis of a single-
layer two dimensional model. This simple model was first introduced by
Wallaceg4and it has been found that it is quite adequate for treating
graphite in this way. This model is chosen for this calculation.

The elementary cell and molecular geometry chosen for the INDC and
MINDO/2 calculations on graphite is shown in the Figure 38. The inter-
atomic distance between carbons is 1.40A°. The angles between carbons are all
120°, The electronic energy band structure of graphite calculated by INDO
and MINDO/2 methods are shown in Figures 39, and 40 respec-tively.
Congsiderable band overlap is also evident, the highest %ialence band and
the lowest conduction band are of mixed § and 7 character. The INDO
method gives 7.17 eV energy band gap, while MINDO/2 method gives only 5.46
eV. The claculated energy band structures in thegse two methods were
qualitatively similar to each other. A comparison of energy band structures of
graphite by different methods is summarized in table 6, and the wave
functions are symmetry classified in the figures of the energy band
structure. The allowed transitions which is induced by incident radiation of

polarized light are also summarized in table 7.
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In comparing .the energy band structure of graphite as calculated by
different methods, it is found that the INDO method in general predicts larger

band width than the ab initio and MINDO/2 methods. On the other hand, the

MINDO/2 method predicts smaller band width than the values predicted by the .1

other two methods, except for the lowest band. The total valence band width
predicted by the semiempirical methods are larger than the ab initio method;é3
this is consistent with some results of applications to other polymers.

The energy band gap of graphite calculated by INDO and MINDO/2 methods are
7.07 and 5.44 eV respectively. These values are all higher than the 4.6 eV
given by the ab initio method. The electron density of graphite calculated by
these two methods are both zero, as determined by éymmetry.
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Greenaway et al. ‘obgerved a peak in reflectivity for polarization

with the electrical field perpendicular to the surface of the layer at
about 4.6 eV, which they ascribed to the T — T +transition. This tran-
sition has been claimed by Painter and Elligéto be in very good agreement
with their ab initio results. The INDO and MINDO/2 methods both predict a
higher value for this transition. ForGT——-Uf* trangition, the ab initio
method predicts 16.3 eV, when the INDO and Mf&DO/Z predict 12.52 and

8.07 eV respectively. In comparison with the experimental value 14.5 eV,
the ab initio value is higher, and the values of the two semiempirical methods
are smaller than the actual experimental result. For polarization with the
electrical field parallel to the surface of the graphite, all these methods
predict reflectance structure above 10eV for the 0‘2;-TT* transition.

This has been claimed by Painter and Ellis to be qualitative agreement with
the observed increase in refelectivity above 10eV in Greenaway's experiment.

Unfortunately, there have been no reflectivity measurements above 10eV

for the electrical field parallel to the surface.

1
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In summary, the INDO and MINDO/2 methods can account for the energy
band structure of graphite to a certain extent. They also can predict
the existence of the g‘.___Tf* transition above 10 eV range. These
results support the suggestion by Painter and Ellis to extend the
reflectivity measurements-for the electrical field parallel to the surface
of the graphite into the energy range above the range of 10 eV. Some
digcrepances between the ab initio, INDO and MINDO/2 methods do occur in
their results, when compared with the experimental results. This may
be due to the use of one~dimensional crystal model to describe the two
dimensional graphite crystal. Therefore, the two and three dimensional
crystal model for graphite in these semiempirical levels should be an

interesting subject for further investigation.



F. Hydrogen-bonded polyrers: Polymer of hydrogen floride
Polymer formation through hydrogen bonding occurs rather widely in
nature. Examples range from water to macromolecules having both electron-
egative atoms and labile hydrogen atoms. A number of theoretical studies of
hydrogen bonding have been reported using quanitum mechanical calculations.
Most of these calculations have used a dimer model and LCAO-SCF theory.
This dimer model can yield some information on some hydrogen bonding systems,
but many of the important macromolecular systems involved not only two
but a large number of individual of molecules. The inter and intra
molecular interaction in a crystal or a linear polymer is clearly
different from that of a ¢imer model, and should influence any hydrogen
bonds to certain extent. This shortcoming of the dimer model has been
recognized by a number of investigators.67
Polyhydrogen Pluoride is the simplest and a good representative
example of this type system., Studies of linear and cyclic HF polymers
havebeen reported by Kollman and Allen(.s':7 Calculations on a one dimensional

hydrogen bond chain have been reported by Sabin. 8 It has been found that the

strength of individual hydrogen bonds depends on the polymer chain length.
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Studies of three dimensional HF crystal was reported by Bocon and Santry
using molecular orbital theory for infinite systems, This theory treats
the entire crystal field as a perturbation on the isclated molecular
orbitals. Since some of the hydrogen bonds are most chainlike even
in the solid gtate,this canpetreated as an infinite linear polymer rather

than three dimensional crystal. Study of the hydrogen bonding using the

CMO method should provide a comparison between the dimer model and the

one-dimensgional crystal model. The similarity and differences between the

69"



perturbation theory used by Santr;cgnd our crystal molecular orbital
theory are also of interest. Thus we have carried out calculations on
poly (hydrogenfluoride) using both molecular orbital and macromolecular
orbital methods.

The model system chosen for this study is one dimensional linear
chain with the geometry of polyhydrogen floride taken from the theoretically
found equilibrium distance for dimer by Kollman and Allen. 1In each
case, the F - F and F - H distances are kept at 2.45 A° and 1.00 A°
respectively. The calculated results on poly(hydrogen-fluoride) linear
system using thé INDO molecular orbital (MO) theory are given in table 8.
The similar calculated results using the INDO crystal molecular orbital
(CMO) theory is presented in table 9. The intra and intermolecular
dengity submatrices for polyhydrogen floride linear chain calculated by
INDO crystal molecular orbital théory with the z-axis along the chain is
shown in table 10. The electron population for each constituent atom of
the same system.calculated by both INDO molecular orbital and crystal
molecular orbital theories are given in table 11 and 12 respectively.
Finally the energy band structure of poly(hydrogen-fluoride) is
shown in Figure 41, with the energy levels of FH monomer shown side by
side for the purpose of comparison between these two methods.

Comparing the INDO results with the CNDO results reported by Kollman
and Allen, the average energy gained per H-bond is higher for INDO method
is both CMO and MO calculations. There is no such maximum energy gained
per H-bond at the pentamer case as it was found in their CNDO calculation.
Instead, the energy gained per H-bond increases monotonically to a
limiting value about 17.5 kcal per mole for INDO-MO calculation about

18.0 kcal per mole for INDO-CMO calculation when the chain length increases



to infinite. This is what one would expect as the electrostatic
interaction between neighboring fragments increases. This is consistent
with the experimental results of Bellamy and Pace, who found that the
existance of a hydrogen bond at a nucleophilic center increases the
strength of another H-bond to that side. 1INDO crystal molecular
orbital calculation of poly(hydrogenfloride) predicts 12.0394 kcal
per hydrogen bond for single FH fragment in a unit cell. This value is
in good agreement to the 11.9 kcal per hydrogen bond calculated by Santry,
and it is very close to the value of 12.368 kcal per H-bond formed
reported by Sabin for hexamer. The limiting theoretical value of
energy per H-bond should be close to the value of 18.0 kcal per mole for
infinite poly(hydrogenfloride) linear chain. As Sabin already mentioned
in his paper, the actual value is expected to be lower than this, as
both CNDO and INDO both methods generally overestimate the bond energies.
From table 11 and 12, it is found that there is a charge transfer
from the hydrogen atom to the fluorine atom. The addition of each FH
fragment to the chain increases the charge transfer from the donor
hydrogen atom to the fluorine atom, and it is also monotonically
increased to a limiting value. In comparing the MO to theCMO result,
it is found that the charge transfer from hydrogen atom to the fluorine
atom is greater in CMO than in MO calculation. There is only one
maximum negative charge on the first fluorine atom and the amount of
negative charge on the successful fluorine atoms are monotonically
decreased with a corresponding increase of positive charge on the
successful hydrogen atoms. In the MO calculation, instead of a

monotonic increase of positive charge on the successful hydrogen atoms,



there is a maximum positively charged hydrogen atom near the middle of
the chain of the hydrogen atoms.

Figure 41 shows that the energy levels in poly(hydrogenfloride)
calculated by CMO method is a band-like structure with an energy band
gap about 22.78 eV, such a large energy band gap definitely indicates
poly (hydrogenfloride) is an absolute insulator. In fact, hydrogenfloride
has been found to take hexameric form in a gas phase using electron diff-
raction methods. The band-like structure at orbital energies for the
hexamer were mentioned by both Kollman and Sabin in their papers. The
difference of the calculated energy levels between the crystal molecular
orbital and the simple molecular orbital is that they are a continuous

function of wave vector in the first method and discrete in the later.
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VII. Concluding remarks:

The general formalism of INDO and MINDO/2 approximate
macromolecular orbital calculations, the calculation of macro-
molecular properties, and the systematic analysis of one-
dimensional macromolecular orbitals based on group theory have’
been presentéd. A test calculationon polyethylene is described
in detail. Application of these methods to the calculation
of the electronic structure; energy bands, and electrical
properties of polyacetylene, polyethylene, F- andNHZ—substituted
polyacetylene, polypeptides, graphite and poly(hydrogen-fluoride)
have been carried out. The conformational potential energy
surface of polyglycine calculated by INDO-MO and INDO-CMO methods
im the free space approximation have been presented. On the
basis of the study described herein, the following conclusion
are drawmn:

1) Approximate macromolecular orbital calculations are feasible
for the calculation of wavefunctions and properties of systems of
chemical imterested.

2) Among the approximations, studied the INDC method gives a

good result of molecular geometry, but the calculated energy band
g8ap is too high. TheMImxvzmethod is less reliable for geometry
of the. polyhydrogen, but it gives a good description of the
valence bands. The shape of the energy band structure calculated
by INDO and MINDO/2 methods are similar, with the conduction

band is significantly narrowe :than the valence band due to the

neglect of differential overlap. An improved description of
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conduction bands could be obtained from an approximate SCF
calculation including overlap approximation,
3) Comparison of theoretical and the experimental results for
the molecular energy band structure using the MINDO/2 method
is encouraged, on the basis of comparison with the photo-
electron spectra of polyethylene. |
4) Comparison of the theoretical and experimental results
for electrical properties is complicated by experimental
difficulties and limited by the number of systems where
intrinsic conductivity and band conduction have been un-
equivacally established. TUntil further experimental and
theoretical work have been carried out significant conclusions
be drawn.

5) Approximate macromolecular orbital calculations may
be used in the same way as molecular orbital calculations
for conformational analysis. From the results of the poly-
(hydrogenfluoride) and conformational analysis of polyglycine,
it seems that the one dimensional crystal model is a better
model than the dimer model for the description of the

macromolecule.
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Figures

»Electronic Structure of solid hydrogen«és an atomic crystaland as
a -molecular-crystals

Elementary cell geometry and calculated net atomic charges for poly-

hydrogen using the INDO and MINDO/2 methods.

Electwonic energy band structure of polyhydrogen calculated using
the INDO method.

Electronic energy band structure of polyhydrogen calculated using the

MINDO/2 method.

Electronic energy band structure of polyhydrogen calculated as a
function of intermolecular distances using the INDO method.

Electronic energy band structure of polyhydrogen calculated as a
function of intermolecular distances using MINDO/2 method.

Energy band gap surface of polyhydrogen calculated using the INDO

method.

Energy band gap surface of polyhydrogen calculated using the MINDO/2

method.

Energy per unit cell of polyhydrogen calculated as a function of
intermolecular distances using INDO method.

Energy per unit cell of polyhydrogen calculated as a function of
intermolecular distances using MINDO/2 method.

Elementary cell geometry and calculated net atomicbcharges for

polyethylene .

Electronic energy band structure of polyacetylene calculated using

the INDO method.
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14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.
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Electronic energy band structure of polyacetylene calculated using
the MINDO/2 method.

Elementary cell geometry and calculated net charges for polyethylene
using the INDO and MINDO/2 methods. MINDO/2 values are in
parenthesis.

Electronic energy band structure of polyethyléne calculated using
the INDO method.

Electronic energy band structure of polyethylene calculated using
the MINDO/2 method.

Experimentally observed photoelectron spectrum of C3gHy, compared
with theoretical 1-D crystal calculations on polyethylene by various
methods a)EHT(3Q; b) CNDO/2 (32); c)INDO (34); d) CNDO (31);

e) MINDO/2 (34); £) ab inito (33).

Elementary cell geometry for F-substituted polyacetylene.

Electronic energy band structure of F-substituted polyacetylene
calculated using the INDO method.

Elementary cell geometry for NHjp-substituted polyacetylene.
Electronic energy band structure of NH,-substituted polyacetylene.
Elemetary cell geometry for polyglycine.

Electronic energy band structure of planar polyglycine calculated
using the INDO method.

Electronic energy band structure of of-Helical geometry of polyglycine
calculated using the INDO method.

Calculated INDO and MINDO/2 net atomic charges for planar polyglycine.

MINDO/2 values in parentheses.
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Calculated INDO and MINDO/2 net atomic charges for « ~helical
polyglycine. MINDO/2 values in parentheses.

Electronic energy band structure of planar polyglycine calculated
using the MINDO/2 method.

Electronic energy band structure of o{~helical geometry of polyglycine
calculated using the MINDO/2 method.

Elementary cell geometry for poly(glycine-aniline).

Calculated INDO net atomic charges for ({-helical poly(glycine-aniline).
Electronic energy band structure of polyethylene calculated using
the INDO method.

Molecular structure of dipeptide for INDO conformational analysis.
Molecular structure of polyglycine for INDO conformational analysis.
Steric conformational map of dipeptide glycine, the capital letters
F, B, and C indicate the nonbonded interatomic distances are less,
equal and greater than 0.5A° but less than 1.0A°,

INDO calculated potential energy surface for dipeptide glycine as

a function of @ (Co(—N bond), (CO( ~ctbond).

Calculated potential energy surface for polyglycine as a function
of ¢(C°‘ -N bond), (c = -¢l bond) using INDO method.

Molecular structure of most stable conformation of dipeptide glycine
using INDO method.

Elemetary cell geometry of graphite.

Electronic energy band structure of graphite calculated using the
INDO method.

Electronic energy band structure of graphite calculated using the
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41.

MINDO/2 method.
Electronic energy band structure of poly(hydrogenfluoride) cal-

culated using the INDO method.
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11.

12.
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Tables
Flow chart for line group classification
Table II INDO parameters for first-row elements (electron volts).
Table III MINDO/2 parameters for first-row elements (electron volts).
Electtical properties of polyacetylene, polyethylene and F, NHj-
substituted polyacetylene calculated by INDO and MINDO/2 methods
Electrical properties of o{ -helix and planar polyglycine, and
helix poly(glycine-aniline) calculated by INDO and MINDO/2
methods.
Comparison of energy band structure of graphite calculated by
ab initio, INDO and MINDO/2 methods.
Comparison of allowed transition of graphite calculated by ab initio,
INDO and MINDO/2 methods.
Energies of one-dimensional poly(hydrogenfluoride) crystal calculated
by INDO-MO method.
Energies of one-dimensional poly(hydrogenfluoride) crystal calculated
by INDO-CMO method.
Intra and intermolecular density submatrices for one-dimensional
poly(hydrogenfluoride) crystal calculated by INDO-CMO method with
the Z-axis along the chain.
Electron population for poly(hydrogenfluoride) one-dimensional
crystal calculated by INDO-MO method.
Electron population for poly(hydrogenfluoride) one-dimensional crystal

calculated by INDO-CMO method.
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Figure 23
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Fig.33. Ylementary cell geometry for polyglycine.
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Figure 35
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Figure 36
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Figure 37
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Pigure 38
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Figure 40
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TABLE T
Flow Chart For Line Group Classification
Group Isomorphous Factor

Group
Elements point group order

Special Group E, i D4 2
Mo]:;l.J:IclaiIe‘s L—-> E C v 2
B | Cc, 1
—a) Point—— » —> E, q Cg 2
symmetry pnly No o"SE, Cé C2 2
Mo CZL—‘;-n——iSE, cs, G @ Cav 4
Rotatlional L% e, 5 ¢ i Cpp 4
Axis C, Ho a8, Ch,y Cfy Cf Dy =V 4
- - nCEI-Cri-L——-a—*q.s E, ¢’ a;;, a‘-',' D,y 8
2 | Cpr O3 Cf
Glide Reflect- , B, 'G"', Cs 2
ion only No T _
e E, 02 C2 2
—b) Point—-‘—m’—gzl;cn——'gs E, ﬁi’ T 2 Coy b
symmetry — B, 6 -62' i Con 4
,
Screw Rotation, L8, Cp» G50 C3 D, =V 4
Glide Reflectio;icz'- “n Lots,i®, oy T & DPon'n 8
Cpr C31 C3s
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Table IT INDO parameters for first-row elements (electron volts)

Elements H Li Be B C N 0 ¥
¢l 0.092012 | 0.1407 |0.199265/| 0.267708| 0.346029| 0.43423 | 0.5323
P 0.049865| 0.089125/0.13041 | 0.17372 | 0.21905 | 0.26415 | -.3158
'0

-(g 9 9 13 17 21 25 31 39
A

1/2( I_+4 ) 7.176 3.106 5.946 9.594 14.051 19.316 25.390 32.272

1/2( 1+ Ap ) 1.258 2.563 4.001 5.5572 7.275 9.111 11.080

BT



Table III8. MINDO/2 parameters for first-row elements

Elements HH NO CH cc BN CN NN HO co 00
B .35869 | .42679 | .33382 | .35410 | .37556 { .36137 | .29963 | .54268| .43562 | .68733
(X’l) .7535 | 2.1550. |1.2475 [1.7345 |1.4204 [1.8551 {3.1459 .9073 | 1.8657 |[1,4547

Table IIIA.

MINDO/2 parameters

Elements H Cc N 0
Ugq -13.595 " __-1;9.659 -68.364 | ~90.837
Upp -41.159 | =57.440 | -77.670
F° 12; 845 11,089 12.206 | 13.599
6l 7.285 9.416 | 11.816
F? 4.724 5.961 7.249
I, -13.595| -20.035 -26.21'} -32,689
Ip -10.1430' -13.334 1-16.340

of one-center integrals (electron volts)

.

e




Table 4. Summary of some electrical pfoperties of some polymers
Polymers Methods Electron Hole Intrinsic Energy
) Effective |Effective |Conductivity Band
Mass M_* [Mass M * g-o.:f’/cm Gap AE (eV)
Polyacetylene INDO .1952 -.7520 .7586 10.1439
MINDO/2 .6214 -.7947 .8139 6.9603
Polyethylene INDO .6285 -.4703 .5403 13.6431
, MINDO/2 2397 -.9630 1.4576 . 5.3114
F-Substituted INDO
Polyacetylene .1781 -.5583 - . 3656 9.6187
-Substituted INDO .2223 -.4814 . 7034 9.2541
Polyacetylene . ' '
i -
L - e e by smwies } -
M*: Effective electron mass in units of electron rest mass (10-28 g)

W3t

e




" Table 5. Summary of some electrical properties of polypeptide

FE teas i m g bt e e et § S

Polypeptide Methods Electron Hole Intrinsic Energy
Effective| Effective Conductivity | Band
Mass M_* | Mass M, ¥ 0; -ﬂ:d/cm Gap AE (eV)
Helix INDO .8364 -.9630 2,8091 8.51
Polyglycine
' MINDO/2 .7066 -.8831 1.7297 5.70
Planar INDO .6810 -1.0580 2.4854 9.53
Polyglycine
’ MINDO/2 .7068 -.8979 1.8057 6.14
Helix
INDO .2079 -1.2660 2.9320 9.39
Polyglycyl-aniline
M* : Effective electron mass in units of electron rest mass (10-28 g)

o g e

q21
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Table 6.

graphite by different methods

Comparison of energy band structure of

Band Band widths of valence bands of graphite (ev)
_ methods ab initio MINDO/2 INDO
v 7.35 1.36 5.4k
1> 7.07 h.4g 8.70
G 8.43 7.62 13.06
iy 5.90 12.25 9.25
Total valence 19.30 23.40 31.56
band width

Table 7. Comparison of allowed transition of graphite

by different methods

2
Allowed Transitions ab initio = |MINDO/2 INDO Observed
Results
. o L.6 Loh .0 L.6
2-—~—ii1f* 16.50 10.34 15.78 No. Date
0'-——-*0! 16.30 8.07 12.52 14.50

p) 3
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Table 8, Energies of one-dimensional poly(hydrogenfluoride) crystal calculated by

INDO-MO method.

Linear . Et " au Ekcal lhuarg)‘r E kcal
system Total energy Energy/FH gained/FH Energy/H bond

Fﬁ -27.1275 ~27.1275

2FH -54.,2766 -27.1383 6.7792 13.5584

3FH -81.4308 -27.1436 10.1061 15.1592
LFH -108.5865 -27.1466 11.9892 15.9856

5FH -135.7&28 -27.1486 13.2446 16.5244

6FH ~162.8994 -27.1499 14,0607 16.8728

7FH -190.0562 -27,.1509 14,6794 17.1250

8FH ~217.2130 =27.1516 15,1434 17.3070

det

T e e o A oyt o v




Eﬁergies of one-dimensional poly(hydrogenfluoride) crystal calculated

Table 9.
by INDO-CMO method.
Linear Et (au} E (aw) aE  kcal AE kcal
Energy

system Total energy Energy/FH gained/FH Energy/H bond
(F“)r ~27.0604 ~27.0604
(FH)2 -54.2167 -27.1083 10.0329 12.0394
(FH)3 -81.3716 -27.1239 13.2795 14.9394
(m)h ~-108.5260 -27.1315 14.8767 16.2290
(FH), © =135.6824 -27.1365 15.9187 17.0557
(FH)6 ~-162.8390 -27.1398 16,6203 17.6000

g2t




Table 10. Inter and intramolecular density submatrices for HF chain calculated
by crystal molecular orbital theory with the z-axis along the chain.

Molecule IT Molecule II
Molecule T
His F2py FZPZ His F2py F2pz
His -.0465 -.0925 -.1389 1.8843 -.2140 3714
F2py .0255 0787 -.1513 -.2140 1.4601 .8337
F2pz .0372 .04497 ~.0323 3714 .8337 .6557

* The intra molecular electronic deusity at F2px and F2a are both equal to 2.0

6¢T



Table 11. Electron population for poly(hydrogenfluoride) one-dimensional crystal
A calculated by INDO-No method.

. Net Charge

umber Element
S 1 2 3 L 5 6 7 8

of Atom
1 F -.2685 |~.3325 | -.3457| ~.3497 | -.3512 {-.3519 |-~.3522 |[-.3524
2 H .2685 .2933 .3003 .3026 .3035 .3039 3041 . 3043
3 F -.2628 | -.3252| -.3375 [ -.3412 |-.3425 |~.3432 |-.3435
L H .3019 .3259 .3329 .3352 .3361 .3365 <3368
5 F -.2670| -.3294 | -.3415 |-.3450 |-.3464 |-.3470
6 H .3118 .3348 .3416 .3438 <3448 3452
7 F -.2686 | -.3309 |-.3430 |~.3466 |-.3479
8 H .3150 .3376 C3hhh .3466 .3475
9 F -.2693 | .3316 | ~.3438 |-.3473
10 H .3162 .3387 3477 .3455
11 F -.2696 { -.3320 [-.3443
12 H .3168 .3393 . 3460
13 F -.2698 }-.3322
14 H .3171 .3396
15 F -.2690
16 H .3173

0Lt



Table 12. Electron population for poly(hydrogenfluoride) one-dimensiomnal crystal
calculated by INDO-CMO method.
et Charge
Atom Element ; » 5 4 5 6
1 F -.3411 -.3616 -.3665 -.3717 -.3724 | -.3728
2 H .3h11 3417 .3443 .3481 .3485 .3487
3 F -.3343 -.3484 -.3543 -.3552 -.3555
n H .3542 . 3485 3531 .3537 3540
5 F -.3362 ~.3524 -.3549 *.3556
6 H .3583 -3537 .3549 .355h
7 F -.3398 -.3528 -.3552
9 H 3632 3544 «3555
9 F -.3401 -.3530
10 H .3638 -.3547
11 P -.3402
12 H . 3641

€T
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Appendix: Computer Program Listings for INDO-CMO Calculations.
The digital computer program used in this study was
originally written by D.L. Beveridge and I. Jano for the CDC
6600 computer. The original version was modified and added to
by W. Wun and also transcribed to the IBM 370-168. ,
The following page contains a flow chart of the CDC
version, followed by program listings. The results of the

test calculation described in Chapter IV are included.
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ENERGY BAND Calculation by INDO & MINDO

‘/

Overlay (0, O)

Program Maindm

v

Hour (var)

Openms {

1

Openms

2

Openms

3 { b

Openms

Overlay (1,0)

Program Ovsgel

Overlay (1,1)

Program Mainsg

Overlay (1,2

Program Zmat

) verlay (1,3)

rogram Intov,

Pverlay (1,4)

Program Hcore

verlay (1,5)

Cinosc{ Prog

i L fld oy 7 INENT
Subroutine Bubroutine Subroutine ﬁubroutine Subroutine Subroutine
Unpkem (1) Packem(Inch) | {Time Joeff Smattw Emattr .
Iy [ HAE! Y __ 1T
Subroutine Subroutine Subroutine subroutine Subroutine ubroutine
Al
Writms Srcall Relvec nteprl Mattw Mattr
- B
X E}l’ - N, 1 i 7 . —l‘-l—LLTF"
Overlay Subroutilie ubroatine subroutine Subroutine ubroutine Subn.
OLS6KSYS - Chains Univec Intgrlp 3nisq ime _____Houn
B 2 | l
(I, JSEG) Subroutine Subroutine Subroutine ’ubrou-!f@
Vecprd Harmtr Readms 1 f{clmjo
Subroutine Bubroutine
Moutpt yun
ubroutine
yman

BeT

N

”l

ap e

et S et v s

-
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OVERLAY(36KSYS,0,0)
PRNGRAM NATNNH , )

» (INPLT,OUTPUT, TAPES=INPYT, TAPC6=0UTPUT, TAREL, TAPED, TAPFI [ TAFF4)
THIS SYSTEM 1S FOR INDO SCF -TIGHT BINDING LCAG CRYSTAL 0ORGBITALS
HASEL ON DEL RF, LADTK AND BICZ0. PHYS REV 15%3s 997(19/7) ANT
POPLE, BEVFRIDARE AMD DNBNSH, J CHE'l phyS 47, 2026 (1567)

CONEL IN SCOPE FORTRAN FNR THE USAEC CRC 6600, COUTANLT INSTITLUTE
HY DAVID L BEVERICAE, CHEMISTNY DEPARTMENT, HUNUTER CCLLESE, rumy
COMMCN//TRCS4S)Y, ALNRSS(50,5) , NAET(S), IR, IW, [PU,UATTRP,

1MSTART  NCOUNT,SEQCNT,CONTRL(AYL,NCYCLE(S0)Y,X(50)

THE FOLLOWING ARE LARELED COMMONS CCMPON To ALL SEGMENTS
COMMCN/ARRAYS/AEC(IUNQN) ,

COMMCN/Z IHFC/NATONS, CHARGF,, MULTIP,AN(S0)Y,C(50,33,1
COMMCN/ELORB/EL(104),0R8(4,7)

COMMCON/ZINFCL/2(2673)

COMMCN/L/2Z2(4375)

COMMCN/ZAUXINT/ZZ22(34;

COMMCN/OPTION/72Z(7)

COMMCN/IDENT/ZIDENT (8) , : .
NATACCELCLY, 121,36 Y=4H H,4H HES4H LI,4H 3E,4% Ry 4H C,
14H Ns 4H n,4H FedH NE,4H MNAL4H MG, 4H  AL,4%  Sl,4H  Ps

24H Si4H CL,4H AR,4H Ks4H CAJ4H SC,4H Tl,4- Vs4H R,

I4H FN,4H FE,4dH £0,44 N1,4H CuU,4H  ZN,4H GAs4r GE,4H A4S,

44H SE,4H BR,4H KR} ,
DATACCELC(]),1=237,71)=24H RH,44 SR.4H Yy4H ZR,4- NS,4H MCo

144  TC,4H RV,4H QH,4H PD,4H AGs4K CD,4H IN,4= SN, 2H €E,

24r  TE,4H 1,4H XE,4H CS,4H BA.4R LA,4H CE,4r PR,<H D,

344 FM,4H S4,4H EU,4H GD,4H TB,4H DY,4H 0,4 ER,4H TV,

aan  YB, 40 L) . ~ |
DATAL(EL(I),1=72,102)=dH  HF, 44 TA,4H  K,4H RE,<H £ST4H4 IR,

144 FT,4H  AULAH  uG, 44 TL,4H PBs4H BI,4H PO.4k AT, 40 &N,

T 160"

244 FR,4H RA,4H AC,4H TH,4H PA,4H Us4H HP,4%.  PU, 4N &V,
344 CM,44 B%,4H CF,4H ES,4H FH,4H MD,4H HO)

GRIB(1,4)=EHS :

ORA(Z,3)=4-PY : :
ORA(2,4)=8HP7 ' '

ORI{2,5)=4RPY . \
NR(T,2)=s-DX2=-Y2

NRAC 2, 3) z0HBYZ : o R e o
ORR(Z, 4)=8KD72 | . :
NRA(3,5)=5HDXZ - : :
CRA(2,6)=-DYY . Py
TALL HOUR (VAR) - | '

IR = 5 :

]w = 6 'JT
WRITE(IW,1000) -
FOURMAT(L10A [N MAINDH) i
MSTART = .

" CALL UPENHS(1,ADDRSS(1,1Y,50,0)

CALL OPENAS(2,ADNESS(142),50,0)

CALL OPENHMS(3,ALCDRSS(1,3),50,.0}

CALL OPENMS(4,ACDRSS(1,4),50,0°

CALL OVERLAY(6LSHXKSYS,1,0)

Enn )

SURRCUTIMNE MOUTPT (A, M,y uDIH, 01, HAnEY

BUTPLT OF ¥ Y N MATRIX DIHENSINNED To MDIr X NOIM
DIMEANSION A(MDIM,AD]Y) '

AMINOF CISSAM, JAN0)=MINN(TISSAM, JAHOD)

PRINT 100y, NAMF
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20

19

32
18

40

c

1000

1091

10

KITE = 0 140
LOW = K]TE+1 '
KITE = KI1TE+14 .

KITE = XMINOF(KITE, )

PRINT 19,¢1,1=LCi,x[TE) ,

FORMAT( 7/ 14¥%,5;1406%X,120,27)

DO 32 l=sq,M ,

PRINT 18, 1,(A(T1,J),Jd=L0W,KITE)
FORMAT([4,2%,14F8,4)

IFfN'KITE) 40540020

RETURN

END

OVERLAY(S6KSYS,1,0)

PROGRAY NVSGLL

« CINPLT,QUTPUT, TAPES=INPUT, TAPEA=OUTPUT, PUKGH, TAPEL)

THIS QVERLAY CALLS TWE SFGMEMTSIN THE ORDER SET UP 3Y THE MATNSER
COMMCN//TPCS(5)s ALNRSS(S5N,5),NAET(S), IR, IW, [PUY, HATTCP,

INSTAFRT,NCOUNT,SEGCNT,CONTRL(6),NCYTLE(SD),%X(50)

TYPE I!NTEGER TFOS,ADNRSS,WAITOP,SEICNTLCONTRL |
COMMCN/F INAL/ZINFIA
COMMCN/JUSEG/JSFG
COMMCN/IDENT/ZITENT (3) . 4
COMMCN/ELORB/EL(104),0R3(4,7)
CONTINUE

WRITE(IW,1000)

FORMBT(10H IN OVSEAL)Y

CALL OVERLAY(6LS4KSYS,1,1)

DO 10 I=1,INFI™

CALL UMPKEM(T)

“WRITE(IN,1001)JSEC, NCOUNT

FORMAT(///+22H FRCrEEDING TO SEGHMENT,13,15H OF CART ANUMBERLIZ,///
JSEG = JSrGs+1

CALL OVERLAY(6LSAKSYS.1,JSEG)

CONTINUE

NSTART = 0

G0 TC 1

FND .

SURRCUTINE UNPKEM(T) N , \
COMMCN//TPOS(5),ALNRRS(SN,5) , MAET(5), IR, IW, IPUL, HATTCP,

1 START,NCOUNT,SEQCYT,CONTRL(A) . HCYCLE(S0)Y,X(50)

TYPE [NTEGER Tpos.Aunass.wAITon.SEach;conrnL
COMMCN/JSEG/JSEG .
COMMCN/TPRTE/NPKRF : :
rOHMCN/PACKED/IAtcn).IP(?D)

1 IMENSION IDUM(5)

IF¢I=121,2,1

CaLl WRITMS(1,14,4n,NMPKRF)

rAlLL READMS(1,14,40,1)

MPKR s 1 )

J1 3 ] = 20w(NPKR=1)e(1/(20w(MNPKR=1)+1))

nGUM =1ACI1)71G0n00ung

IOUMCL) =TA(CI1)/10n0Nn=1000nwiKDUIM.
IDUMC2) =IACT]Y - 1000NONQNwKDUN=10000+IDLM(L)
IDUMCS) =I8(t1)Y/10n0nQN0N

IDUME4) =[P(11Y/10n09=10000w 1D IM(3) o
IDUM(S) =]R(11) = 1000001CN+IDUMI3) ~ t0N0uwIDNJN(4)
JSEG = KDUM/100

MCAUNT = KLUM - 10n+JSEG

ng 10 K=1,5

1IFCICUM(K) ,GT,.999)11,1°7



11 CONTRL(K+1)
GO TC 13
12 CONTRL(A+1) = 1DUM(K)}
13 CONTINUE »
10 CONTINUE
IFCI/7(20*NFKR)=-113,4,3
4 NPKR = NPKR+1
CALL READMS(1,1A,40,NPKR)
3 CONTINUE
RETURN
END
SURRCUTINE SHATTR(QLUN A,NEL, RECN, NDII.NDINSO)
NIMENSION A(NDIMSG)
INTECER RECN,RLUM i o ) ‘
CQHMCN//TPGS(S).AEHRGStSQ,S).NAET(S).IP.IN.IPUH.NAiTCP.
1.8TART, NCOUNT, SEQCNT,CONTRL(6)WNCYCLE(S0), X(50)
INTEGER TPOCS, ADDRS: WALTOP, SFQFNT CONTRL
WAITCP = 0 _ .
NEL.SG = (NEL+(NEL+1))/2
CALL READMS(RLUN,A,NELSG,RECN)
CALL SHSQ(A,MEL,NCIM,NDIMSQ)
RETURN
END ' )
SURRCUTINE SMATTW(RLUN,A,NFL,RECN,NDIY Nnxvsnn .
COHHCN//TPCS(S);AEHHQS(SO 59, nAET<>).!R.I . JPUH,NATTCP,
- INSTART,NCOUNT,SEQCMT,CNANTRL(S), chqu(SU),xxx(:D)
TYPE [NTEGER TPOS .ADnR%S.wAITOP.bEHCIT CONTRL
".NIMENSION A(NDIMSG)
INTECER RECN,RLUNM
IhnEX = @
nNo 10 J=1,NEL
KJ = NDIMe(J=1)
PO 10 Is1,J
INDEX = INCEX + 1
ACINCEX) s A(I+KJ)
10 CONTINUE
NELSG = (NELw(NEL+1))/? \
CALLL WRITMS{RLUN,A,NELSQ,RECNY) ‘ ’
HESTCRE MATRIX T2 NRIGINAL FORM
CALL SMSQ(A,NMEL,NCIM,NDEIMSD)
rETURN
END
SURRCUTINE S¥SO(A,NEL,NDIM,NDIMSQ)
PIMENSION A(NDIMSG)H
INDEX = (NELe(NEL+1))/2
1.9 10 JJ=1.,NEL
J = NEE « JJd + 1
rd 3 NDIMe(J=1)
;g 10 !l=1,J
1 = u‘ll*i
~ACLLI+KJ) = A(INDEX)
INDEX = INCEX = 1
10 COYNTINUE
L0 11 J=1,\EL
KJ = NDJMw(J=1)
Do 11 I=1,J
K] = NDIMw(]l=1)
11 ACJ*K]) = A(1+.KJ)
RETURN .

1000 = [DUM(K)
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SURRCUTINE MATTR(RLUN,A,NEL,RECN,NDIMINDINSA) 142
DIMENSTON A(NDIMSC) :
INTECER RECN,RLUN _ _ _ _
COMHCN//TPOS<5>.AtnR:S(sn.51;NAET(5).IR.!w.lpuv,wAtrcp.
1MSTART)NCOUNT, SEQCNT,CONTRL (), HCYCLE(50),X(S0)
INTECER TPOS,ADCRSS,WAITNP,SEQANT,CONTRL
WALTCP = 0
NELSG = NELW*NEL
CALL READMS({RLUN,A, \chGgNFCN)
CALL AMSQ(A,NEL, chw NDIMSG)
RETUFN '
END
SURRCUTINE NUN(XK £InS,
DIMENSION XK(&);EIGStlﬂo sa,vEmstaﬂoa.vEcca).uxtsos.rvtsr}
COMMCN/IDENT/IDENT(B) Fy
CALL PLOTS(100,24F wuUN I,D.NUMRER K562305,)
CALL PLOT(1,0,=11.9, 3}
CALL PLOT(1,0,-9.5,=3)
CALL PLOT(1|0'-9.5:'3)
11=0 _
DO 222 1=1,N . ‘
Nno 222 J=1,8 :
1l=11+1
YENG(II)=EIGS(I,J)
222 CONTINUE h '
CALL SCALE (XK:3.Uﬂnﬁniﬁ¥0nDX)
CALL SCALE (YENG,E,D,I1,1,Y0,DY) ) R
CALL AX1S(0,0,0,0,134 WAVE VECTORS,=12,3.08,0,0,X0.D¥)
-.CALL AXIStn,0,0,0,144 ENERGY (A,U, ),*14 8.0, 90.0.Y9.EY)
CALL SYMBOL(n,5,9.50,0.,20,264 FNERGY HAND STRUCTURFS 0F,7,0,26)
CALL SYMBOL(1.0,%,00,0,20,IDENT,0,3,80)
MZ=Q
¥=0N
nOo 333 JJs1,11
KsK+]
VEC(K)=YENG(IU)
1F(K,EN,8)44,333 o
44 MZ=M2+1 . 3
Kz=1 '
CALL LINE(XK,VEC,E&,1,=1,MZ,X0,NX,Y0,DY)
333 CONTINUE
CALLL PLOT(12.0,0,0,999) L
HETURN o
FND . : ) |
SURRCUTINE MATTW(RLUN,A,NEL,RECN, IDIM,NDIMSO)
COMMCN//TPOS(5), ALNRSSI50,5), NAET(5), IR, IW, IPUN,HATTEP,
1HSTART,NCOUNT, SEQCNT,CONTRL(6) «MCYCLFE(SN), XXX (50)
TYPE I[YNTEGFR TPOS,ADNRSS,WAITOP, SE?CNT conTRL
FIMENSTON A(NDIMSG)
INTEGER RECN,RLUN
INDEX = 0
RO 10 J=1,NEL
K = NDIMw(J~1)
DO 10 I=1,NEL
INNDEX = INCEX ¢ 1 . -
ACINCEX) = A(1+K)
10 CONTINUE
NELLSC = NEL*NEL
CALL WRITMS(RLUN,A,NFLSU,RFCN)
RESTCRE MATRIX TO NRIGINAL FORM




143
CALL AMSQ(A,NEL.NDIM,NDIMSQ) '

RETURN
END . L
SURRCUTINE AMSN(A,NEL,NDIM,NDIMSD)
DIMENSIOY A(MDIMSG)
INDEX = NEL«MEL
DO 10 Ju=1,NEL
J = NDIMe(rEL -JJ)
DO 10 Kx=1,NFL
K = NEL « KKe 1
A(JeK) = At INDEX)
INDEX = INCEY = 1 , i
10 CONTINUE
RETURN
END
OVERLAY{54%5Y¢,1,1)
PROGRAMM »aINQSG
*(INPLT,CUTSUT, TAPES= INPUT, TAPES=0UTPUT, PUNCH, TAPEL)
COMMCN//TRT C(“):AE“RGS(SO.S).NAET(5).IR 1w, IPUI,WATITEP,
INSTART,, NCOLUT,SEQRCNT,COMNTRL(6) ,MCYCLE(S0),X(50) .
TYPE [MTLGFR SEGCNT,CONTSL :
TYPE [NTEGFR TFOS,ADNRSS,WAITC?
TYPE [ITCLFR S2GNC,0UTOP,0P1,0P2,SEGOP
TYPE l:‘JTFu:R SF G‘uC '
; DIMENSTOX SEGNC(3n),INOP(50),0UTCP(50),0P1(50),2P7Z(50),
LSEGOF(S0) "N (50) |
THIS cOMMur 1S USED ANLY IN 1604 VERSION FOR PACKING RONTFES
COMMCN/NPRS/* OKR
TYPE INTEGFR x o
COMMCN/ELURE/EL(104),0RB(4,7)
TYPE 1'TFE&uT ELJORR
COMMCN/F Tisdt #TNFIN

ORR(1,4) = &kKS

ORB(2,3) = EkpPY

ORR(Z,4) = EwR7

ORB{Z,5) = &woX

DRB(3,2) = EHDX2-Y2 ‘ N
ORB(2,3) = gnryl

ORB(2,4) =~ fuRZ2

ORRB(3,5) = é“UXZ ~ '

WRITE (I, "*ﬂn) ' |
2000 FORMAT(L1n«d I+ MAINSG) ~
IF FIRST TIVF 1w MAIN,INITIALIZE NECESSARY VARIABLES AMD KFAT ROW
IF(NSTARTYZ,1,2 '
1 CONTINUE
INITIALLIZZ Tir TAFF ARFA OF BLANK ronrnN
po 111 !=:,5
TPAS(]) = 1
DO 102 J=1,5"
ADNASS(J,I1} = 10
102 CONTINUE
‘413 CONTINUE
WATTCP = @ : : . |
INITIALIZE Tit KOUTE FACKAGE COUNTER (1604 VERSION OALY)
NPKR = 1
INITIALIZE THE CUMMY AREZA OF BLANK COPMON
DO 31 I=1,°0

R Y CYY = (N




1n00

1002

999

99
99R

ic

1001
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AVAILABLE EGUIPMENT TARLF S
READCIR, 1000 (NAET DY, I= 1 3)
FORMAT(514)

TF(NAET(1) . EQ,0) 3,4
RRITE(1w,1002)
FORMAT(iH1,16K ENL OF THIS RO
STOP
CONTINUE
WRITE(IW,999)
FORMAT(1H1,17H TAFE ASSIGNMENTS,//)
DO 95 1=21,5
WRITF(IW,998)1,NAET(T) '
FORMAT(OH NAET(,11,44) = ,13./)
TAPE WRITE COMMON FLORP

CALL WRITMS(2,EL(1),132,2)
READ THE ROUTE

1 =1

:
i

144

“EADCIR,1001)SEANCC] Y, SEGNOCT) W INOPCI),QUTOP(]), 0PI (1),0R2(]),

1SEGOF(I)

FORMAT(714)

¢ ZFRoS FCR BOTH SEGNO aNn SEAND SIGNIFY THE END OF THE RCUTE

5
6
11

1004

JF(SEGNO(]),E0.0,AND,SEQONO(IY.FQR.0)5,6

NSTART = |

GO TC 11

I =1+ 1

GO TC 10
COMTINUE
WRITEC(IW,1004)

FORMAT(///,50X,AH ROUTF, //.10X212H CARD NUMBER.3Y,GH SEQUENCE,

13X%,8F SEGMENT,
23X,5F INOP,3

NSTM1 = NSTART = 1
w0 101 [=1,NSTML

X,&6H CUTNP,3X,4H 0OP1,3%,4F 0OP2,3X,06H SEGCP.//)

101 wWRITE(IW, 100“)I:SE”\N(I).SFGHO(!),INOF(I).OUTOP(I).Opltl) AFZ (1),

1npc=
1906
c
C
13
c
C
14
12
C
c
r
>
?
c
c

16

1SERCF (1)

FORMAT(/, $X419,4%X,19,3X,19,4X.15,4X,15,2X,15,2X415,4%,17%)

WRITE(IA,1006)
FORMAT (LH1)

HEFORE EXECUTING THE ROUTE, {T MUST gE SIFTED FOR THE CY~ZLE fCINYS

" MUST BE ASSIGNED

DO 1z 1= 1,NSTART
IF¢(SEQNO(I))13,14,14
MCYCLE(I) = SEGKOC(T)

NCYCLE IS A COUNTER WHICH IS DECREMENTED cunxn THE CYCLING FROCRS

WHEN NCYCLE 1S ZERn, IT IS REINITIALIZFD

60 T1C 12
MCYCLE(I) = 0
CONTINUE

SENCNY IS A COUNTER THAT KEEPS TRACK NF SEGMENTS =EINA EXFCITED
THAT ARE PART CF A STANDARD SENUENCE ¢CF SEGHMENTS, =ERE IT IS.INITI

SENCANT = 0

NCOUAT IS A COUNTER THAT KEEPS TRACK CF WKHICH CARD IS CUSHENTYLY RE

FXFCLTED, IT IS ALSN INITIALIZED HERE
HCOUNT = 9

INCN = 0

CONTINUE

AT THIS PUOINT, THE EYECUTION OF THE RCUTE REGINS (~R QrMTINUCcS),
FIRST CHECK TO SEE IF STANDARD SEGUENCF IS BEI“G EXECUTEN

JF(SEQCNT)16,15,1¢€
CONTINUE
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SINCE STANDARD SEGUENCE IS BEING EXECUTED, CALL THS NEXT SFGHEMT
TH1S SEQUENCE

SEACNT = SEQCNT + ¢

CALL SGCALL :

REMOVE THIS CARD In THE CHAIN VERSION

1F(SEQCNT)26,15,2¢

CONTINUE ) ,
STANLARD SEQUENCE 1S NNT REING EXECUTED, CGHECK TO SFE IF CURRENT
IS EAD OF ROUTE, 1IF SN, THEN ATTENMPT TC RFAD & NEL ROUTS, AFTER
REINITIALIZING

MCOUNT = NCOUNT + 4

IF(NCOUNTNSTARTY17,130,17

CONTINUE ”

NOW CHECK TO SEE IF CURRENT CARD IS A cYCLE CARD
IF(SEQUU(NCOUNT)I1R,19,19

CONTINUE

THIS IS A CYCLF CARD, CHECK T0 SEE IF THIS CYCLE 1S SATISFIFT.
IF 5Cy, GO TO THE ANEXT CAQD. I[F NOT, THEN DECREMENT ACYCLE, FEASSI
NCOUMNT AND PROCEEL

IFI(NCYCLE(NCAUNTIIZ20,21,21

NCYCLE(NCOUNT)Y = ACYRLE(NCOUNT)Y=1

NCOUNT = NCOQUNT*SENNN{MCOUNT)

1F(NCOUNT=1)24,25,25

rfRITE(IW:lOG?) '

FORMAT(//7,52H ATTEVYPTING TO cYCLE PAST THE BEGINNIAG OF THE RQUTE,

1 //12H ERRCR FATAL)

STOP

IF¢SEQHO(NCOUNT)Y)Z2,19,19

WRITE(IR,1003)

FORMAT(//7/,48H FIRST CARND [N ANY CYCLE CAN NOT BE 4 CYCLE CARDG.//

1,12H ERROR FATAL)

STOP

MCYCLEC(NCQUNT)Y = cFGNO(’CDUM’J

GO TC 1%

CONTINUE

REFORE CALLIMG THF APPRNAPRIATE SEGMENT OR SEGUENCE CF SEGMEANTS,
LOAD THE OQPTIONS INTN THE COMTROL BUFFER

CONTRL{L) = 100CO*SENNN(NCOUNTY + SEGNO(NCOUNT) N :
CONTRL(2) = INCP(NCONNT) . i
CONTRL({3) = QUTOP(NCQUNT) ;
CONTRL(4) = API(NCHUNT) .
CONTRL(S5) = gp2(NCNUNT)

COMTRL(G) = SEGOP(NCAUNT)

CALL SGCALL

COMTINUE ?

INCN = INCN + 1 . , o~

CALL PACKEM(INCN) -

G TC 2

CONTINUE

INFIN = INCN

END

SURRCUTINE Sccall _
COWMCN//TPFS(S)oACPRQS(CO 5).NAET(J) 1R, IH 1PUILHATITCP,

1HSTART, NCUOUNT,SEQCNT,CONTRL(6),NCYCLE(50),X(50)

COMMON/JSEG/Z Y
YvDk I\JTEGER TPOS'ADBRQS.WA!TOP

L N Y CC"..__
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1467
THIS SUSROUTINE 1S THE CALLING PRONBRAM FORQ THE VARIOLS SFGMFATS

IN ACDITION TO JUST CALLING AM ISOLATLD SEGMENT, A STANDIRD CEFUF'f

|

)
i
i
!

OF SEGHMENTS CAN 2E CALLEPM, ALL OF WHICH MUST SHANE THE SatiF cgT 04!

GPTICNS, WHATFVER ACTICHM 1S Tn BE TAKEN IS DETERMINED By THF EIG!

NIGIT INTEGER SEGAN, IF THE .LFFTMNST FCUR DIGITS ~F SFG.0 ARE 2F!

THEN QOHLY THE SEGMENT TDRFNTIFIRD BY ThF RIGHTMOST FOLR DIGTTe IS C
IF THE LEFTMOST FCUR DIGITS ARF NOT 7LRC, THEN THE STAYDARD <gCUR!

OF SEGMENTS REPRFSENTED 8Y THE LEFTMOST DIGITS I3 CALLFD. In THIS
THE R]GHTMOST FOUR DIGITS ARF MEANINGLFSS, VAIOUR CRFE=INGe CF %

SENUENCE CAN BF DETEAMINED By SEGOP
SEGNC = CONTRL(1)

SERQF = CONTRL(6)

NSEG = SEGNO/100€C

NSEGF = SEGNN=-1000n«nNSFQ

CHECK TO sFE IF STANhARPD SFQUENCE IS DFESIRED
IF(NSEA)1,2

IF(SFOFNT)4.3 4

SEQCANT = 3

CONTINUE )
PRNCEED TO YHE DFSIRFD STANDARD SEQUENCE

0 TC (10,20,30,40,59,60, 70)wsca

CONTINUE

STANCARD SEQUENCES FNR MNDEL BUILDER
IF(CCNTRL(2) ., EG.2)12,11 ‘

RQUTE FQOR MBLD FORMULA MATRIYX INPUT

Ns? .
SEGC(L)
SER(Z)
G0 TC 13

2
3

"RQUTE FOR MBLD ZEL MATRIX INPUT

N ]

sg6tl1) = 3

CONTINUE

60 TC 19000

CONTINUE

STANEARD SEQUENCE FC2 SLATER OVERLAP AND S COULOMB IANTEGRALS
SERCL)
SEGLZ)

SEG(Y)
CtG{4)
SEG(S)
o TC 100
CONTINUE
GO0 TC 1000

CONTINUE v : ‘ -
530 TC 1000 . } -~
CONTINUE

5
)
7
)
9
0

THIS 1S A SAMPLE ONLY

51

52

GO TC (51,52,53)SEGCP
COMTINUE
WN=3

SEG(1) =
SER(Z) =
SEGL3) =
0 TC 59
CONTINUE
N3

SER(L) = &5
Seifc) = 33

o SRV RN -§




SER(T) = 34. 7
GO0 TC 59
53 CONTINUE .
- N=? ) _ e
SEG(L) 34 :
SEG(Z) 36
59 CONTINUE
c END OF SAMPLE
GO TC 1000
60 CONTINUE o
GO TC 1000 : '
20 CONTINUE
190r CONTINUE
6 N IS THE TOTAL NUMBER OF SERMENTS IN A STANDARD SEQUE\CF
IF(SEQCNT=N=1)6,5:6 ) .
5 CONTINUE ' ’
C THE LAST SEGHMENT IN THIS Q:QUFNPE 'HAS ALREADY BE&J CALLED. |
C RFSET SEQCNT AND RETLRN TN %AXH PROGRAM .
SENCAT = 0
RETURN
6 J = SEG(SEGCNT) :
co TC 7 .
J = NSEGF
CUNTINUE
CALL CHAINCU)
FETURN
FND
- SUBKCUTINE PACKEMI(T)
© ¢ THIS SUEROUTINE GRES WITH MAINSEG (1604 YFRSION ONLY) ,
CUMMCN//TPCS(5),ALPRSS(50,5) . MAET(S), IR, [W, IPU, WAITCP,
ANSTARTNCOUNT,SENCHT,CONTRL(6) NCYCLE(S0),X(50) '
TYPE INTEGWER TPOS,AGNRSS,wWAITOP,SEACNT,.CONTRL
COMMCN/JSEG/JSFG
COMMEN/NPRR/NPKR
COMMCN/TPRTE/NPKRF
FOMMCN/PACKED/1A4(2n), 18¢20)
NIMENSION IDUM(S) '
LPKRF = NPKR
0 10 K=1,5
IF(CONTRL(K+1) LT, 0)11.,1?
11 TLYMCK) = =CONTRL(X+1)+1000
.0 TC 13
12 1OUM(K) = CONTRL(K+1)
“+ 1% COMTINUE
1¢ CONTINUE ‘ .
11 = 1 = 20%(NPKR=1)+(1/¢20+(HPKR=-1)+1))
TACIl)= 100000C000n% ISFG+100090000*NCCUNT+4000)*IDLM(1Y+IDUME2)
Iclly= 1unonouon-x"uwcs)+1uocnvluurc4)+1DUMt5)
1F(1/7(20«NPKRY~-1)1,2,1
2 TALL WRITHS(1,1A ,40,NPKR)
MPER = NPKR « 1
1 CONTINUE
RETURN
FND
UVERLAY(36KSY31152)
PROGRAIT ZMAT
«(INPLT,QUTPUT, TAPERS INPUT, TAPEA=OUTPUT , PUNCH)
THIS PROGRAM ACCEFTS A DFFINITION JOF A MOLFCULE INMN TERMS OF
ATOMIC NUMEERS, fCHD LFNATHS, #OND ANGILES aND NIHETRAL ANGLES
AND CALCULATES THE CARTESIAN COORDIKATFES IN AMOSSTRAMS
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ADAPTED FRCM MARK ROPDANS MBLD SYSTEM RY D L RCVERIDGE
CONEL IN CCC SCOPE 3,1 LEVEL FORTRAN FQR THE CINS NC 46939
COMMCN//TPCS(S) s ACNRES(SN,5) , HAET(O) L IR, IW,IPUI, TAITCP,
ANSTART ) NCOUNT,SEQCNT,CNONTRL(A),NCYCLFE(50),%X(50)
DIMENSION Z(S50,4),RL(50),ALPHA(S0),BETA(SQ0)
DIMENSION V1(3) Ve (3), V331, VJ(3YoVP(3Y,L1(32,L2(3),L3¢31,L4(3),
v A(D0);3(50),5(50)
COMMCN/INFC/NATOMS,CHARGE ,MULTIP,AN(50Y,C(50, 3).n
TYPE REAL L1i,0L2.L2 ,Ld
TYPE [NTEGER AN,CRARGE,Z,PUNCH
NDIMENSION R(50,50)
COMMCN/IDENT/IRENT (3) _
COMMCN/ELORB/EL(104),0R8(4,7)
TYPE [MTEGER GRB
COSF(QSAD)=COS(CSAN)
SINF(QRSADI=SIN(QSAD)
ABSF(QSAD)I=ARS(RSAN)
SINNF (ASAD,QRAD)=SIGM(NSAD,QRAD)
ATANF(QSADY=ATAN(GCSAN)
SURTF(RASAINI=2SORTIGSAN)
FLNATF(ISSAMY=FLOAT(1SSAM) .
XMAXOF CISSAM, JANQ) =MAXD(1SSAM, JAND)D .
T T2 AR RARE AR AR RN R AR RS RN RT & X 4
INPUT AND CUTPUT CF INPUT
999 (ONTINUE :
PUNCEF = BHPUNCH
REAL 100Q0,CINENT(L),I=1,8)
IFCECF.3) 1,2
1 STNP '
2 .NNTINUE
PRINT 998
. 09R FDRMAT(LIHL)
BRINT 2006 )
2006 TORMAT(/,14K INPUT DATA,..e/)
PRINTLI00Q,(INEXRT(IY,121,R)
1009 FNRMATIBA10)
IFCICENT(8) ,EQ.PULNCH)3, 4
X PRINT 2008 o : N\
2007 FORMATI(/,L1EH PUNCF CPTION ON,/)
PUNCF 1000, (IDENT(I),1=1,8}
4 COMNTINUE
REAL 1001, NATOMS,CHARGE,MULTIP .
1901 LORMAT(SI2) _ - 4
PRINTAN02, NATOMS,HARGE,MULTIP .
1002 FJRMAT(//,10H NATCHMS = ,14,2X,10H CHARGE 3 ,14.,2X,40r “ULLTIP = ,I¢
*.!40//) :
IFCICENT(8) ,ENWSFPUNCH)S5,6
& FUNCE ByNATOMS,CHARGF,MULTIP
FOiLOMAT(314)
¢ i GITINUE
FRINT 1004
104 FORMAT(//,9H 2 MATRIY,//)
[EE AR XA BN E R PR EEERE EREGER R EPPGrpp L B
SPrRCTAL FQR INDC SCF LCAD CMA SYSTENM
THE FIRST NATOMS CARNS SPECIFY THE ATCMS CF TH=e 2ER aTH CCLL AN
THE SECOND NATOMS £AQDS SPECIFY THE ATnNS OF THE PLUS CELL
M = Z#«NATOVMS
CALCULATION nF COCRNMINATFS
DO 6669 =1, _ L .
READ 1003, ANCIY, 20T, 1)LBLC)aZC 1L 2), ALPHACT) W 201, 3),8FTAC]),
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1Z2(1,4) 49

1003 FORMAT(]3,14,F7,4,14, Fll 5,14,F11,6, I4 F13.5)

6969 PRINT 1063, AN(I):?(I:i)-BL(T)oZ(l: YLALPHACTI) 4201, 3),3ETALD),
12(1,4)
DO 502 J=1,4

502 ALLPHA(J) = ALPHA(L)YI*3, 141592654/18“
Dy 503 J=1.H

503 PETA(J)Y = BETA(J)*3,141592654/180,
ho 504 J= 1,3

504 C(1.v)=04Y

C(P3)=BLI2) ,
CeIe1Y=BLI3)«SINFCALPHA(3))
C(302)=0||J ) )
[TXARREZE R R B EREE S LEERFEITEFIRPIWE L L ]
THE FOLLOWING 1S AN ADDITION To COORD FINDER PROGRAM TP RE USED
IF TFE MOLECULF UNDEP CONSIDERATION HAS OMLY ONE HCAVY ATOM rR FCR
A MOLECULE SUCH AS NEGPENTANF IN WHICH THE CENTRAL ATOM HAS O
HYPRCGEWS BONDFD TN IT :

. IF(2¢3,1),EQ.1) 505,506
505 G(3:3) = BL(3II*COSF(ALPHA(3))
- G0 TC 507 o

506 C(3;,3) = C(2,3)=RL(3)=COSF(ALPHA(3))

507 1=3 ) '
IF(AESF(C(3,4)),LT,,D0001) 550,510

550 g 509 1 = 4,1000
TF(L LE M, AND ABSF(C(T«1,1)).,LT,¢00001) 508,530

508 CCl,1) = BLOI)+SINF(ALPHA{I))
Ctl,2) = 0.0
ITEMF = Z2¢1,1)
JTEMF = Z2(1,2) . ) '
0C(I,2) = C(ITE”poz)‘HL(1’*COSF(ALPHA(I))*SIGNr(lch(TTEHF.3)?C(JTE
1HF,3))

509 CONTINUE
510 CONTINUE
1P ¢1,EQ,3) 511,512
511 K=4 . \
0 TC 513
512 k=1
513 CONTINUE
IF(K,GT,!1) 661,600
600 NONTINUE
DC 533 J = KM
1F(2€¢J,4),E0.0) 514,517
e!fﬁitfﬁt\vitttifi*t*tt*tttfit*t*it
TH1S PART IS USED IF THE ATOM 1S BEING DEFINED BY 4 CIWRENKAL ANGLE
514 CALL RELVEC(V1,2t..2),2€J,3))
© CALL UNJVEC(LL,V1) o ‘
Vi IS A VECTNR FRC ATNM Z¢J.3Y TO ATCM Z(J,2)
L1 IS A UNIT VECTCR NF V1, RL(Z(Js2)) IS RONDLENGTH OF ATNM Z(Js2
CALL RELVEC(V2,2(.,11,2(J,2))
CALL UNIVEC(L2,V2) ' ,
vg [§ THE VECTOK FRrIOM ATNM Z(J,2) TO ATOHN 7(J,1)
L2 IS THME UNIT VECTOR NF vz, BL(2(J,1)) IS CONDLENETY REFTHKING
ATOM 2(J,1) .
CALL VECPRLC(VP,L1,L2)
LO 15 1 = 1,3 .
515 L3(I) = VPUII/SORTF(4 , = (161wt 201+ 2¢2)+L2(2)+L1L3I% 202))42?)
L3 IS THE UNIT VECTOR OF VP,ALPHA(Z(J,4))]S THE ANCLE PEFIMIANG
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ATOM 204,10 _ 150
CALL VECPRD(L4,L3,L2)
Lé,L3,L2 ARE A NEW SET OF MUTUALLY ORTHOGCNAL AXES, WE WIL.L NQOW
ObTAIN COQRD OF ATﬂM J IN TERMS OF THESE AXES RELATIVE Tn ATrr 200
Nnog 516 1=1,3
oVJ(I) = BLOJ)=(~ Lz(I)*PUGF(ALPHAtJ))+L4(I)vSIhF(ALﬁHA(J))*CG<F(9ET
1A(J))*L6(I)*QIRF(A!PUA(J))*SXNF(BETA(J))) .
Vi IS THE VECTOR FROM ATOM Zt(J.1) TO ATCHM J
ITEMF = Z2(J,1)
CeJal) = vJ(I) + CCLITEMP, D)
CONT INUE
GG 1C 533 _
1FC2(J,4),FQ,1.0R,7(,4),EQ,=1) 549,528,
2 22 2 A 222222 RA 228X R R TR EER &K
THIS PART IS USED IF ATO® 1S BFFINED EY TWO anDANrLFS
Call RELVEC(VLILZ(ev,a1),7¢J,3))
Cabl UNIVEC(L1,V1? ,
CALL RELVEC(V2,2(u.2),2(J,1))
CALL UNJVEC(L2,V2)
ZLTA -(L1<1)*L?(1)+L1(2)-L?(?)*L‘(3)*L2(3))
AC) (~COSF(RETACJUI)+ZFTA*COSFCALPHA(II I/ (L =2ETA42) ©
() (COSF(ALPHAt ) ) ~ZFTA*COSF(BETA(IIIN/ (1. =ZETA*+2)
F1 3 3,141592654
1F(ZETA,LT.0) 518,519
TP = P
0 TC 520
TEMP = 0,0
LONMTINUE
IF(ZETALEQ.0) 521,522
fiAMMA = P1/2.
GO TC 523 .
t AMMA = ATANF(SORTF(1,-2RTA+*2)/ZETA) +TENMP
rONTINUE .
IF (ABSF{GAMMA+ALFHA(UI+RETA(JY=2,*P1), LT,.00000001) 524,52¢
Y s 0,0
50 TC 5&6
500CJ) 2 Z(Jr4)* (SARTF(1.+A(J)wCOSF(RETA(I))«B{JI*COSFLALPHA(IY))II/S
1LATF(L,=Z2ETAw2)
LOMTIVU& 3\
CALL VECPKE(V3,L1,L2)
N %¢7 1 = 1,3

L3CI) = A(J)*L1(1)+B(J)*L2(I)¢D(J)*V3(I)

VIl = RLEY L3 i
ITEMP = Z{J,1) i
C(Jal) 3 VJICII+CCUITEMP, D)

nOMTENUE

G0 TC 9533

" R R R R R R R R R R R R R R 22

TiH1S PART 1S USED IF ATOM [S DFFINED Ky OKE BONDANALE AND RY THE
AMIGLE WHICK RCOND 2¢J,1)=J MAKE% WITH THE FLANE OF 7(..1)720J.2)
sun 24U, 3)

Call RELVEC(V1.2¢u,1),2(Jd,3))

CAl.L UNIVEC(L1,V1)

raLL RELVEC(VY?2 Z(..&).?(J,i))

CALL wlv&rcLz.vz)

76TA = -(Li(i)*L?(i)+L1(?)*L?())+Ll(3)*L2(?))

CalLlk VECPRO(Y3,L1,1.2) )

HETACJ) HERE REFERS TO 90«ANGLF WHICH ROND Z(Js1)=. MAXKES WITH THF
AFOREMENTICNRED PLANE

A(J) 5 COSF(RETA(WII/(1,«2FTAw+2)
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1F(2(J,4),E0.2) 531,529 ‘
F(J)= ~SORTF((1,~COSFUALPHA(JYI**2=ACJ)+COSF(RETA(L )Y/ (1, =2ZFTAeY
1)) T
GO TC 531 ‘ ,
B(JYZSARTF( (4, -COSFLALPHA(J)Y*#2=ALJY*COSF(BETA(J) NI/ (1,~2FTaw#2)
COMTINUE ' ‘
PCJY = BOJI*XZETA+CNSF(ALPHA(J))
no 532 1=1,3 )
L3c¢l) BCJIYsL1(I)aD(JIwL2¢I)4AC)*V3I(])
vJaeld BLJY*L3CI)
1TEMF IANFES I
Ctdal) = VvJ(YY + CCITEMP, 1Y
CONTINUE
COUTINUE
CONTINUE
[E T2 ERZE KR K W IR Pry Jpng Rrgraprg gr g iprgr g g 8 X
AUTPLT SECTICN
FRINT 24007
FORMAT(//315H QUTFUT DATA,.,»/)
PRINT 1998
FORMAT (//220%X,11+COORNINATES,//4%,10kNO CF ATOM,3Y, AHSYMLnL 10X,
11HX, 10X, 1HY, 10X, 12, /)
N0 900 J=1,M
IF(M,EQ,NATOMS+1) 12,13
PHIAT 1997
FORMAT(/,10X,22H NFAREST NFIPHROR CELL, /)
INNL=AN(Y) )
FRINT 1999  ,J,ELCINDL),( CtJalds1=1,3)
FORMAT(BY,12,5X,4A4,4%,3F12.8)
TFCICENT(LN) ,EC.PLYCH) 7,11
PUNCE 9, CAN(T),(C(T1,.0),J22.3),1=1,M)
PORMBT(14,3(3XsF12,7))
CONTINUE
ne 10 [s1,M
DD 10 J=s1,M ) : .
FClow) = SCRT((C(I,1)=C(Js1))*w2+(C(T1,2)= C(Jy2))*+24(C(1,3)nC(Jal
*))»ti,
CALL MOUTPT(R,M,M,50,50,10H NDISTANCES)
0 260 l=1,M
DO 250 Js1,3 A
Clsa) = CC1,J)/0, 529167
FND
SURRCUTIME TIME .
CALL HOUR(VAR) ' .
PRINT 1000, VAR A '
FORMAT(/,8KH TIME = ,A10,7)
KETURN -
FND
SURRCUTINE RFLVEC(R,J,K) ,
COMMCN/INFO/MATOMS,CHARGE, MULTIP2AN(503,C(5023),N
CIMENSTON R(3)
TYPE REAL C,R
TYPE INTEGFR u.K, 1
Lo 1 1=1,3
R(IN=C(Jr1)=CtK, 1)
F IS THE. RELATIVF VEGCTOR FROM ATop K TN ATOM J
RETURN :
FND
SURRCUTINE UNIVEC(L,R)
LIMENSION L{3),R(3)
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TYPE REAL LR
TYPE INTFGER 1
SQRTF(NSAD)=SQRT(GSAN)
L0 2 1=1,3 o o
| LOIYSR{I)/SARTF(RILY«»2 + R{2)%e2 & R(3)%+2)

L IS THE UNITVECTCR NF R
RETURN
END

SURRCUTINE VECPRD(VP,X,Y)
CIMENSION VP(J),X(3),Y(3)
IYPE REAL VP,X,Y _
VPEL)SX(2)#Y (2 =X (3)wY(2)
VP(2)=X(3)+ Y (1) =X(1)*Y(3) .
VP(SYaX(1)eY(2ZY=x{2)+Y (1) -
VP IE THE VECTOR FRONUNRT OF X CROSSED Y
RETURN
END
NVERLAY(SeKSYS,1,3)
PROGRANM . INTOV
COMMCN//TPPS(S)oAEnRCS(‘ﬂ.S) NAET(5) IR, LWy IPUM,WATTEP,
1MSTART,NCOUNT,SEQCMT,CONTRL(6) s NCYCLE(50), xxcba) .
COMMCN/INFO/NATOMS, CHARGE , MULTIP ) AN(50),C(50,3),N
COMMCN/ARRAYS/S(1CN,100),Y(9,5,203),7(17:45), CAMHA'SG.GO).Y{76U‘
COMMCN/ZAUXINTZA(17)Y,R(17) .
COMMCN/NLM/MUCLBY,NC(18),LE(9) ., MC(T) o ,
COMMCN/INFCL/CZ(50),U(10N), ULIM(S0),LLIM(50),NELECS,CCrALONCE
COMMCN/OPYION/OPTINN, OPNCLO, HUCKEL,CNEO, INDOLCLOSET, FPEN
TYPE [NTEGER OPTION,OPNCLO,HURKEL,CNEO, INDOLCLOSET,CPFN
PRINT 1000
FORMAT(GH IN INTOV)
CALL COEFF
cALL INTGRL
CALL INTGRLP -
LEAVING THIS SEGMEMT WITH S IN MATRIX A, SP IN MATRIX R
GAMMA AND GAMMAP FILLED .
FHD
SURRCUTINE COEFF
FGMMCN/ARRAYS/S(106,100),Y(9, 5 203),7(17:45),4¢10190) A
PRINT 1000 '
FORMATI(9H IN COEFF)
no 1 1=1,913%
Y(1)=0,0
No 2-1=1,76€5
7(13=90,0
LOAD NON=ZERD Y CCEFFICIENTS
Y(7029)= 64,
Y(7040)= 64,
\'(7049)= -64l
Y(7022)= =128,
Y(7041)= "64.
Y(7033)= =108,
Y(7042)= 128,

Y{(70e51= 64,
Y(7034)= 128,
Y(7026)s 64,

Y(7025)s -84,
Y(7027)= “hd,
Y{r904)= 06,
Y(4913)= 2. -
Y(6856)% =192, ——




Y(6905)=

Y(6906)=

Y{6915)=

Y(48E9)=

Y(6907)= =
Y{(6850)=

Y(6869)s =
Y(6851)= =
Y{6900)=
Y(6862) 3
Y{6901)=
Y{(2854)=
Y(28€63)=
Y(2847)=
Y(28E6)=
Y(P8£€5)=
Y(2840)=
Y(PB849)=
Y({28%8)=
Y(r842)=
Y(28%1)=
" Y(2710)=
Y(R719)=
Y(2711)=
Y(2720)=
Y(2729)=
Y{p703)=
Y(2712)=
Y(27z1)s
Y(2704)
Y(2713)
¥Y(2722)
Y(P731)
Y(2705)
Y(2714)
Y(p723)
Y(2706)=
Y(?2715)s
Y{2724)s
¥Y(2707)=
Y(2716)=
Y(5329)=

Y(5315)=
Y(5333)
Y(5326)
Y(51E5)
Y(5164)=

Y(5204)=
Y(5178)=
Y(51€7)=
Y(5156)=
Y(5179)=
vy(s128)=
Y(K157)=
Y(rR206)=
Y{5180)=

192,
288,
=06,
192,
102,
96,
288,
192,
192,
=32,
96,
~46.
16,
32
16,
=16,
=16,
'16-
32,
16,
=16,
48,
‘48-
48,
-Q6,
48,
-48'

' -48.

96.
"48.
48.
48,
'48|
96,
.48.
-48.
48,
=96,
48|
"48.
48,
64,
128,
-(.’-4.
64,
128,
-h4,
=96,
32,
=06,
64,
32,
96,
32,
64.
Q6,
=32,
32
-Qb.
=54,

153
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Y(51E9)= =32,
Y(5198)= =98,
Y(5181)= 32,
Y(R16Q0)= -64.
Y(5169)= 96 .
Y(51€2)= =32,
Y(5151)= 96,
Y(4375)s =144,
Y(43€4)= Q6.
Y(4363)= =16,
Y(4368)= . 144,
Y(43&5’= -48,
Y(4355)= 96,
Y(4370)s =96,
¥Y(4379)= 48,
Y(43571= =144,
Y(4372)= 16,
Y(43E1)s -96,
Y(4360)= 144,
Y(1900)= 144,
Y(1909)=s =144,
Y(1863)= =144,
Y(192¢)= 144,
Y(1865)= 144,
Y(1922)= =144,
Y{(1906)= =144,
Y(1915)= 144,
Y({ 955)= =16,
Y{ 9£4)= 324
Y{ 973)= =16,
Y({ 948)= 16.
Y( 966,= '480
Y{ 975)= 32.
Y{ 950)= 32
Y{ 959)= 48,
Y( 977)= =16,
Y( 952)= 16
Y( 9€1)= =32
Y( 970)= 16,
Y(R1E5)= 64,
Y(R1S%6)= -64,
Y(8165)= '64.
Y‘8148’= -641
Y(B157)= 64,
Y(a149)= 64,
Y(a1cg1ls 64,
Y(a150)= b4,
Y(RGZ0)= =96,
Y(a8029)= 32
Y(RQZ1)= 128,
Y(R013)= 96,
Y{RUZ1)= =06,
y{a0i4)s =178,
Y{A015)s= =32
Y{ARUz4)= 96,
Y(70€4)= =64,
Y(7076)= =178,
Y(70E5)= 64,
Y(7084)3 176,
Y(7069)= 1786,




Y(7070)=
Y(7079)s =
Y(7071)s
Y(3205)=
Y(3214)=
Y(32061=
Y(3215)=
¥Y{(3168)=
Y(3216)=
Y(3169)=
Y(3217)=
Y(3200)=
¥Y(32091=
Y{l261)=
Y(3210)=
¥(7579)
Y(7580)
Y(7572)
¥Y(7573)
Y{(75¢€5)=
Y(7h9€8)=
Y{56E0)=
Y{5681)=
Y(5673)=
Y(5661)=
Y(5674)=
Y(5662)=
Y(5684)=
Y(56&5)=
Y(7425)s
y{7444)<=
Y(7426)=
Y{(7445)=
Y(74z8)=
¥Y{7437)=
Y(7446)=
Y(7429)s
Y{7428)z =
Y(7447)=
Y{7423Q)s =
¥({7439)=
Y{(7431)=
Y(7440)=
Y{(5545)s
Y(5554)s
Y(5546)=
Y(55E5)=
¥Y(5538)=
Y(5556)s
Y(R539)=
Y({8557)=
Y(5540)=
Y(5549)=
Y({5541)=
Y(5550)=
Y(3070)=
Y(3079)=
Y{(3071)=
Y(30EQ)=
Y(3U0E3)=

64.
128,
~hd,
16,

16,

164
=16,

16.
=16,
=16,

16,
=16,

16.

=96,
=32,
'32-
-32.
96,
48,
48,
-48.

48,
-48.
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] 1L
Y(30E1)= 418, ’
Y(30€4)= 48.

Y(30E2)= =48,

Y{(30&5)= 48,

Y{3074’= ‘480

Y(30€61= -48,

Y(3075)= 48,

Y(8200)= =64,

Y(R201)= 64,

Y(R8163)= 64,

Y(8194)= '64-

Y(7615)= =h4,

Y(7616)= =64,

Y(76c5)= 64,

Y(7608)= 64,

Y(7617)= 64, .
Y(7609)= 64, -
Y(7618)= &4, ‘ /
Y(7610)= © <«44, ’ .
Y(323Q)= 16.

Y(3259)= =16,

Y(3243)= =16,
Y(32¢€1)= 164-
Y(3245)= 16.
Y(32%4)= ~16,
Y(5725)= . =64,
Y(5715)=' 64,

Y(5736)z 64,
Y(5726)= -64, :
LOAD NON=-ZERO Z CCFFFICIENTS
2(341)= -1,

7(343)= 3.

Z(345)= -3,

72(347)= | 1,

72{664)= -1,

7(66%)= 5,

2(666)= =10,

Z2(667)= 10,

7(668)= -5,

Z7(665)= 1, -
2(154)= -1,

£(15¢€)= 5.

2(158)= ~1in,

7¢160)= 10,

2(162)= -5,

2(164)= i.

Z(222)= -1,

7(222)= 1.

2(224)= 1,

2(22%)= -4,

Z(22€)= -6,

2(227)= 6,

7(P22€)= 4,

7(?225)= -4,

72(230)= -1,

2¢(231)= 1.

7¢307)= -1,

Z(30€)= 2,

2(305)= 2,

Z(310)= -6,




2¢(3iz)= 6.
2(313)= -2,
7(314)= -2,
Z(315)= i,
’(4U9)= '1u
2(410)= 3.
7(411)= -1,
2(412)= ~5,
2{(413)= 5,
2(444)= i.
7¢415)= -3,
7(416€)= 1.
7(52¢€)= -1.
7(8926)= 1,
7(530)= -5,
7(582)= 5,
7(533)= =4,
7¢(5384)= 1,
7‘562,= -1.
7(563)= 2.
7(;65 = -2,
7(56¢6)= 1,
2(732)= -1,
7(733)= 1,
7(54%)= 1,
7(546)= -3n
7(547)= 2,
Z(54¢&)= 2.
7(Hh49)= -3.
7{550)= i,
7({876)= 1,
£{580)= =1,
2(581)= -1,
2(858z)= 1.
2(59¢€)= -1,
7(59€)= 1,
F1443)= -1,
7(444)= 1,
78(445)= 2.
?{44€)= -2.
/(447,= -10
7{448)= 1.
/(698)= -1,
7(69G)= 3
7‘7UO’= '3.
7¢(701)= 1.
7(324)= 1,
2(325)= ol Y
2(328)= -3,
7(327)= 3.
7(328)= 3.
7(326)= -3,
L(330)= -1,
2(331y)= 1,
7(460)= 1,
/(402)= -,
7(464)= i,
RETURN

END

SURRCUTINE INTGRL_
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INTRACELL ATOMIC INTEGRALS FOR INDO SCF LCAO Ci10 CALCULATINNe |
TYPE INTEGER AN,ULTH,ULK,ULLWCZ,UsCHARGE S ANL, ANK |
TYPE REAL MU,NUM,K1,k2

COMMCN/ARRAYS/S5(100,100),Y¢9,5,203), 2(17 45),%X(10n), b“(iOO,,ow
ARRAYS Y AND Z TOCETHWER TAKE UP 9970 WDRDS OF CORE
COMMCN/NLM/MU(18),NC(18)4LC(9),HC(D)

DIMENSION E(3) ‘ .
DIMENSION P(100r,10n) ' ;
FQUIVALENCE(P,Y) f
COMMCN/ZINFC/NATCOMS, CHARGE, WULTIP AN(50Y,C(50,3),H :
COHMCN/INF01/CZ(SD) ueiony, UIIM(SU),LLIM(%O).hrLEc= rcratoces
COMMCN/L/XXX(500),RAMMACSO,50),T¢(9,9),PAIRS(Y, 7) TEMF(9, Q):C1(1-‘
CZ(3),YYY(526),GAMMAP(50,50)

COMMCN/AUXINT/ZACL7),R(17)

COMMCNZOPTIQN/OPTION, OPNCLO,HUCKEL,CNDO, INDO,CLOSEr,CPFN

TYPE [NTEGER CPTINN,QPNCLO,HUCKFL,CMNDO, INDO, CLU Er,CPFEN
FLOATFCISSAMY=FLOAT(1SSAM)
SURTF(OSADISSERT(GSAD) .
YHAXOF C ISSAM, JANO) =MAXO(1SSAM, JANO)
X 2 A R A R R R T S22 X 2SR A SRS A B 8 4
INITIALIZATION ANL ASSIGNMENT OF ATOM AND ORBITAL VECTCRS
PRINT 1000

FORMAT(106H IN INTGRL)

MN=0

DO 60 1=1,NATOMS

LLIMOL) = Ne+s

R

£azd

1 (ANC])Y,GT,10) 10,20

NEN+G

CZ(1)Y=ANC]) =10

60 TC 50

IF (ANCD)LT.3) 40,30

*mN+4

CZ0L) = AN(])=2

u( TC 50

Led

CZel)Ys ANCD) '
CONTINUE 3
ULIMCIY = N

CONTINUE

FILL U ARRAY=~==U(s) IDENTIFIFS THE ATCM TC WHICH ORBITAL J 15
ATTACHED &,G, ORBITAL 32 ATTACHED To aATOM 7. ETC,
ng 70 K31,NATOMS

LLK = LLIM(K)
MLK = ULIM(K)
LIM 3 ULK+i~LLK
no 70 I=1,LIM

J = LLK+lel
¢J) s K

FSSICNMENT OF ORBITAL EXPOMENMNTS TO ATOMS BY SLATERS RULES
HUCl)=1,2

*U(2)=1.7

.Ctl)=1

nCe2)=1

o 80 I=3,10

'L(I)-'L. ’

MUCLYS (S20+FLOATF(]=¢)

N0 0 i=11,18 :

MCUD)s3
MUCL)ISC,65+*FLOATF(1)-4,95)/3,
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ASSICGNMENT OF ANGLLAR MOMENTUN OUA“TUV NGS. TO ATO“1C ARRITAIS
LCe1)=0

LCc¢2l1=1

LCtd)=1
“LCt4)=1

LC(5)=2

LCt6)=2

Lce7)

DIHONN‘J

MC(Z2)=m]
MC(B)=?
MC(9)s=2 .
STEP THRU PAIRS QF ATQMS . .
DO 320 K=1,NATOMS - '
PO 320 L=K,NATOMS
no 100 1=1,3
Ci(]) = C(K, 1)
100 c2¢l) = C(L.1)
CALCLLATE UNIT VECTOR ALONG INTERATOM AXIS.E
cALL RELVEC(R,E,C1,C2)
LLK LLIMIK)
LLL LMty
ULK UL IM(K)
ULL ULIMOL)
NORBK=ULK=LLK+1
NORBL=ULL=LLL+1
ANKSAN(K)
ANL=AN(L)
LOOP THRU PAIRS OF BASIS FUNCTIONS, ONE ON EACH ATECM
PO 200 §=1.NORRK
Lo 200 J=1,NORRL .
1F(K.EQ,L)160,11D .\
140 JF(MCCI) NEMC(J)) 150,120
120 IF(MCCID.LT,0) 140,120
130 CQONTINUE '
PAIRS(1, J!'SORTF((NUtANh)iR)**(Z*NP(AhK)+1)*(MH(ANL)'R)*~(?~\C(ANL
1)*1)/(FACT(2*NC(AAK))tFACT(Z-NF(ANL))))*( s I*n(LCCJIMCL)) :
2¢SS(NCLANK) JLCCI)aMCUIIINCCANLYILC(JY s MUCANK) # R, MUCANL ) *R) ¢

6O TC 190

3¢ CAIRS(Y,J)=PAIRS(I=1,J=1)
n0 TC 1990

150 LATRE(T,4)=0.0
nD TC 199

1¢” IF (1,EQ,J) 170,180

177 FAIRS(1,J)=1,0
GO TC 190

160 PATRE(1,J9=20,0

190 CUNTINUE

200 GOMTINUE
LCULK=LC(NCRRK)
L.CULL=LC(MNCRRL) '
MAXL = XMAXOF(LCULK,LCULL)
IF(R,GT,0,000001) 220,210




240 GO TC 250 160
ROTATE INTEGRALS FRO“ DIATOMIC BASIS TO MOLECULAR FASIS
220 CALL HARMTR(T,MAXL,E)
DO 230 I=1,NNKBK
DO 230 J=1,NOREL
TEMP(I,J) = 0o,
D0 230 KK=1,MORSL
TEMP(1,J) = TEMP(I,J)«T(J, KK)*PAIRS(I KK)
230 CONTINUE
DO 240 I=1,NORRK
DO 240 J=1,NORRL
PAIRSE(LsJ) = 0,
NQ 240 KK=1,NOREK
PAIRS(IsJ) = PAIRSCI,D)+T¢(I, KK)*TC”P(hK J)
240 CONTINUE
FILL S MATRIX
250 CONTINUE
00 2€0 I=1,NORRK
DO 2€0 J=1,NORRL
260 S{LLK+«I=1,LLL+J=1) = PAIQS(I JI
COMPLTATION OF 1-CFNTER COULOMR INTEGhALS OVER SLATER § FUNCTIONS
NL=NC(ANK)
N2=NC (ANL)
1=MU (ANK)
K2=ML (ANL)
IF(KyNE,L) 290,270
270 TtRMi = FACT(2+N1= 1)/((2*Y?)**(2*N1))
TERMZ = 0,
LIM = 2#Ni
“0 260 J=1,LIM
NUM 2 FLOATF(U) ¥ (2, %K1 e« (24MH1=J)*FACT (44 {=Jal)
UEN 2 FACT(2eN1=J)#2 #FLNATFINIL)* (2, #(KL14KD)) ¥ (4w} 1)
TERMEZ = TERM2 + NULM/DEN
280 CONTINUE
50 TC 310
COMPLTATION OF 2-CENTER COULNMA IN:EP«ALS OVER SLATEF S FUNCTIONS
290 TERM1 = (R/2,)**(Z2+N?)*S5S(0,0,0,2+N2-1,0,0, 2.-K?*R1
TER“‘ = U.
LIM = 2eN]
Lo 300 J=1,L1M -
500 TERMZ = TERM2+ (FLnATF(J)*czwkia**(2*k1-d)*(R/2.>*f(7*tisJ+2gNPf\,
1 (FACT(2%#N1=J)*2,*FLNATF(N1))*SS(2*N1=,0,n,2%%2=1,0.2.%%1*R,
2 2+Kc#R) ,
T11 GAMMA(K, L) = ((2,*K2)w«{2+«N2+1)/FACT(2+N2))*(TERML«TERM2) .
S20 CONTINUE . L
SYMMETRIZATION OF NVERLAP AND COWULOMR INTEGRAL MATRICES : '
n0 330.1=1,N .
no 320 J=I,N
&7 50l = S(L,U)
no 340 J=1,NATOMS
50 340 J=1,NATONMS
TAMMALJ, 1) = GAMMACL., )
+ETURN
FND
SURRCUTINE [MTGRLF A
INTERCELL ATOMIC INTFGRALS FOR INDU SCF LCAC, CHMO CALCULATIONS
TYPE INTEGER aAM,ULIM, ULK,UILLsC7: U, CHARGE, A'L ANK
TYPE REAL MU, NUM,K1,%2
COMMCN/NLM/ZMU(18),MC(18),LE(9),MC(D)
DIMENSION E(2)

e
P 3
(2]
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COMMCN/ARRAYS/S(100,100),Y¢(9,5, 203).2(17.45) XX(€10C),SP(10N,100)
DIMENSION P(100,10n) :
FQUIVALENCE(P,Y)
COMMCNZINFO/NATOMS, CHARGE, MULTIP AN(50Y,C(50,3),N
COHHCN/INFOl/CZ(SU),U(iUﬂ) ULIM(S0),LLTIM(50),HELECS,6COALDCCE
COMMCN/ZL/XXX(S00) ) RAMMACS0,50)2T(9s9),PAIRS(I,9)YsTFHF(Q20)al1(3)
1 CZ(3),YYY(526),0AMMAP(50,50)
© COMMCNZAUXINT/ZA(17),R(17)
COMMCN/OPTION/OPTION, OPNCLN, HUGKEL,CNDN, INDO, CLOSER, CPRN
TYPE INTEGER OPTION,OPNCLO,HUCKEL,CNDO, INDO,CLOSEL,CPFN
SHRTF(QSAD)Y=SQERT(GSADN) ‘
XMAXOF CJSSAM, JANO) =MAXO( 1SSAM, JAND)
FILOATF(ISSAMY=FLOAT(1SSAM)
PRINT 2000
1000 FORMAT(LiM IN INTGRLP) _
I ZZ2ANZIEEES R AR SRS 2T 2 2 88 .
STEP THROUGH ATOM PAIRS, OME IN ZEROTH CELL AND ONE IN PLUS rELL
DO 320 K=1,NATOMS
PO 820 L=1,NATOMS
LTEMF = L#NATQOMS ‘
Do 100 [=1,3 ’
Ci1¢l) = CtK, )
100 C2¢1) = CILTEMP, 1) '
CALLCLLATE UNIT VECTOR ALNNG INTERATOM AXIS E
CALL RELVEC(R,E,C1,C?)
LK LLIN{K)
LLL LLIMILY
ULk UL IM(K)
ULL ULTIMACL)
MORBKsSULK=LLK+1
NORBLsULL-LLL+1
ANKSAN(K)
ANILZANCL)
LOOP THRU PAIRS OF BASIS FUNCTIONS, DNE ON EACH ATCH
DO 200 I=1,NORRK
DO 200 J=1,NORBL
110 IFCMC{1) NE.MC(J)) 150.12C
120 IF(MCCI),LT,0) 140,130
130 CONTINUE
PATRS(1,JI=SORTF((MULANKI*R) ## (2%NC(ANK) +1 ) # (MUCANL ) o R)ww (PnCCANL
1)+4)/ (FACT(2#NCUANK)I*FACT(2«NC(ANL ) W (=1, 0w e (LC(J)+MC(I))
2~ss<h0tANK).Lc<1).MC(1).NC<AHL’.LC(J) MUCANK)#R, MUCANL)Y*P)
140 +ATRE(1,J)=PAIRS(]~ 1 J=1) , \
10 TC 190
150 PAIRS(I,J)=0.0
190 CONTINUE
200 coNTINUE *
LCULKSLC(WNCRBK)
LCHULLSLC¢NCRAL)
MAXL = XMAXOF(LCULK,LCULL)
IF(R,GT,n,00p001) 220,210
210 0 TC 250
ROTATE INTEGRALS FRO™ DIATOMIC BASIS ™ WOLECULAR RAS]S
220 CALL HARMTR(T,MAXL,E)
10 230 l=1,NORRK
DO 230 J=1,NOREL
TEMP(I,Jd) = 0.
DO 230 KK=1,HNORKEL '
TEMP(I,Jd) = TEMPCI, ) +T(J,KKIY*PAIRS(],KK)




230

240

250

260
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CONTINUE i
N0 240 I=1,NOREK ‘ .
DO 240 J=1,NORBL ) s
PAIRS(1,J) = 0. | h
N0 240 KK=1,MNORBK o '

PATRS(1,J) = PAIRS(I . I+T(I,KKIY*TEHP (KK, J) -

CONTINUE

FILL S MATRIX

‘CONTINUE

DO 260 I=1,NORRK

DO 2€0 J=1,NDORRL

SP(LLK+I-1,LLL+J=1) = PAIRS(!,J)

COMPLTATION OF L~CENTER COULOHMR INTEGRALS OVER SLATER S ruurwx
N1=NC(ANK)

N2=NC(ANL)

Ki=ML (ANK)

K2=ML (ANL)

. COMPLTATION OF 2=CENTER COULOMR INTEGRALS OVER SLATER S FUNCT]

290

300
1
2

21N

320

TERML = (R/2,)**(Z«N2)*55(0, 0.0.2*N2 1,0:0,2.2K2*R)

TERMZ = 0,

1LIM = 2#N1 .

DO 300 J=i,L1IM . )

TERME = TERMZ2+ (FLOATFCJIW(2#K4)**(2*N1=J)«(R/2,)ws(2wN] J+2-k2»
(FACT(2#N1-J)+2,*FLOATF(NL1))+SS(2*N1~- J»0,0,2%N2=-150,2.%K1+R,
2*Kz R} '

CAMMAP(K, L) = ((2,#K2)*## (2wN2+1)/FACT(2+N2))*(TERMI=~TERM?)

CONTINUE

PETURN

FND .

FUNCYION SS(MNL,LLY, MM, NN2,LL2,ALPHALEBETA)

PROCEDURE FOR CALCULATING REDUCED OVERLAP INTEGRALS

COMMCN/ARRAYS/S(100,100)5Y(9,5,2032,2¢17.,45),%XX(10100)

 COMMCNZAUXINT/ZACL17),R(17)

10
20

30

TYPE INTEGER ULIM
XARSF{ISSAM)=1ABS({ISSAM)

XMODF (ISSAM, JANQI=MOND(ISSAM, JANO)
SQRTF{QSADI=SQRT(CSAN)

Ni=NMNL

Li=LLly A
M=MM

N2z=Nh2

L2=LL2

P =s(ALPHA + RETA)Y/2,

PT=(ALPHA = RETAY/2,

X =0

MXAESF (M)

QEVEFSE QUANTUM NLMBERS IF NFCESSARY
1FC(L2LT,L1) ., OR, ((L?,FQ,L1).AND, (”2 LT.N1))) 20,1r
GO TC 30

K = N1

Ni= N2

M2z K

k= L1

Li= L2

L2= K

PT==FT

CONTINUE .

K = XMODF((Ns+N2«L1=1.2),2)

FIND A AND B INTEGRALS

CALL AINTGS(P,N1+MA2)
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X
CALL BINTGS(PT,N1+N2) /

IFC(LL,GT,0) ., NR(L2,6T.0)) 60,40
BEGIN SECTION USEL FOR OVERLAP INTEGRALS INVOLVING S FUNCTIm
FIND Z TASBLE NUMRER L
40 L = (90=17+Nt+N1##2=2xN2)/2
ULIM = NieN?
LLIM = ¢ ,
DO 50 [=LLIM,uULIM
XeX+Z(I+1,L)wACl+1)*B(NI+N2=-141)/2,
50 CONTINUE
58=X
50 TC 80 i
REGIN SECTION USEL FPR OVERLAPS INVOLVING NON=5 FUACTIANS
FIND Y TAHLE NUMBER L )
60 L=(5=M)e(24=10%M+Vww? )« (A3aTOsM+3wMxw2)/120+
1 (309w L+ 1#%2-C«N1L)* (289w 1+L1¥%2=2aN1) /8¢
2 (30=Gel 2+ 2%#%2«2+N2)/2
LLIM = @ | 7
DO 70 I=LLIM,8
ULIM = 4-MOD(K+1,2)
DO 70 J=LLIM,ULIM
ITEMF = 2#J+MOD(K+1,2)¢1 _
70 X = X 4 Y(I+1,J+1sL)vACI+1Y%R({ITEMP) A
SS = X*(FACT(M+1)/8)#*2wSQRTF((2*L1+1)*xFACT(LLi=M)*
i (2vL2+1)*FACTIL2=M)/(4*FACT(LAL+M)*FACT(L2+M)})
80 CONTINUE
RETURN
END ,
SURRCUTINE HARMTR(T,MAXL,E)
LIMENSION T(9,9),E(3)
SQRTF(QSAD)I=SQRT(CSAN)
COST = E(J$)
_ IF¢(L,~COSTww2),GT,0,00006000001) 20.10
10 SINT = ¢,
350 TC 30
20 SINT = SORTF(1,=CCSTex2) .
30 CONTINUE -
40 GOSP = 1,
SINP s 0,
GO TC 70
B0 COSP = E(1)/SINT
60 SINP = £(2)/5INT
70 CONTINUE
pp 80 =1
1

80 T(l:v) =
T(1.1) =
IF (FAXL,GT,1) 100,90

90 IF (MAXL.GT,D) 110,120

100 COS2T = COSTwx2=SINTew?
SIN2T = 2,¢SINTeCCST
CUS2F = COSPx«2~SINPew?2
SIN2F = 2,«SIMPwCCSP

TRANSFORMATIAN MATRIX FLFMENTS FOR D FUNCTIONS

T(545) = (3,+C0ST#e2-1,)/2,
T(54€) = «SQRTF(3,)+SIN2T/2,
T(5,€) = SCRTF(3,)eSINTwe2/2.
T(625) = SGRTF(3,)+SIN2TCOSP/?,

T(he€) C0Sa2T1+COSP



110

120

10

20
30

40

19
20
30
40

T(6:7)

= «COST*5INP
TC6,€) = T(6,5)/(=SARTF(3.))
T(heS) = SINT*SINP
T(7:5) = SGRTF(3,)+*SINPT+«SINP/?,
TC¢7:6) = COS2T+SINP
T(7:7) = COST«COSP
T(7:8) = =T(7,5)/580RTF(3,)
T(7,5) = =SINT*«COSP
T(B:5) = SORTF(3,)+SINTew2wCOS2P/2,
T(8B,6) = SIN2T+COS2P/2,
T(B,7) = =SINT*SIN2ZP
T(B,E) = (1,+C0ST«2)%C0S2pP/2,
T(B:5) = =COST+*SIN?P
T(9,8) = soRTrcs.>~SINT--2-SIN?P/2.
T(9,6) = SIN2T«SINPP/2,
T¢9,7) = SINT#C0SZP
T(9:8) = (1,+CO0ST#+»2)+SIN2P/2,
T(9,6) = COST#COSZP
CONTINUE
TRANSFORMATION MATRIX ELFEMENTS FOR P FUNCTIONS
T(?nc) = COST«COSF
T(2,3) = =SINP
T(2:4) = SINT+COSF
T(3:2) = COST+SINF
T(3,3) = COSP
T(3,4) = SINT«SINF
T(4:2) = eSINT
T(4.3) = 0,
T(4,4) = COST
CONTINUE
RETURN
FND

SUBRCUTIMNE RELVEC(R,E,C1,C2)

NDIMENSION E(Z), Cl(‘).C?(1)

SQARTF(QSAD)=SQRT(LSAN)
X =10,

no 10 I=1,3

ECl).= C2(I)=~C1(1)

X = XeE([)wwD

CONTINUE

R = SQRTF(X)

Do 490 1=1,3

IfF (FyGT,,000001) 30,20
GO TC 49

E(1) =E(11/R

CONTINUE

RETURN =
~FND

FUNCTION FACT(N)

TYPE INTEGER N, 1,FRONT
FLOATF(ISSAM)Y= FLOAT(ISSAM)
PRODT = 1

IF (N,EQ,0) 10,20

GO TC 40 )

ng 30 I1=4,N

PRODT = PRCDTw!

FACT= FLOATF(PRODT)

‘RETURN

END
SUBKCUTINE BINTGS(X,K)
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s NeRs RN Ne NoNoRoRe N¢)

10
20
30
40
50
60
70
80
90

100

110

120

130

140

150
160

170

160
160

FILLE ARRAY OF B-INTEGRALS, MOTE THAT RB(1) 1S B(I-1)

USUAL NOTATION
FOR X,GT,3

FOR 2,LT.X.LE,3 AND K,LE,10D
FOR 2,LT.X,LE.,3 AND K,67,10

FOR 1,LT,X ,E,2 AND X,LE,7

FOR 'OSILTrlleEol AND KCLFIS
FOR 'EOLT.XULEgl AND K.GT.S

FOR X LE-I’

FXPONENTIAL FORMULA 1S
FXPOMNENTTAL FORMULA
15 TERM SERIES IS USTD
EXPONENTIAL FORMULA
12 TERM SERIFS IS USrD
FXPONENTTAL FORMULA
7 TERM SERIES I35 USFD
6 TERM SERIES 13 USFD

165

IN THER

USED
Usen

USEN

Usgn

*t**'t* tti**ttt*‘t'i*t‘i****************it*irt***tﬁ.*é*'*ti..

COMMCN/ZAUXINT/A(17),8(¢17)
ABSF(QSAD)=ARS(GSAD)
FXPF(QSAD)=EXP(GSAD)
FLOATFCISSAMI=FLOAT(ISSAM)
10=0

ABSX=ABSF{X)
IF(AESX,G6T,3,) 120,10
IF(AESX'Gleo) 20)40
IF(KLE,10) 120,30
LAST=15

GO TC 140

1F(AESX,GT\1,) 50,70
TF(KyLE,7) 120,60

LAST=12

GO TC 140

IF(AESX,GT..5) 80,100
IF(KLE,5) 120,90

LATT=?

G0 TC 140

iFCAESX,GT..000001) 110,170

LAST=6
GO TC 140

EXPXSEXPF(X)
EXPMX=1,/EXPX
R(1)=(EXPX=EXPMX)/X
Do 130 [=1,K

H{T+1) = (FLOAT(I)eB([)+(=1,

0 TC 190

N 160 I1=10,K
Yan,
N0 150 M=[0,LAST

Yen [*EXPX=EXPMYX) /¥

YaV+(= X)*'P*(io'(‘lc’**(M*I+1))/(FACT(M)'FLOAT(M+I+13) o

B{1+1)=Y
GQ TC 190

DO 160 I=[0,K

FNUM & 1,=(=1,)ex(1+1)
FDEN s FLOAT(])+1,
H(1+1) = FNUM/FDEN
CONTINUE

RETURN -

END

SURRCUTINE AINTGS(X,K)
COMMCN/AUXINT/ZA{17),R(17)
FXPF(QSAD)=EXP(QSAD)
A(1)s EXPF(=X)/X

DO 40 Is1,K
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10 ACI+1) = (A(1)*+]1+EXPF(=X))/X

RETURN .
END
OVFERLAY(S6KSYS,1,4)
PROGRAM HCCRE ) ) o

* (INPUT, QUTPUT, TAPES=TINPUT, TAPEASOUTPUT,PUNCH, TAPEL)
COMHCN//TPCS(S);AEDRSS(SG.S).NAET(S).IR.IH.IPUH,NAYTCP.

INSTART,,NCOUNT,SEQCMHT,CONTRL(6) ,NCYCLE(S0)Y,X(50)
FORMATION GF W AND H+ CORE HAMILTONTANS IN IKDO SCF LEAC gur
ENTERING THIS SEGMENT, A CONTAINS S MATRIX, D CONTAIANS §o
COMMCN/ARRAYS/A{100,400),B¢(100,200),D(100,100)
COMMCN/ INFC/HATOME,, CHARGE , MULTIP, AN (50),C(50,3) N
COMMON/ZL/XXX(500),G(50,50),Q¢1n0),YYY(100},ENENGY,¥XY(%74),

* GP(E0,50) . L .
COMMCN/INFOl/CZ(SO):U(lOO).ULIH(SU};LLIM(SU),NELECQ.CCCATUCCC
COMMCN/OPTION/OPTION,OPNCLO,RUCKEL CNEO, INDOSCLOSET,CPEN
DIMENSION ENEG(18,3),BETAD(18)
DIMENSION G1(18),F2(18) _ o
TYPE INTEGER OPTINN,OPNCLO,HUCKEL)CNLO, INNDO.CLOSER,CPEN
TYPE INTEGER CHARGF,NCCA,0CCB,ULsAN,CZ,UsLLIM, AN
FLOATF(ISSAMY=FLOAT(T1SSAM)
PRINT 1000

1000 FORMAT(10H IN HUCKCL) ,

[XZZAREREESR ZRERE ZEEY SRR ZRPPgrgraepng 73 X . .
SLATER=-CONDON PARAMETERS FOR INDO MATRIX ELEMENTS, [N AU
G1(3)=,092012

S 31(4Y=,1407
61(5)=,199265
G1¢6)=,267708
(1(7)=,346029
6G1(8)=,43423
61(9)=s,532305

F2¢(3)=,049865
F2(4)=,089125
F2¢(5)=,13041
F2(6)=,17372
F2(7)=,219055
F2(81=,266415
F2(9)=s,315€0 -
CNDC/2 ELECTROMEGATIVITIES AND HBONDING PARAMETERS, [N =V
ENEG(1,1)37,1761
FNEG(3,1)33,1055
ENEG(3,2)=1,258
ENEG(4,1)=5,94557
ENFG(4,2)=22,563
ENFG(5,1)=29,59407
FNFG(5,2)=24,n01

- FENFG(6,1)=14,051
ENEG(6,2)=5,572
ENEG(7,1)=219,31637
ENFEG(7,2)57,275
FNEG(8,1)=25,39017
FNEG(8,2)=9,111
FNEG(9,1)=32,2724
ENEG(9,2)=11,08
FNFG(11,1)=2,804
EMEG(11,2)=1.302
ENEG(11,3)=0,150
ENEG(12,1)=25,1254
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167

ENEG(12,2)=2,051¢6
FNEG(12,3)=0,16195
ENEG(13,1)=7,7706
ENEG(13,2)=2,9951
ENEG(13,3)=0,2242%
ENFG(14,1)=10,0327
ENFG(14,2)=4,1325
ENEG(14,3)=0,337
ENEG(15,1)=14,0327
ENEG(15,2)=5,4638
ENEG(15,3)=0,500
ENFG(16,1)=517,649¢6
ENEG(16,2)=6,989
ENEG(16,3)=0,71325
FNEG(17,1)=21,590¢€
FNEG(17,2)=8,7081
FNFG(17,3)=0,97695%
HETAG(1)= =9,
KETAD(3)= =9,
RETAQO(4)= =13, , , .
RETAO(S5)= -17, ’
" RETAQ(6)= ~21,

RETAD(7)= =25,
BETA0‘8)= '310
RETAQ(9)= =309,
BETAC(11)=-7,7203
HETAD0(12)=-9,4471
HETAQ(13)=-11,3011
RETA0(14)==13,065
HETAG(15)=-15,070
BETAQ({16)==-18,150
HETAD(17)==-22,330 ,
[ 2 A R R N N R R R R A R AR R R 2 A XY XL 2 AR ]
FORMATION CF CORE HAMILTONIAN, HZERQ
FIND NELECS AND FILL H CORE(DIAGONMALY WITH (I+A)/2
NELECS=0
DO 60 I=1,NATOMS
NELECS=NELECS+CZ(I])
LL SLLIMCD) : '
L o=LLIMCY)
ANT=ANCL)
L=0
ho 50 JsLiL,UL
L= +]
]F ‘L.Egol) 10]20

10 A(Jlu) ='FNEG‘ANIp1’/27|21
50 1C 59 :

30 A(Jaw)==ENEGLAN],23/27.21
6o TC 59

40 A(Jr )S=ENEG(ANI,2)/27,21

50 CONTINUE

60 CONTINUE
NEILECS=NELFCS-CHARGE -~
NCCASNELECS/2
PRINT 322,NELECS,CrCA .

4272 FORMAT(/,3H NELECS=,14,2%,6H OCCA=,14,/) )
FORM HUCKEL HAMILTANTAN IN A (NFF DIAGONAL TWQO CENTER TERMS)
N0 90 1=2N
K=Ull)




70

80
9C

100

160
170

L=AN(K)

Ul=l=1

DO 90 J=1,lL

KK=U{J)

LL=AM(RK) ‘

IF (L GT,5).CR.(LL,AT49Y) 70,R0 ) |
ACJal)=ACLsJ)=0475%ACTJ) ¥ IBETAOD(L)+BETAD(LLY) /54,62
GO TC 90 ’ 4
ACJal)=ACT U =ACT s )@ (BETAG(LY+BETAO (LI ))/54,42
CONTINUE

DO 100 I=1,N

QCIY=ACL, )

ADD V(AB) TO HCORE=-=CNDO ;

Do 170 [=1.,n :

NENVIQS ,

AC1)=Q(l) «045%G(J, D)

DO 160 K=1,NATOMS ‘
Q(1)=QCI)=FLOATFLCZ(KII*B(J,K)

CONTINUE :

EXIT SEGHENT [F ONLY CNDO APPROXIMATICNS ARE DESIRRD

" INDO MODIFICATICN (CORRECTION TO UCILI) )

180

i9¢0
200
210

220

230
240

250
260

270

280
290

300
3190

320

61
400

PO 280 I=1,NATCNME

CKEANC])
“JdELLIMOD)

IF ((KeGTo1). ANT L (K,LT.40)) 190,280

JIF (K 6T, 3) 200,210 ,
‘0(JIZQ0J)  «(FLCATF(CZ(I))=1.5)*G1CK)I /6,

IF(K,EN.3) 220,230

TEMP=G1(K) /12,

G0 TC 260

IF(K,EQ,4) 240,250

TEMP=G1(K)}/4,

GO TC 260 . .
TEMPS  G1(K)/3,+(FLOATF(CZ(1))=2:5)#2,#F2(K)/25,
CONTINUE :

DO 270 L=1,3

RNCJ+L)=Q(J+L )« TEMF

CONTINUE

CONTINUE

DO 310 I=1,N

DO 300 J=1I,N

ACJs1)=ACT, )

ACT, D)=Q¢I?

PRINT 320

FORMAT(138% CORE HAMILTONIAN 2/) . , )
MODIFICATICN OF HZFRD FOR ATOMS IN PLUS AND MINUS CELLS
DO 400.1=1,N

J = (D

DO 61 K=1,NATGHS -
NC1) =2 QUI)=FLOATF(CZ(K)I®(GP(J s K)=GP(K,J))
CONTINUE

A(l.0) = Q(I)

[ZETIAREA AT AR TR EREEEFEEE XY T RE R 4 ]
FORMATION CF CORC ~AMILTNNTIAN, HPLUS

DO 9% 1=1,N N

K =2 L(1)

L = AN(K)

DO 91 Jsi N

KK = UWJ)

LL=AMN(KK)

168




aaoaaan

91 NDClaw) = DOILUI*(EETAQ(LY+BETAN(LL) ) /54,42

1000

SRV s

169

CALL SMATTW(2,A(1,1),N.1,100,10000)

CALL MATTW(2,D(1,13,M,2,100,10000)

LEAVING THIS SEGMENT, A CONTAINS C!'O H?ERC AND D CCMNTAINS Hpj .
END

OVERLAY(S6KSYS,1,5)

PROGRA!! C“CSCF

«(INPLT,0UTFUT, TAPES=INPUT, TAPE:AS OUTPUT, PUhCH TAPFi)

COMMCN//TPCS(5), ALDRSS(50,5), NAET(J).IR IW, IPUN, WATITCP,

1NSTART,NCUUNT.SEOCNT.CONTRL(6)}NCYCLE(50)}X(SO)

CLOSED SYELL HF CIRCUITRY FOR INDOD SCF LCAO CHO CALCLLATION
LUN = 2 HAS HZERO AND HPLUS OM RECORDS 1 AND 2 RESFECTIVFLY
LUN=Z HAS FZERO AND FPLUS ON RFCORDS 3 AND 4 RESPErTIVELY
LUN = 3 HAS PZERO AND PPLUS ON RECORDS 1 AND 2 RESFECTIVELY
LUN = 4 HAS CREAL(K) AND CIMAG(K) ON RECS {1 TO 16
COMMCN/ARKAYS/A(100,100).8¢100,100),C(100,100)

COMMCON/IMF 0/ ATOMS,CHARGE , MULTIP,AN(50)Y,D(50,3),N
COMMCN/cXTRA/FR(5050)3,F1(5050) )
COMMCN/INFO1/C2(50),1¢100), UL IM(50),LLIM(50) s NELECE,CCRALQCCE
COMMCN/IDENT/IDENT(8)

COHMCN/ELORB/EL(104),0RB(4,7)

- COMMCN/L/XXX(500),0(50,50),0¢100%,YYY(100),ENERGY,XXY{574),

= GP(£Q,50)

COMMCN/UPTION/0PTION,QPNCLO, HUPKELaCVDOoIhDO CLOSEL,CPEN
DIMENSIO G1¢1R),F2(18)

TYPE lHTEGWER OPTION,OPNCLO,HUCKEL, CNEn.IhDO CLOSEr,CPEN
TYPE IHTFi"R CHARGE,0CCA,0CCR,UL ULIN, UsANWCZ,2

DIMENSION V(4),G6C4) ,FVCR),WT(8)sCOSK(8),SINK(B)sPF(10N,10M)"

* EIGS(Lrn,=),14(100)

EQUIVALEMUS(BP,FR)

COSF(QS4!13=C0S(ASAD)

SINF(QRSAD)=SINI(GSAD)

ABSF(QSAN)=2ARS(QSAD)

SQRTF(QRSA.1)=SORT(CSAD)

PRINT 166+

FORMAT(91: IN SCFCL)

I £ 2 A RA R R R RE AR EE T LT T IR R R X -

SLATER C0.-"0% MATRIX ELEMENTS FOR INDC MATRIX ELEMENTS \

+61(3)3,09271°?
LB61(4)=,14u7

2 G1(5)=,19926%

198

G1(6)3,26770°P
L GL1(7)=,840020
"G1(8)=,43423

G1(9)=,532305 - ) ‘
F2(3)=,049R865 : -
F2(4)=,0A9125% ,

F2¢(5)a,13u41

F2(6)=,17572

F2(7)=.219ﬁ55

F2(B8)=s,264641%

F2(9)=,3158)

MISCELLANETUS INITIALIZATION

OPTICN = &KRINDO

NEL = (N+t)why2

Pl = 3,141597654

1A(3) =0

DO 158 [=2,1n0

TAC]) = I=1+1AC1=1)




QOO0

199

200

ic

110

112

113

111

114

30

31

(T2 Z2 AR SRS R AR RESERERS 2 R AL {

170

INITIALIZATION OF PARAMETERS FNR GAUSSTAN INTEGRATIOA

K ) NIELSEN, METHCDS IN MUMERICAL

V(1) = 0,1F34346425 § GG(1) =
V(2) = 0,2¢55324069 % GG(2) =
V(3) = 0,7966664774 $§ GG(3I) =
v(4) = 0,7602898565 % GGRE4)Y =

GENERATE wAVE MNUMEFR GRID POINTS,
K = B
DO 169 1=1,4

FVCI) ¢ =V(k)+1)spl/2,
WTCI) = Gu(K)

IP4 = [+4

FV(IF4) = (V(I)*i)*PI/?. .
WTCIF4) = GG(])

CONTINUE

DO 200 I=1,8

COSK(I) = COSF(FV(I))
SINK(I)Y = SIMELFV(I))

‘MINT = &

Z2 =0

IT = 40

t*a'it*tiftv-tt**t*tt*t*it**;t****

“ASSJEN V(IY AND G(1) FOR 8«PNINT GRID

ANAL, MAGMILLAN €0 NY (19

0,3626837234
0,3137066459
0,2223810345
0,1012285363

4 T +4 IN ELEMENTS 1 TN ¢

‘s

GRANL ITFE#2T1QN CYCLE BEGINS AT THIS POINT

CONTINUE
7 = Z+%
IND=0

B e U R T

IFCZ,EN 1) 119,111

FIRSY P&S., THROUGK CIRCUITRY HUST SET UP P MATPICEQ v

CONTINUE

FNUM = 2+«9CCa
FOEN=N
EDENS=Fnit :/FDEN
DO 113 I=1,N

FORM INIT]AL GUESS AT PPLUS AMD LEAVE TN PLACE

. DO 112 J=hat

ptldv, S U
BCl,1)=kDuNS
GO TC 114

POUTE FQR ALL SUSSEQUENT ITERATIONS

CONTINUE

BRING PLEAC INTO E, HZERO !NTO A AND HPLUS INTO C
CALL SMATTA(3,R(1,1),N, 1,100, 10000) .

COMTINUE

CALL SMATTR(2,A(1,1),Ns2,100,10000)

CALL MATT~(2,C(1,1),M,2,100,10000)
FORM CMQ FZERC

DO 40 1=1,MN

11=0(])

AT 1)=ACTs1Y=B{1,1)eGCIT,1]1)*0,5
DO 30 K=z1i,\

JJ=U(K)

ACTaD)SACT 1Y (K, KO (BT, JJ)«GP(
Li=]+1

IFCLL,GT N} 40,31

CONTINUE

DO 41 J=sLLWN

11,J0)+GP(JJ. 11




49

40
50

6n-

71

72
7¢
80

108

io0

102

101
103

104

105

JJd=ut ) ]
ACJe 1 )=ACU, 1) =BCJ, 1)+GLI T, J)%0,5
CONTINUE :
CONTINUE

INDO MODIFICATION

DO 80 II=1,NATOMS

K=AN(I1)

I=LLIMCIT)

IF (K,EQ,1) 80,60 _ o

pAA=E‘Ia[}*B(I+ipl+1’+8<7+23I+?)*B<I*3nl*3)

ACTald=ACT,1Y=-(PAA-BIL,IY) *»GLtK)/O,

N 720 J=1,3 . o _

ACT*ua I+ J)=ACTI+J, o) =BUT,1)eGL(K)/ 6, ~(PAAB(T,1))+7 . 4F2{K)/50,
«B(I+J,1+0)el1,*F2(K) /50, .

ACT+up1)=allad, 1)*R(T, 1ed)*Gi(K) /2,
Jd=d-1

IF(Je,EQ.0) 70,71

CONTINUE

DO 72 L=1,JJ

ACT4y T+l =ACTI+J, 1+L)+R( T+, T4 )*12 ,#F2(K) /50,

CONTINUE
CONTINUE
CONTINUE
CONTINUE
DO 108 (=1,N
Ld=l+1
DO 108 J=LJ,N
AlTsw)=ACU, DY
MATRIX A NCW CONTAINS CMO FZERO
FORM FPLUS [N MATRIX C
I1F(2.EQ,1) 1n0,101

ZERO PPLUS ON ENTIRE FIRST ITERATION CF GKAND CYCLE

g 102 [=1,N
DO 102 J=1,N
U(Il'v’ s Dl
Go TC 103

BRING PPLUS IN FRCM LUN 3 ON SUBSENUENT ITERATIONS

CALL MATTR(3,8(¢(1,1)»N,2,100,10000)
CONTINUE

no 104 [=1,N

NO 104 J=1,N

11=Uu(])

Jd=UtlY) . o
CLlau)=ClI d)=0,5%R(],0)+GP(T],JJ)
STORE FZERO AND FFLUS ON LUN2Z

CALL SMATTW(2,A(1,1),N,3,100,20000)
CALL MATTW(2,C(1,1),M,4,100,10000)
LOOP QVER WAYE NUMRER GRID

DO 95 I1K=1,NINT , .

CALL SMATTR(2,A(1,1),N,3,100,10000)
CALL MATTR(2,C(1,1),N,4,100,10000)

FORM FREAL AND FIMAG AND DIAGONALIZE

N0 105 [=4,N
DO 105 J=i,1
[Jd = JA(l)+J

FUCLO)=(C T, d)=Clu, 1)) *SINKCTK)
ACJa)=F1(L)

ACLao)SFROT YD

CONT INVUE

171

1)

- - a e



. ‘ 172
172

CALL HELMJC(FR,F1,4,0,YYY,N,RHN, TA)
DO 115 IL=1,N
115 EIGS(IL,IK)=YYY(IL)
COMVERT EIGENVECTNRS MATRICFS FROM LIMEAR TO SQUARE ARRAYS
Do 106 J=1,N
DO 106 I=1.N
1J = [+{J=1)»N
B{levd = CCLD
106 CONTINUE
ng 107 l=1,nN
p0.-107 J=1,N
Td=le(J=1)"N
107 C(lrv)=AC(1Y)
STORE C MATRICES CN RECORD IND OF FILE 4

IND = IND+1 | o
CALL MATTw(4,C(1,1),N,1IND,100,10000) ,
IND = IND+i -

CALL MATTW(4,0i(1,1%,N,IND,100,10000)
99 CONTINUE
- END CF LOUFP QOVFR WAVE NUMBER
[T X EE R EEEEFEEE PR R R R R RIRTPgpp g § ]
GAIJSSIAN INTEGRATION OVER K FOR NEW DENSITY MATRICES
TIND 2 0
Dg 209 [=1,N
. D@ 209 J=1,H
209 B(l,v)=PP(],0)=0,0
DO 210 1K=1oﬁ _
- BRINC REAL a''t JMAGINARY EIGENVECTORS INTO A AND C RESPECTIVIE
IND = INDe1 )
CALL MATTS(4,401,13,N,IND,100,40000)
IND = IND+1 '
CALL MATT=(4,00%,1y,N,1ND,100,10000)
FORM PZERU [* ~ AND PPLUS IN PP
DO 211 I=1,N :
DO 211 J=l.,n
PRIJ = PIIJ = 1,
DO 212 K=1,0rCe :
PRIJ=A(I;K"'-(JIK)*C(IAK)*C(JQK) ’ ’\\
P[lJ=A(l.n)'C(JnK)-C(I'K’*A(J;K)
R(Iswl) 3 al],u)+2RIJedT(IK) _ ,
PPCLad) = PP(IsJ)+(PRIJNCOSKCIK)=PITU*SINK(IK) ) ®dT(]IK)
212 CONTINUE
211 CONTINUE
210 CONTINUE
B ANL PP NCW CN%NTAIN NEW PZERO AND PPLUS, RESPECTIVELY
IFCZEQ,1) 204,225 ' ,
224 CALL SMATTwW(3,"(!,1),Ns1,100,10000)
CALL MATTW(3,P"(1,1),N,2,100,10000)
IFCZ,EN,18) G TO 218
GO 7C 10
225 CONTINUE
‘COMVERGENCFE TEST CM NENSITY MATRICFES
CALL SHMATTR(Z,2(1,1),N,1.,100,20000)
FORM SUM UF ASSDLLTFE VALUES oF DIFFERENCES
SuM=0, ]
DO 213 I=1,N
DO 2135 J=],N
213 SUMSSUH+ABSF(KL(T,v)=a(1,0))
SUM = SUM/MEL,
PRINT 1002, SuM




in02

401
405

403
407

411

413

215

300
221

28z

281

282
289

285

FORMAT(12H SUMPZERD = ,F15,10)
IF(SLM,LT,0,001) 215,401

THE FOLLOWING SEGMFNT CONTROLS THE CONVERGENCE

TO DIVERGE

IF(Z,LT,3) 405,403

OLNSLM=SUM

60 TC 224

IF(SLM,GE,OLDSUM)Y 407,405

OLDSLM=SUM

DO 411 [=1,N

PO 411 J=1,N

BClow)=(BCI, 0)+A(1,JY)%03,5

CALL MATTR(I,A(1,1),N,2,100,10000)
DO 413 I=1,N

DO 413 J=1.N
PPCIsJYS(PP(L,J)+AC],J))*0,.5

GO TC 224 N
ROUTE FOR PZERO CCNVFRGED, NoW TEST PPLUS
CALL MATTR(3,A(1,1)5N,2,100,10000)
SUM=0,

DO 216 [=1,N '
SUMSSUM+ABSF(PPLL,J)=AtTI,d))

SUM = SUM/NEL

PRINT 1003, SUM

FORMAT(12H SUMPPLLS = ,F15.10)
IF(SLM,LT,0,001) 218,224

I ZZ2 AR EE BN ERETREREREEEREEEERTRLFIRER L
PRNOBLEM CONVERGED, QUTPUT RESULTS
CONTINUE

PRINT 223 , ‘
FORMAT(/,22H ENERGY RAND STRUCTURE./)
PRINT 222,(FV(1K),1K=1,8)
FORMAT(/,4X,8F14,10,/)

no 300 [=1,N o

PRINT 221, 1,(EIGSCT1,1K),1K=1,8)
FORMAT(14,8F14,10)

CALL WUN(FV,EIGS,M)

PRINT 283

\

WHEN CALCULAY (P

FORMAT(/,5H ATOM,2%,10H ATOMIC NO,2X.7H SYMBOL.2X,7H CWARGF, 2%, 1M

1 KET CHARGE,//)

DO 289 L1=1,NATOMS

k0=0,

LisLLIMCL])

L2=ULIM(L])

DO 281 LK=L1,L2

PO=RC+B(LK,LK)

LJd=AN(LD)

RON=CZ(LI)~Rn o

PRINT 282.LI.AN(LI)oFL(LJ).RO.BON o
FORFAT(14,7%X,12:6X,A5,F12,.5,2%X.F1047.7)
CONTINUE

1ND=0

DO 264 [K=1,8

INDSIND+t .

CALL MATTR(4,A(1,1),N,IND,100,10000)
PRINT 285,FV(IK)

FORMAT(/,3H K=,F14,8,//)

CALL MOUTPTC(AN,N, 100,200,334 CR)
INDSIND+1

LAl MATYOZA 24 4% 81 MM 488 a0A0AN0 N




OO0

284

230
241

246

251
261

267

268
269

272

°70
273

- , , 174

CALL MOUTPT(C,N,N,L100,100,3H 1) ' ' s
CONTINUE ,

CALCLLATION OF ELECTRONIC ENERAY EZERD o
HRING HZERQ IN A AND FZERQ IN H AND PZERO iN C
CALL SMATTR(2,A(1,13,4,1,100,10000)

CALL SMATTR(3,C(1,1),N,1,100,10000)

CALL MOUTPT(C,N,N,100,100,3H PO)

EELCTR=0,

Nno 230 l=1,N

DO 230 J=1,N o
EELCTR=EELCTR+ (AL, J)+B{1, ¥»C(1,J)%0.,5

PRINT 241 ‘

FORMAT(//,24H ELECTRONIC ENERGY EZERO,)

PRINT 246 ,EELCTR

FORMAT(F16,8)

FORM EPLUS .

BRING HPLUS IN A, FPLUS IN B, AND PPLUS IN C
CaLlL MATTR(25A(1-1)JN12)100;10000)

CALL MATTR(2,B(1,1),N,4,100,10000)

CcaLbL HATTQ(S»C(l.i);H.2a100,10000)

CALL MOUTPT(C,N,N,100,100,3H PP)

EPLUS=0

LO 251 1=1,N

DO 251 J=1,N

EPLUSSEPLUS+(ACI, I+R(I, NI*C(i,J)*0 .5

PRINT 261

FORMAT(//,6H EPLUS,/)

PRINT 246,EPLUS

FELCTR=EELCTR+EPLLS>2,

PRINT 267 .

FORMAT(//,18H ELECTRQONIC ENERGY,/)

PRINT 246 ,EELCTR

CALCLLATE NUCLEAR REPULSION FNERGY EZERO
FREP=0,

NAT=NATOMS=1

DO 269 l=1,NAT

LAT=1+1 4 \
DO 268 J=LAT,NATOMS L .. .
SRABZ(D(141)=DC(Js1) )2+ (D(1,21=D(Jd,2))%%24(D(1,3)aDtJs32)"e2
RAR=SQRT(SRAR)

EREP=EREP+CZ(1)*CZ¢J)/RAR

CONTINUE

PRINT 272

FORMAT(//,34H NUCLFARP REPULSIOM ENERGY EZERQ./}

PRINT 246,EREP - ]
CALCULLATE REPULSICN ENFRGY EPLUS =
ERPP=0,

NAT2=2+#NATCMS

NATL=1+NATCMS

DO 270 I=1,NATOMS

DO 270 J=NAT1,NAT2
SRAB=(N(]1,41)=D(J,r1))vel+(D(], 2)-D(J.?))**2+(D(I 3)eD(J23))*v2
RAB=SQRT(SRAR)

JTEMF=J=HATOMS

CZ2(JISCL(JTEMP)

FRPP= &RPP+CZ(I)*CZ(J)/PAR

PRIMNT 2748 o
FORMAT(//,31H NUCLFAR REPULSION ENERGY EPLUS,/)
PRINT 246 ,ERPP




aaaaaononoanan

276

275

201

202

100

102

101

in
11

7
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EREP=EREP+FRPP

PRINT 276

FORMAT(//431H TOTAL MUCLEAR REPULSION ENERGY,/)

PRINT 246,EREP

ERFP=EREP+EELCTR

PRINT 275 .

FORMAT(//,1314 TOTAL FNFRGY./)

PRINT 246,EREP

END o o

SURRCUTIMNE HELMJO(FR,F1,CR,CI,EIGS,N,RO, 1A)

DIMENSION FR(5050),F1(5050),0R(10000),01¢10000),EIGS¢1n0Y, 14,
TFHIS ROUTINE FINDS THF FIGENVALYUES AND EIGEHVECTORS
QF A HERMITIAN MATRIX WHIXH IS CONTAINED IN LNEARIZED Fnre
IN FR AND FI, THF FEIGENVALUES ARE STORED IN EIGS A\D THF
EIGENVECTORS CCME BACK IN THE LINFAR ARRAYS Cl1 aNC CR
NCTEyey THE NOTATION IN THIS SUBROUTINE 1S OPPOSITE OF Wha-
WE HAVE BEEN STICKING TO IN THE OUTHER ROUTINES

N 1S THE DIMENSION OF THE INPUT MATRICES
RC IS THE ACCURAC Y REQUIRED

TYPE REAL MU .
SIGNF(OSAD,QRAD)=SIGN(NSAD,QRADN)
SERTF(ASADI=SSQRT(GSAD)
FLOATFCISSAMI=FLOAT(1SSAM)
COSF(QSAD)Y=CNS(GSAD)
SINF(QSAD)=SIN(QSADN)
ABSF(QSAD)=ABS(QSAD)
NX=1A(Nel)

AN=N+N

DO 201 [=1,NN

CRCEI=0,0

Lo 4 oJ=1,11

1J=1AC1)+d | o
TNSTN @2, *FROTIJIAFRCTIUIS2,oFI LI *FICID
TF(TN,EQ,0,0)100,1n1

0 102 Jsi,N

lTd=1A(J+1) :
I=zd+(Jml) N =
EIGSCJI=SCR(II=FR(IY)

RETURN :

R1=SCRTF(TN)

Fe=RC/FLOATF (N)*R1

THR=RY

JND=D

THRETHR/FLOATF ()

o 6 =2,

Il=1-1

N0 6 J=1,11

Id=1ACI)+J '

WaSARTF(FRITIUIFROIUI+FICI NI «FIC(IUY))

IF(Ww,GE,THR}) 7,6

“\”’):1 —
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21

22
23
24
25
26

52
53
54

60
61

62
63

64
70
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ISA = TAGJ+1)
Vi = FR(ISA)
ISA = TA(]) + J
V2 = FR(ISA)Y .
ISA = TA(]+1)
V3 = FR(ISA)
ISA = TA(l) « J
V4 = FI(ISA)
MUsVYl=Vi1
IF(ML,EQ,0,0)3,2
T1=SCRTF (MUwMU+4 ,vUWrL)
Y= (ML+SIGNF(T1,MUII/ (2., %Uwl)

GO TC 4

Y=1+/W

OHMFEGA=V2wY

TAUSV 4~y

nUP-‘QRTF(CHEGA*OPFGA+TAH*TAU*1.’

DO 5 K=1.,N

IF(J¢GE,K)Z21,22

KJ=1A<J)*K

Zl=el,

GOQ TC 23

kFd=]Aa(K)+J

7.1=-1‘ )

IF¢1,GE,K)24,25

KIsIA(l)+K

XI:‘:i.

GO TC 26

KI=[A(K)+]

X1=-1,

GONTINUE ,
TRIZ(=(FR(KJ)*OMEGA=FI(KJ)*ZI*TAU)+FR(KI))/DUP
TIIS(e(FROKJITAUSFI(KII*ZIXOHEGA)+FI(KI)*X]) /pDue
TR.J= (FR(KJ)+FR(KI)*OHEGA*FI(KI)*XI*TAU)/DUP
TIJS(FI(KJIwZ +F1(KI)YeX]«OMEGA=FR(K] Y«TAU)/DUP
IF(J,GT,K)51,52

KJ=lA(J)+K

FR(KV)=TRJ

rl(Ks,=TIJ

G0 TC 60

KJ=]A(K)+d

IFCJ,LT,K}53,54

TRIKLY=TRJ

FI(KGY==T1J

GO TC 60

FR(KGI=TRY

IFC]GT,K)61,62

KI=1A(1)+hK

FR(KI)=TR] -

FICKI)=T1]

n0 TC 70

Ki=lA(K)«]

IFCEH LT K)63,64

FR(KI)=TR]

FICKI)==T]1

6o TC 70

FR(KI)=TRI

CONTINUE

JK=K+ (J=1)*N

[K=Ke([=1)*N




41
a4

42

45

47

qR
46
460

. T=0R(KJ)

177

CR{JKI+CRUTKI*DMEGA+CT (TK)*TALY/DUP

TRJ ( _
(CRETK) =(CREJK)*OGMEGA=CT (JKI*TALY ) /DUP
(
(

TR
TIJ CI(JK)+CICTKY®OHEGA=~CRECIK)*TALY/DUP
TI1 CICIK)=(ClEJK)*OMEGA+CR(JKI*TAL))/DUP
CR(JK)=TRJ

CR{IK)=TR]

Cl(JK)=TIJ

CI(IK)Y=TI!

CONTINUE ,

VG2 (1, +Y*MU=YaY*WsW )/ (DUP+DUP)

FRCI.)=y2wV5

FI(I-~)=V4'V5 C -

ISA = 1A¢J+1) .

FR(ISA) = V3e1,/Y

ISA = lA(]+1)

FRCISA) = Vie1,/Y

nuunn

CONTINUE
IFCIND,EQ,1)44,41
IF¢(TFR,GT,R2)10,42
IND=0

o TC {1

o 45 1s1,N

1SA = JA(l+1)
FIGSC]) = FR(ISA)
DO 4€0 J=1,N
1l=1+1

IF (11,GT,N) GO TC 460

DO 46 J=I1.N
IF(EIGS(J)LT,EIGS(]))47,46
T=sEICS(J)

FIGSCJI=ZEIGSHL )

FIGS(I)=T

NO 4€ Kz=q,N

kl=K+{J=1)*N

KizK+(l=1)+N

CR(K,)=CR(KI])
CR(K])=T _ .
T=Cl(KJ)

Cl(K«)=Cl(KI])

CI¢(KI)=T

CONTINUE

LONT INUE

CONTINUE

RETURN

FND
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SUBROUTINE WYMAN(EIGS,N,»0CCA,MRIJ)

c CURVS IS TKE CURVATURE OF THE HIGHEST VALENCE BANN
c CuRC3 IS THE CURVATURE OF THE LOKWEST CJINDUCTING B8AND
o EMASS IS THE EFFECTIVE MAuS CF ELECTRON ( HMASS IS THE EFFE-T Vv
c MASS OF THE HOLES ,COMTY IS THE CONDUCTIVITY L,LCOMT IS THE *A'U- AL
C LoG OF THE CONDUCTIVITY , LEIGS IS THE LOWEST ENENGY POINT N T-E
C CONDUCTING BAND , MEIGS IS THE HIGHEST ENERGY POINT IM VAL=.C:
C BAND ,BGAP 1S THE ENERQY GANL GAP IN A.U

000v07 INTEGER OCCA,0CCB

020-07 DIMENSION EIGS(100,8)

020907 REAL MRIJ

0ngJo7 REAL MEIGS,LEI@GS

000 -07 A=50.4537

unoNleo B=-111.1330

000’12 C=10".4546 .

02013 D=-76.8840

000n15 E=92.1648 -

0n0N16 F=-43.3753

UgoV20 G=24.2567

0ngual =-6.9653

090423 HBARS1 . (544E=~27

yo0nnN24 CoND=60.B2Z28E+26

anp 26 0ChB=0CCA»1

00030 Do 1 1=1,N

000031 [F(I.eR.0CCA)3,5

000-35 3 CURVB=A+EIGS(I,1)+B*EIGS(',2)+C*FIGS(1,3)+D*EIGS(1,4)+E~EIGS(L,5)+

1F«EIGS(I,6)+G*EIGS(1,7) +1+EIGS(1,8)

090166 EMASS=HBAR# %2/ (CURVH*27,2.+1.06321E-28)

yUng-/71 MEIGS=EIGS(I:1)

000073 Do 33 Ik=%1,8

000374 MEIGS=AMAXI(EIGS(I,IK),MEICS)

gJo102 33 CO'ITINUE

0901y4 Go 10 1

020104 5 IF(1.£0.0C0CB)4,1 ,

0n0111 4 CURVC=A*EIGS(I,1)+BwEIGS(i.2)+C+FIGS(!,3)«DwFEIGS(1,4)+E~E1G(1,5)+

1F*EIGS(1,6)+G*EIGS(],7) «H+EIGS(1,8) .

070142 HMASS:-HBAR*«2/(CURVYC#27.2:%1.6321E~-28)

030445 LEIGS=EIGS(],1)

000147 D0.44 [k=41,8

000:50 LEIGS=AMINI(EIGS(l, IK),LEICS)

000156 44 COMTINUE

000160 1 CONTINUE

000163 BGAP=LEIGS~MEIGS

000165 EA=SORT(SART(ABS(EMASS)))

000173 H3=SART(SART(ABS(HMASS)))

000201 COTY=CONDw (EAwHB*#*3 +EA=23+HB)*MR]IJ

000213 FCONT= ALOG(COTY)

099p<16 PRINT 20, CURVB,CURV(C

0n0cas PRINT 3r, -EMASS s HMASS

000235 PRINTSD, COTY +FCONT

090245 PRINT 60, LEIGS,MEIGS

0n0<ss PRINT 70, BGAP

000263 10 FORMAT(8F8,4) ' e

000263 20 FOoRrMATC(//,8H CURVHE ,E15,4,2X,8H CURCB= ,E15.4)

000263 22 FORMAT(3X,516)

0n0263 30 FORMAT(//,8H EMASS®E ,E15,4,2%,8H HMASS= ,£15,.4)

00063 50 FORMAT(//,8H CONTF= ,E15,4,2X,8H FCONT= ,E15.4)




00063
010263
00063
0nN6=63
000<64

T gnroues

0n0006
000006
6000190
0nod13
0noJ1é
000021
0000N22
010026
600027
00031
unou3s
000041
0np 44
000050
000Y60
gn0-70
000074
000100
0n0lo1
0no102
0001095
0ng-07
ou0o111
000-15
000117
0ngl2a
0NgL31
000136
0n0i40
000141

60
66
70

222

44

333

FORMAT(//,8H LEIGSE ,EL15,1.2X,8H MEIGS= ,E15.4)
FORMAT(6X.512)

FORMAY(//,8H BGAPa3 ,E15,4)

RETURI.

END

SUBROLUTINE WUN(XK,EIGS,N)

DIMENSION XK(8),EIGS(100,5),YENG(800),VEC(8),DX(32),DY(30)
CO'IMDN/IDENT/IDENT(B) :

CALL PLOTS(100,24H WUN 1,D.NLMBER K»562305.)

CaLL PLOT(1,0,-11.0, 3) .
CALL F’LUT(1.0|'9.5.G3) '

CALL PLGT(1.,0,=9,5,~3)

[1=0

DO 222 1=1,N

Do 222 J=3,8

[I=1!+1

YENG(TI)=SEIGS(]I,J)

CONT IMUE

CALL SCALE (XK,3,08,8,1,X%X1.,Dx)

CAlLL SCALE (YENGJB|OJIIoin"0’DY)

CALL aXIiSC0.0,0,0,13H WAVI: VECTORS,-13,3.08,0.0,Xn,nX)
CALL AXISC0,0,0,0,14H ENERCY (A.1)y),+14,8.0,90.0,Y0,DY)
Cal.L sYmMBOL(0,5,9.50,0,20,76F ENERGY BAND STRUCTURES nf,0.0,26)
CaLL sYMBOL(1,0,9.00,0,20,!1DENT,0.0,80°

Mz=0

K=0

Do 333 IJ=1,11

K=K+1

VEC(KISYENG(TJ)

[F(K.EQ.B)44,333

MZ2=MZ+1

K=0

CALL LINE(XK,VEC,8,1,~1,MZ.X1i,DX,Y0,DY)

CoNT INUE

CaLlL FLOT(12,0,0,0,999)

RETURHN

END
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)
INPUT DATA.,.
POLYETHYLENE 1C ATOM PER CELL
 NATOMS = 3 CHARGE = 0 MULTIP = 1
Z MATRIX
6 =0-0,0000 =0 ~¢.000000 <0 =0.000150 =0
"4 11,1000 .0 =-4,(00000 =0 «0.00Q0u 0 =0
1 1 1.1000 2 1°9,671221 =0 =0.000400 =0
6 1 1.5400 2 1°5.471221 3 109.4712721 =1
1 4 1.1000 1 179.471221 2 109.4712:1 =0
1 4 1.1000 1 109.471221 5 109.471::21 =g
OUTPUT DATA..
COORDINATES
NO OF ATOM  SsYMBOL X Y z
1 c 0,00000000 «£,60:°0500 0.000°0000
2 H 86,00000000 ,00.C0C00 1.120-0000
3 H 1,03708994 0,60150000 =,34655667
4 C «,72596298 -1,257¢0472 -,51333334
5 H ~1,68797558 - ,96¢10%07 -.96148150
6 H ©,19985346 =1,64%°6001 -1,39654939
DISTANCES
1 2 3 4 5 6

p 06,0000 1.1o0%0 11,1000 1.5400n 2.1705 2.,1775
2 1,1000 0.03%5 11,7963 2.,1705 2.2348 2.9987
3 1.1000 11,7963 10,0000 2.1705 2.%525 2,3047
4 1.5400 2.17 5 2,1705 0.0000 1.:000 1.1070
5 2.,1705 2.334% 2,9525 1.1000 0.7000 1.6936
6 1

2.1705 2.9987 2,3047 1.2000 €936 0.0000

' PROCEEDING TD SEGMENT 2 CF CARD NUMGER 2

IN INTOV
IN “OEFF
IN INTGRL
IN INTGRLP




PROCEEDING TO SEGMENI

IN HUCKCL

NELECS= 6

PROCEEDING TO SEGMENT

CORE HAMILTONIAN

0CCcA=

3

3 CF CARD NUMRER 7

4 CF CARD NUMKER 4

IN SCFCL _ _ '
SUM~ZERD = , 0184822992 2.3963007062
SUMPZERQ = 0024644322 .
SUMPZERQ = 0015446736 ~1.0162645347
SUMPZERQ = c 0008659441 '=.5646649263
SUMPPLUS = , 0001538202 =. 4427501722
| 0003738206
ENE"GY BAND STRUCTURE 3805874197
.4132375702
.062376547¢6 . 3193655505 74520916478
1 -1,63302(03665 -1.6141868828 ~1,53233:5242
2 =,9904454938 =-.9759100949 =,01326%%410
3 =,7616341146 ~.7405801474 =,64782579¢0
4 ,1562209920  .1552125545  ,146495542(
5  ,2529093744  .2548693076  ,26475003%6
6 5662900872  .5465690007 ,46538c¢:511
CURVB= »5,2092E+40 CURCB= ~4,0140E+00
EMASS= =4,8058E~29  HKMASS® “6.,2368E~29
CON'F= 1,1988E+00 ‘FCONT= 1.8125E~01
LEIGS= *2,1883E-G2 MEIGS= ~3.1337E-01
BGAP= 2,9148E-ul
ATO™  ATOMIC NO  SYMBOL  CHARGE  NET CHARGE
1 6 C 3,93764 , 0623553
2 1 H 1,02390 -, u:35035

2,8221971035

»,5333334463
».5716164052
-.5106098085

1704015728
.4120628829
.4508675611

1.2826578643

-1.36697n6866
~.7899340570
-.45864623842

0832451202
2933910402
.3525101915

81 -

3.0792161064

|
L=.9110316347
-.597721743¢
-.5070451035

1886327798
« 4204253979

L 4601520168
—

1.858934789;

r1,170167301¢

~+H683255801 !
-,0133607022°
-.0713884096¢
e 3394541 65¢
e 349374126



K=

CR

L L N AN

Cl

OV &GN

CR

OV &)

Cl

ONAEUUNE

206237

1
7177
0766

-'0276
.0584
. 2960
3094

1
4604
0593

"0062
. 0325
«1916
2003

¢ 31939

1v
«2538
-.,0124
-00564
~.0167
.0986
+1031

.8086
.1080
-.0125
.0602
3408
. 3559

655

2
». 0055
0636
=, 0041
-.2797
-.0522
.0568

2
.0472
=.5038¢
.2418
L6012
. 4055
», 4423

555

2
-,0267
.3154
-, 0192
-.3964
-, 2643
.2851

.1362
=,3943
.1334
46073
.3138
=, 3456

1,03845

3 4
12673 3492
-.5745 . 0581
+4881 =,3439
-|d175 -1247
-,2112 =,5223
-.1625 #».3720

3 4
~,0442 «,2488
0869 «,0341
~,0704 2494
0740 =-,0810
0392 3628
, 0241 25735

3 4
0202 .2245
-,0806 ,0070
0864 «.2486
-.0920 0461
-.0379 =,2956
-,0259 =~,210¢6

3 4
-l2790 13609
5775 0714
-,4849 «,30646
5073 13709
2093 ~.5525
'1660 "04021

-,0784518

5
0169
1143
€240

.1412

.1436

.1913

.C555
2601

.0824
L4450

.45%4

0511

-

SA033

26€8

.77E8

., 1584
4648

-
[V WY

.€06¢C

VI NN O U
RPN
T= D O 0

N ~di-
[oS 3NN ¢

182

6
-.0996
-.4787
-.7284
-.3308

.1698
1767

.0087
12450
«1895
.0828
-.0421
-.0437

.0869
+4813
72968
3318
-.1776
-.1849

<1046
.1128
.13‘}7
.0784
-.0455
~.0479



CR

Cl

CR

o1

K=

onmasaaE

N &l

N b WNe

VTN

d 2
6282 . 0333
00158 -.4656

'-1067 L0252
-.0021 .580¢
2667 4222
02768 =»,4433

i 2
5289 .N045
01505 --1059
00687 -0:3065
.1015 .1789
.2489 .1118
2580 +».1153

1.28265786

1 2
.7479 =,5080
.1077 .4038

'00795 ..0056
D678 =,5383
3753 =,4503
.3815 4527

1 -2
«1005 e»,5012
.1945 .1395
2174 0174
1457 = _,24328
.0868 =,1754
.0881 1775

1.85893479

v - A— Cam bk L AES e e e asme a el s

3
-,2904
5649
=,4811
+4758
.2070
,1801

3
1264
-,1661
«3834
-, 0967
~.0410
-,0433

0102
0628
-.2209
v 0930
0609
+ 0575

3795
-.5812
24208
-,4135
-,2228
4'.2252

4
».258¢%
-.0946

3179
~,1324
4631
3695

« 2978

-,0315
".4227

0132
- 03436
~.2605

4
2564
-.154>2
'07056
*. 1056
“,2432
v, 2063

-00221
1608
- 02236
,1444
--3291
'03070

5

.2051
7419
-.7171
550
L 432
.0628

L1331
.27e5
LNTED
L4991
» 4944

€877

0171
.1420
.7241
..090
L1722
.1852

.7136

.

2538
525

=286
4924
.4715

183

6
-.1872
. 03314
«1514
.0250
.0048
0075

«1799
+ 4959
6614
«3378
e 22")7
~.2423

-.2866
0203
,2384
.0183
.0520
.0733

3797
.4837
3350
.2939
-.34%9

-.3959
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P e
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.

CR

Cl

CR

AUV AUANE

N LGN

oONIaGINE

CI

CR

OV d U

b 2
-.4841 .0078
.0549 2272
2709 1416
L0415 =.3592
-,.2613 ~=_.341
~.2549 L3329
i 2
“04114 '.0184
-,2991 =~.281)
-~,2486 .8027
-.2228 L4090
'03070 .4252
-,2999 =,4046
2.39630071
- 1 2
~-,0646 =~_,0185
-03708 .2701
-.5155 .1295
-.2737 ~03795
-.1573 =.5¢14
-01471 .4048
1 2
L4627 -=,7191
.1186 =.143%
-,0581 L1346
0977 3067
. 3515 .3863
3267 =,2919
2.82219710

3
0648
-02233
»5221
~-,1424
-.2870
-,3285

-,2777
4309
2309
2595
1919
12062

3
2588
~.1347
'06253
-,1579
1589
«2810

3
-.0868
-.3024
-.0257

-01106.

'02599
'04452

4
+3458
~.2271
6438
'01376
«129¢C
1164

. 3244
-.3345
-.2782
~.2620

.029¢

. 0355

4
-.4059
.2999
-.0688
00463
0607

5494
~. 3345
. 4839
-.1805
‘00562

"00771 .

5
2976

23588
L1989
L7699
. 1BEDN
-,2004

L3327
L4827
0323
. 993
2273

4577

.1445
.0571
L1203
442
.h7%8

4429

.£067
.2347
.0871
.2415
.2172

6
1425
-.2316
~.0538
.3727
-.4668

'l0276
.1827
-.05n6
-.3676
«3159
- 12033

-,0868

.2022
L0375

-.5108
3790

-.1852"

-.1237
<1767
«1015

-.5333
+ 3641

-.1680




[ S )

[« A IR U

Cl

OoONArUN

Ul &N

Cl

O A LN

PD

oSN E

.2494 L1325
3558 =,1674
+4001 =~,3530%
.+2695 = 2533
-3161 .1090
.2847 .2118
1 2
-.0872 =.,3232
2982 .14763
5027 .35A57
2134 =,248%3
-0386 ".6985
0357 = ,1653
3.07921611
1 2
.1222 .2255
4890 -, 117
6768 =,.2:35
3614 L1051
w2763 L2800
2471 L1772
1 2
-00330 .364U
0621 =,0793
«1143 =,4341
0436 L1147
-.0032 .5571
-.0026 .2562
1 2
1,1044 « 1759
-.0759 .9765
10015 ".-','38‘3
-, 0637 .0679
4567 =, 11430
.4711 .7419

-.2212
~.2744
1950
. e0908
2939
=07493

-,0048
1133
¢1043
0018

~,0306
»1120

'01739
-,2901
1164
14165
+ 4049
-.7282

0066
0291
0098
~,0191
'00251
0484

0015
-.0385
+B8769
-10572
~.c041
-«1951

.712%
-,3623
3357
~.2259
-01184
».1500

-12682
1272
'02223
0562
0447
0555

4
.2899
=,1467
1251
"'00867
”00512
~,0649

'-07236

. 3583
-,3589
2021
1281
.1614

4
=~,0637
.0409
., 0572
9798
.8C41
-.3115

. 1615
L6443
.29°0
7350
JA17ED
2770

.1547
.31965
<1282
0218
.7642
.15¢7

.1114
.2219
-79¢1
7875

-."5328

[V

.1576

.2523
.6547
.3128
.7 284
.1642
.4701

.4BE7
. 1432
.21
L8041
..278
.. 279

185

.1100
-.1672
-.1025

.5821
-.38A0

«1512

.1138
-.1316
-.1172

«5189
-.3324

»1245

0704
-.0811
-.0761

.3388
-.2158

0769

-.1422
1766
«1501

-o7139
4569

-.1650

7419
-.19%4
-.3115
-.0279
1.0334
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P U RSO | - e e e e e © .

- - ifw‘d e . 186'

ELECTRONIC EMERGY EZERO

=21.,43799082
PP
1 2 3 4 5 )
i « 3112 ~,2244 -~,1389 =,.31477 238 -.00nt
-2 0126 1520 -.2640 «,0153 126 .0306
3 04664 =~ ,4763 -,2632 =,3316 ~.7069 -,009%
4 «0160 <~.0145 ~,1867 1675 .74z8 0131
5 -00054 = 4.5 .00097 -,0459 -.1916 -.0083
é -.0345 <0063 =,0417 =~,0153 w=.2095 =~-,1765

. EPLUS
' -.10496426

l ELECTRONIC ENERGY
. -21.82791935

NUCLEAR REPULSION E'ERGY EZERQ
4.14307571

NUCLEAR REPULSION ENERGY EPLUS
10.17065262

- TOTAL NUCLEAR REPULSION ENERGY
14.31372833

]. TOTAL ENERGY
~7,51419102

PROVEEDIMG TO SEGMENT 1 OF CARD NUMRER 1

e e 0 1 Bt e W e




