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CHAPTER I
PREFACE TO FIRST EDITION, VERSION 3.10

Although this is the first CRAY version of MOPAC distributed by
QCPE, 1t has been given the version number 3.1 in order to allow
comparison with equivalent MOPAC programs on other machines. All
options described in the manual should function as described.

As the program and manual were 1initially written for a VAX
computer, there will be minor differences between the output given here
and that obtained using a CRAY supercomputer. These differences are not
significant, reflecting only different machine precisions.

The CRAY version of MOPAC has been tested on systems of 65 heavy
atoms and 62 1ight atoms, and shown to work correctly for geometry
optimization and reaction path work. Due to the long times required for
such calculations - one SCF requires 58 seconds of CRAY time -~ such
testing of the other options on large systems has not been done.
However, testing of most other options has been done on smaller systems.

MOPAC is the core program of a series of programs for the
theoretical study of chemical phenomena. This version §s the third in
an on-going development, and efforts are being made to continue ftts
further evolution. In order to make the use of MOPAC easier, four other
programs have also been written. Users of MOPAC are recommended to use
all four programs. Efforts will be made to continue the development of
these programs.

Recommended Programs
DRANW
DRAW, written by Maj. Donn Storch, is a powerful editing program
specifically written to Iinterface with MOPAC. Among the various
facllities it offers are:
1. The on-line editing and analysis of a data file, starting from

scratch or from an existing data file, an archive file, or from
a results file.
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PREFACE TO FIRST EDITION, VERSION 3.10 Page I-2

2. The option of continuous graphical representation of the system
being studied. Several types of terminal are supported,
fncluding DIGITAL, HEATHKIT, TEKTRONIX, and TERAK terminals.

3. The drawing of electron density contour maps generated by
DENSITY on graphical devices.

4. The drawing of solid-state band structures generated by MOSOL.

5. The sketching of molecular vibrations, generated by a normal
coordinate analysis.

DENSITY

DENSITY, written by Dr. James J. P. Stewart, 1is an
electron-density plotting program. It accepts data-files directly from
MOPAC, and is intended to be used for the graphical representation of
electron density distribution, individual M.0.s and difference maps.

MOHELP

MOHELP is an on-l1ine help facility, written by Maj. Donn Storch
and Dr. James J. P. Stewart, to allow non-VAX users access to the VAX
HELP libraries for MOPAC, DRAW, and DENSITY.

MOSOL

MOSOL is a full solid-state MNDO program written by Or. James J.
P. Stewart. In comparison with MOPAC, MOSOL is extremely slow. As a
result, while geometry optimization, force constants, and other
functions can be carried out by MOSOL, these slow calculations are best
done using the solid-state facility within MOPAC. MOSOL should only be
used for generating band-structures and densities of states, a task that
MOPAC cannot perform.

IMPORTANT CHANGES FROM EARLIER VERSIONS OF MOPAC

Users must be aware of two important modifications. These are

(1) In FORCE calculations, atomic weights, not isotopic masses, are
used. This change 1is Justified by the fact that most experimental
measurements are made using the natural abundance isotopes. The option
of using specific isotopes is provided.

(2) In the FORCE calculation, if the geometry is not already
optimized, then, by default, the Davidon-Fletcher-Powell optimization
will be used to optimize it, instead of Bartell's gradient minimization.
The option of using Bartell's method is provided.




CHAPTER 1
INTRODUCTION

MOPAC 1s a general-purpose semi-empirical molecular orbital package
for the study of chemical reactions. The semi-empirical Hamiltonians
MNDO, MINDO/3, and AM] are impliemented, and calculations of vibrational
spectra, thermodynamic quantities, isotopic substitution effects and
force constants for molecules, radicals, ions, and polymers are combined
in a fully integrated package. Within the electronic part of the
calculation, efgenvectors and localized orbitals, chemical bond indices,
charges, molecular orbitals etc. are calculable. For studying chemical
reactions, a transition-state location routine and two transition state
optimizing routines are available. For potential users to get the most
out of the program they must understand how the program works, how to
enter data, how to interpret the results, and what to do when things go
wrong.

While MOPAC calls upon many concepts in quantum theory and
thermodynamics and uses some fairly advanced mathematics, the user who
is not familiar with these specialized topics should not feel excluded
from using it. On the contrary, MOPAC 1is written with the
non-theoretician in mind. To this end the data are kept as simple as
possible; this means that users can give their attention to the
chemistry tnvolved, and not concern themselves with quantum and
thermodynamic exotica.

NOTES (1) This is the "third edition”. MOPAC has undergone a
considerable expansion since the second version, and users of the first
or second editions are recommended to familiarize themselves with the
changes which are described in this manual. If any errors are found, or
{f MOPAC does not perform as described, please contact Dr. James J. P.
Stewart, Ffrank J. Seiler Research Laboratory, U.S Air Force Academy,
Colorado Springs, CO 80840. (2) MOPAC runs sucessfully on normal CDC,
Data General, Gould, and Digital computers, and also on the CDC 205
“supercomputer”.
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INTRODUCTION

1.1 SUMMARY OF MOPAC CAPABILITIES

W B N O O &

10.
1.
12.
13.
14,
15.
16.
17.

8.

MNDO, MINDO/3, and AM1 Hamiltonians.
RHF and UHF methods.

Extensive Configuration Interaction
1. 100 configurations

2. Singlets, Doublets, Triplets, Quartets, Quintets,
Sextets

3. Excited states

4. Geometry optimizations, etc., on specified states

Single SCF calculation

Geometry optimization

Gradient minimization

Transition state location

Reaction path coordinate calculation
Force constant calculation

Normal coordinate analysis
Transition dipole calculation
Thermodynamic properties calculation
Localized orbitals

Covalent bond orders

Bond analysis into sigma and pi

One dimensional polymer calculation
Dynamic Reaction Coordinate calculation

Intrinsic Reaction Coordinate calculation

Page 1-2
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1.2 LAYOUT OF DATA

This section is aimed at the complete novice -- someone who Kknows
nothing at all about the structure of a MOPAC data-file.

First of all, there are at most four possible types of data-files

for MOPAC, but the simplest data-file is the most commonly used. Rather
than define it, an example is shown below.

1.2.1 Example Of Data For Ethylene

Line 1 : UHF PULAY MINDO3 VECTORS DENSITY LOCAL T=300

Line 2 : EXAMPLE OF DATA FOR MOPAC

Line 3 : MINDO/3 UHF CLOSED-SHELL D2D ETHYLENE

Line 4a: C

Line 4b: C 1.400118 1

Line 4c: H 1.098326 1 123.572063 1

Line 4d: H 1.098326 1 123.572063 1 180.000000 0 2 1 3
Line 4de: H 1.098326 1 123.572063 1 90.000000 0 1 2 3
Line 4f: H 1.098326 1 123.572063 1 270.000000 0 1 2 3
Line 5 :

As can be seen, the first three lines are textual. The first 1line
consists of key-words (here seven key-words are shown). These control
the caiculation. The next two lines are comments or titles. The user
might want to put the name of the molecule and why it is being run on
these two lines.

These three lines are obligatory. If no name or comment is wanted,
leave blank 1lines. If no key-words are specified, leave a blank line.
A common error is to have a blank line before the key-word 1line: this
error is quite tricky to find, so be careful not to have four lines
before the start of the geometric data. Whatever is decided, the three
1ines, blank or otherwise, are obligatory.

The next set of lines defines the geometry. In the example, the
numbers are all neatly lined up; this is not necessary, but does make it
easier when looking for errors in the data. The geometry is defined in
lines 4a to 4f; line 5 terminates both the geometry and the data-file.
Any additional data, for example symmetry data, would follow line 5. An
explanation of the geometry definition is given in the chapter "GEOMETRY
SPECIFICATION".

...........................................
......................
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Summarizing, then, the structure for a MOPAC data-file fis:

Line 1: Key-Words. (See chapter 2 on definitions of key-words)

Line 2: Title of the calculation, e.g. the name of the molecule or ion.
Line 3: Other information describing the calculation.

Line 4: 1Internal or cartesian coordinates (See chapter on

specification of geometry)
Line 5: Blank line to terminate the geometry definition.

Other layouts for data-files 1involve additions to the simple
layout. These additions occur at the end of the data-file, after line
5. The three most common additions are:

(a) Symmetry data: This follows the geometric data, and {s ended
by a blank line.

(b) Reaction path: After all geometry and symmetry data (i1f any)
are read in, points on the reaction coordinate are defined.

(c) Saddle data: A complete second geometry is input. The second
geometry follows the first geometry and symmetry data C(if any)

..............................

......
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1.2.2 Example Of Data For Polytetrahydrofuran

Line 1 :T=40000

Line 2 : POLY-TETRAHYDROFURAN (C4 H8 0)2

Line 3 :

Line 4a: C 0.000000 O 0.000000 O 0.000000 0 0 0 O
Line 4b: C 1.551261 1 0.000000 O 0.000000 0 1 0 O
Line 4¢c: O 1.401861 1 108.919034 1 0.000000 0 2 1 O
Line 4d: C 1.401958 1 119.302489 1 -179.392581 1 3 2 1
Line de: C 1.551074 1 108.956238 1 179.014664 1 4 3 2
Line 4f: C 1.541928 1 113.074843 1 179.724877 1 § 4 3
Line 4g: C 1.551502 1 113.039652 1 179.525806 1 6 S 4
Line 4h: O 1.402677 1 108.663575 1 179.855864 1 7 6 5§
Line 4i: C 1.402677 1 119.250433 1 -179.637345 1 8 7 6
Line 4): C 1.552020 1 108.665746 1 -179.161900 1 9 8 7
Line 4k: XX 1.552507 1 112.659354 1 -178.914985 1 10 9 8
Line 41: XX 1.547723 1 113.375266 1 -179.92499% 1 1110 9
Line 4m: H 1.114250 1 89.824605 1 126.911018 1 1 3 2
Line 4n: N 1.114708 1 89.909148 1 -126.650667 1 1 3 2
Line 40: N 1.123297 1 93.602831 1 127.182594 1V 2 4 3
Line 4p: N 1.123640 1 93.853406 1 -126.320187 1 2 4 3
Line 4q: H 1.123549 1 90.682924 1 126.763659 1 4 6 §
Line 4r: H 1.123417 1 90.679889 1 -127.033695 1 4 6 5
Line 4s: H 1.114352 1 90.239157 1 126.447043 1 § 7 6
Line 4t: H 1.114462 1 89.842852 1 -127.140168 1 § 7 6
Line 4u: H 1.114340 1 89.831790 1 126.653999 1 6 8 7
Line 4v: H 1.114433 1 89.753913 1 -126.926618 1 6 8 7
Line 4w: H 1.123126 1 93.644744 1 127.030541 1 7 9 8
Line 4x: H 1.123228 1 93.880969 1 -126.380511 1 7 9 8
Line 4y: H 1.123328 1 90.261019 1 127.815464 1 9 11 10
Line 42: H 1.123227 1 91.051403 1 -125.914234 1 911 10
Line 4A; H 1.113970 1 90.374545 1 126.799259 1 1012 N
Line 4B: H 1.114347 1 90.255788 1 -126.709810 1 1012 N
Line 4C: Tv  12.299490 1 0.000000 O 0.000000 0 111 10
LineS5: O 0.000000 O 0.000000 O 0.000000 0 0 0 O

Polytetrahydrofuran has a repeat unit of (C4 H8 0)2; i.e., twice
the monomer unit. This is necessary in order to allow the lattice to
repeat after a translation through 12.3 Angstroms. See the section on
Solid State Capability for further details.

Note the two dummy atoms on lines 4k and 41. These are useful, but
not essential, for defining the geometry. The atoms on lines 4y to 4B
use these dummy atoms, as does the translation vector on line 4C.

The translation vector has only the length marked for optimization.
The reason for this is also explained in the Background chapter.

.............
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CHAPTER 2
KEY-WORDS

2.1 SPECIFICATION OF KEY-WORDS

A1l control data are entered in the form of key-words, which form
the first 1ine of a data-file. The order in which key-words appear is
not important although they must be separated by a space. Some
key-words can be abbreviated (for example 1ELECTRON can be entered as
1ELECT) but in general the full key-word 1is preferred, primarily in
order to more clearly document the calculation, and secondarily to
obviate the possibility that an abbreviated key-word might not be
recognized. If there 1{s insufficient space in the first 1ine for all
the key-words needed, then consider abbreviating the longer words. One
type of key-word, those ending in an equal sign, such as, BAR=0.0S5, may
not be abbreviated, and the full word needs to be supplied.

If two key-words which are incompatible, 1ike UHF and C.I., are
supplied, or a key-word which is iacompatible with the species supplied,
for instance TRIPLET and a methyl radical, then error trapping will
normally occur, and an error message printed. This usually takes an
insignificant time, so data are quickly checked for obvious errors.
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KEY-HORDS

2.2 FULL LIST

1ELECTRON-~
OSCF -
1SCF -
AM1 -
BAR=n.n -~
BIRADICAL-
BONDS
C.I.
CHARGE=n
COMPFG
CYCLES
DCART
DEBUG
DEBUGPULA
DENOUT
DENSITY
DEP
DEPVAR=n
DERIV
DFORCE
DOUBLET
DRC

ECHO

EIGS
ENPART
ESR
EXCITED
EXTERNAL
FILL=n
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FLEPO
FMAT
FOCK
FORCE
FULSCF
GEO-OK
GNORM=n . n-
GRADIENTS-
GRAPH
HCORE
H-PRIO
IRC
1SOTOPE
ITER
ITRY=N
KINETIC
LARGE
LET
LINMIN
LOCALIZE

Page 2-2

OF KEY-WORDS USED IN MOPAC

FINAL ONE-ELECTRON MATRIX TO BE PRINTED

READ IN DATA, THEN STOP

DO ONE SCF AND THEN STOP

THE AM1 HAMILTONIAN TO BE USED

REDUCE BAR LENGTH BY A MAXIMUM OF n.n

SYSTEM HAS TWO UNPAIRED ELECTRONS

FINAL BOND-ORDER MATRIX TO BE PRINTED

A MULTI-ELECTRON CONFIGURATION INTERACTION SPECIFIED
CHARGE ON SYSTEM = n (e.g. NH4 => CHARGE=1)
PRINT HEAT OF FORMATION CALCULATED IN COMPFG
PERFORM MAXIMUM NUMBER OF CYCLES IN NLLSQ
PRINT DETAILS OF WORKING IN DCART

DEBUG OPTION TURNED ON

PRINT DETAILS OF WORKING IN PULAY

DENSITY MATRIX OUTPUT (CHANNEL 10)

FINAL DENSITY MATRIX TO BE PRINTED

GENERATE FORTRAN CODE FOR PARAMETERS FOR NEW ELEMENTS
TRANSLATION VECTOR IS A MULTIPLE OF BOND-LENGTH
PRINT PART OF WORKING IN DERIV

FORCE CALCULATION SPECIFIED, ALSO PRINT FORCE MATRIX.
RHF DOUBLET STATE REQUIRED

DYNAMIC REACTION COORDINATE CALCULATION

DATA ARE ECHOED BACK BEFORE CALCULATION STARTS
ALL EIGENVALUES IN ITER TO BE PRINTED

ENERGY TO BE PARTITIONED INTO COMPONENTS

RHF UNPAIRED SPIN DENSITY TO BE CALCULATED
FIRST EXCITED SINGLET STATE IS TO BE OPTIMIZED
MNDO OR AM1 PARAMETERS TO BE READ OFF DISK

IN RHF OPEN AND CLOSED SHELL, FORCE M.O. n

TO BE FILLED

PRINT DETAILS OF GEOMETRY OPTIMIZATION

PRINT DETAILS OF WORKING IN FMAT

LAST FOCK MATRIX TO BE PRINTED

FORCE CALCULATION SPECIFIED

FULL SCF CALCN'S TO BE DONE IN SEARCHES
OVERRIDE INTERATOMIC DISTANCE CHECK

FLEPO EXIT WHEN GRADIENT NORM BELOW n.n

ALL GRADIENTS TO BE PRINTED

GENERATE FILE FOR GRAPHICS

PRINT DETAILS OF WORKING IN HCORE

HEAT OF FORMATION TAKES PRIORITY IN ORC
INTRINSIC REACTION COORDINATE CALCULATION
FORCE MATRIX WRITTEN TO DISK (CHANNEL 9 )
PRINT DETAILS OF WORKING IN ITER

SET LIMIT OF NUMBER OF SCF ITERATIONS TO N.
EXCESS KINETIC ENERGY ADDED TO DRC CALCULATION
EXPANDED OUTPUT TO BE PRINTED

DO NOT REDUCE GRADIENTS IN FORCE

PRINT DETAILS OF WORKING IN LINMIN

LOCALIZED ORBITALS TO BE PRINTED

- 10 -
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LOCMIN
MINDO/3
MECI
MOLDAT
MULLIK
NLLSQ
NOINTER
NOXYZ
OLDENS
OPEN

PI

PL
POWSQ
PRECISE
PULAY
QUARTET
QUINTET
RESTART
ROOT=n
ROT=n
SADDLE
SCFCRT=.
SEARCH
SEXTET
SHIFT=n
SIGMA
SINGLET
SPIN
STEP1=n
STEP2=n
SYMMETRY
T=n
THERMO
TIMES
T-PRIO
TRANS

TRIPLET
UKF
VECTORS
X-PRIO
Xy

=
I

Page 2-3

PRINT DETAILS OF WORKING IN LOCMIN

THE MINDO/3 HAMILTONIAN TO BE USED

PRINT DETAILS OF MECI CALCULATION

DETAILS OF WORKING IN MOLDAT TO Bt PRINTED
PRINT THE MULLIKEN POPULATION ANALYSIS
GRADIENTS TO BE MINIMIZED USING NLLSQ.
INTERATOMIC DISTANCES NOT TO BE PRINTED
CARTESIAN COORDINATES NOT TO BE PRINTED
INITIAL DENSITY MATRIX READ OFF DISK
OPEN-SHELL RHF CALCULATION REQUESTED

RESOLVE DENSITY MATRIX INTO SIGMA AND PI BONDS
MONITOR CONVERGANCE OF DENSITY MATRIX IN ITER
PRINT DETAILS OF WORKING IN POWSQ

CRITERIA TO BE INCREASED BY 100 TIMES

PULAY'S CONVERGER TO BE USED TO OBTAIN A SCF
RHF QUARTET STATE REQUIRED

RHF QUINTET STATE REQUIRED

CALCULATION RESTARTED

ROOT n TO BE OPTIMIZED IN A C.I. CALCULATION
THE SYMMETRY NUMBER OF THE SYSTEM IS n.
TRANSITION STATE TO BE OPTIMIZED

DEFAULT SCF CRITERION REPLACED BY THE VALUE SUPPLIED
PRINT DETAILS OF WORKING IN SEARCH

RHF SEXTET STATE REQUIRED

A DAMPING FACTOR OF n DEFINED

GRADIENTS TO BE MINIMIZED USING SIGMA

RHF SINGLET STATE REQUIRED

FINAL UHF SPIN MATRIX TO BE PRINTED

STEP SIZE n FOR FIRST COORDINATE IN GRID CALCULATION
STEP SIZE n FOR SECOND COORDINATE IN GRID CALCULATION
SYMMETRY CONDITIONS TO BE IMPOSED

A TIME OF n SECONDS REQUESTED

A THERMODYNAMICS CALCULATION IS TO BE PERFORMED.
TIMES OF VARIOUS STAGES TO BE PRINTED

TIME TAKES PRIORITY IN DRC

THE SYSTEM IS A TRANSITION STATE

(USED IN THERMODYNAMICS CALCULATION)

TRIPLET STATE REQUIRED

UNRESTRICTED HARTREE-FOCK CALCULATION

FINAL EIGENVECTORS TO BE PRINTED

GEOMETRY CHAGES TAKE PRIORITY IN DRC

ALL GEOMETRIC OPERATIONS TO BE DONE IN
CARTESIAN COORDINATES.

-1 -
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2.3 DEFINITIONS OF KEY-WORDS

1ELECTRON

The final one-electron matrix 1is printed out. This matrix 1is
composed of atomic orbitals; the array element between orbitals 1 and J
on different atoms is given by

H(1,3) = 0.5 x (beta(i) +beta(j)) x overlap(i,j)

The matrix elements between orbitals 1 and j on the same atom are
calculated from the electron-nuclear attraction energy, and also from
the U(1) value, if is=].

The one-electron matrix is unaffected by (a) the charge, and (b)
the electron density. It is only a function of the geometry.
Abbreviation: 1ELEC.

OSCF

The data can be read in and output, but no actual calculation fis
performed when this key-word 1is used. This is useful for checking
purposes.

1SCF

When a single geometry is to be studied, then 1SCF should be used.
A1l the key-words relevant to output can be used. If the gradients are
to be calculated, then GRADIENTS should be specified as they are not
calculated by default.

If the key-word RESTART 1is also present, then the geometric
parameters which were being optimized will be used in the gradient
calculation.

ISCF is helpful in a learning situation. MOPAC normally performs
many SCF calculations, and in order to minimize output when following
the working of the SCF calculation, 1SCF is very useful.

AM1

The new AM1 method s to be used. By default MNDO is run.

-12 -
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BAR=

In the SADDLE calculation the distance between the two geometries
is steadily reduced until the transition state is located. Sometimes,
howevar, the user may want to alter the maximum rate at which the
distance between the two geometries reduces. BAR is a ratio, normally
0.15, or 15 percent. This represents a maximum rate of reduction of the
bar of 15 percent per step. Alternative values that might be considered
are BQR-0.0S or BAR=0.10, although other values may be used. See also
SADDLE.

BIRADICAL

NOTE: BIRADICAL is a redundant key-word, and represents a
particular configuration interaction calculation. Experienced users of
MECI can duplicate the effect of the key-word BIRADICAL by using the
MECI key-words OPEN(2,2) and SINGLET.

For molecules which are believed to have biradicaloid character the
option exists to optimize the lowest singlet energy state which results
from the mixing of three states. These states are, in order, (1) the
(micro)state arising from a one electron excitation from the HOMO to the
LUMO, which 1is combined with the microstate resuliting from the
time-reversal operator acting on the parent microstate, the result being
a full singlet state; (2) the state resulting from de-excitation from

the formal LUMO to the HOMO; and (3) the state resulting from the single .

electron in the formal HOMO being excited into the LUMO.

Microstate 1 Microstate 2 Microstate 3
Alpha Beta Alpha Beta Alpha Beta Alpha Beta
LUMO [ ] * » *
+
Hom * ] * *

- - - - —— - - -—— -

A configuration interaction calculatfon is involved here. A biradical
calculation done without C.I. at the RHF level would be meaningless.
Either rotational invariance would be Tlost, as 1in the D2d form of
ethylene, or very artificial barriers to rotations would be found, such
as in a methane molecule "orbiting” a D2d ethylene. In both cases the
inclusion of limited configuration 1{nteraction corrects the error.
BIRADICAL should not be used if efther the HOMO or (UMO 1{s degenerate;
in this case, the full manifold of HOMO x LUMO should be included in the
C.I., using MECI options. The user should be aware of this situation.
When the biradical calculation 1s performed correctly, the result is

- 13 -
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KEY-WORDS Page 2-6

normally a net stabilization. However, if the first singlet excited
state is much higher in energy than the closed-shell ground state,
BIRADICAL can lead to a destabilization. Abbreviation: BIRAD. See
also MECI, C.I., OPEN, SINGLET.

BONDS

The rotationally invariant bond order between all pairs of atoms is
printed. In this context a bond is defined as the sum of the squares of
the density matrix elements connecting any two atoms. For ethane,
ethylene, and acetylene the carbon-carbon bond orders are roughly 1.00,
2.00, and 3.00 respectively. The diagonal terms are the valencles
calculated from the atomic terms only and are defined as the sum of the
bonds the atom makes with other atoms. In UHF and non-variationally
optimized wavefunctions the calculated valency will be incorrect, the
degree of error being proportional to the non-duodempotency of the
density matrix. For an RHF wavefunction the square of the density
matrix is equal to twice the density matrix.

C.1.

Normally configuration interaction {is invoked if any of the
key-words which imply a C.I. calculation are used, such as BIRADICAL,
TRIPLET or QUARTET. Note that ROOT= does not imply a C.I. calculation:
ROOT= 1s only used when a C.I. calculation is done. However, as these
implied C.I.s involve the minimum number of configurations practical,
the user may want to define a larger than minimum C.I., in which case
the key-word C.I.=n can be used. When C.I.=n is specified, the n M.O.s
which "bracket" the occupied- virtual energy levels will be used. Thus,
C.I.=2 will include both the HOMO and the LUMO, while C.I.=1 (implied
for odd-electron systems) will only include the HOMO (This will do
nothing for a closed-shell system, and lead to Dewar's half-electron
correction for odd-electron systems). Users should be aware of the
rapid increase in the size of the C.I. with increasing numbers of M.0O.s
being used. Numbers of microstates implied by the use of the key-word
C.I1.=n on its own are as follows:

Keyword Even-electron systems Odd-electron systems
No. of electrons, configs No. of electrons, configs
Alpha Beta Alpha Beta
C.1.=1 1 1 1 1 0 1
C.1.=2 1 1 4 1 0 2
C.1.=3 2 2 9 2 1 9
C.1.=4 2 2 36 2 1 24
C.1.=% 3 3 100 3 2 100
C.1.=6 3 3 400 3 2 300
C.1.a7 4 4 1225 4 3 1225
C.I.=8 (Do not use unless other key-words also used, see below)

If a change of spin is defined, then larger numbers of M.0.s can be
used up to a maximum of 10. The C.I1. matrix is of stze 100 x 100. For
calculations involving up to 100 configurations, the spin-states are
exact eigenstates of the spin operators. For systems with more than 100

- 14 -
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KEY-HORDS Page 2-7

configurations, the 100 configurations of lowest energy are used. See
also MICROS and the key-words defining spin-states.

Note that for any system, use of C.I.=5 or higher normally implies
the diagonalization of a 100 by 100 matrix. As a geometry optimization
using a C.I. requires the derfvatives to be calculated using full SCF
calculations, geometry optimization with large C.I.s will require a
consfderable amount of time.

Assoclated key-words: MECI, ROOT=, SINGLET, DOUBLET, etc.

CHARGE=

When the system being studied is an ion, the charge, n, on the f{on
can be supplied by CHARGE=n. For catfons n can be 1 or 2 or 3, etc, for
anions -1 or -2 or -3, etc.

EXAMPLES
ION KEYWORD ION KEYWORD
NH4(+) CHARGE =1 CH3C00(-) CHARGE=-1
C2H5(+) CHARGE= (CO0) (=) CHARGE=-2
SO4(=) CHARGE=-2 PO4(3-) CHARGE=-3
HSO04(-) CHARGE=~1 H2P04(-) CHARGE=-1
CYCLES=

In Bartel's method of gradient norm minimization, NLLSQ, the
default number of cycles (100) is replaced by the number n specified by
CYCLESen.

DCART

The cartesian derivatives which are calculated in DCART for
variationally optimized systems are printed if the key-word DCART is
present. The dertvatives are in units of kcals/Angstrom, and the
coordinates are displacements in x, y, and z.

DEBUG

Certain key-words have specific output control meanings, such as
FOCK, VECTORS and DENSITY. If they are used, only the final arrays of
the relevant type are printed. If DEBUG is supplied, then all arrays
are printed. This is useful in debugging ITER. DEBUG can also increase
the amount of output produced when a key-word is used, e.g. COMPFG.

- 15 -
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KEY-WORDS Page 2-8

DENOUT

The density matrix at the end of the calculation is to be output in
a form suitable for input in another job. If an automatic dump due to
the time being exceeded occurs during the current run then DENOUT s
fnvoked automatically. (see RESTART)

DENSITY

At the end of a job, when the results are being printed, the
density matrix 1is also printed. For RHF the normal density matrix is
printed, for UHF the addition of the alpha and beta density matrices fis
printed.

If density is not requested, then the diagonal of the density
matrix, that is, the electron density on the atomic orbitals, will be
printed.

DEP

For use only with EXTERNAL=. When new parameters are published,
they can be entered at run-time by using EXTERNAL=, but as this is
somewhat clumsy, a permanent change can be made by use of DEP.

If DEP is invoked, a complete block of FORTRAN .ode will be
generated, and this can be inserted directly into the BLOCK DATA file.

Note that this 1s designed only for use with MNDO or AM!
parameters. Only code for AM) will be generated. To convert the
FORTRAN code to define MNDO parameters, insert the letter M before every
left parenthesis; thus, convert “"(" to read "M(".

DEPVAR=n.nn

In polymers the translation vector is frequently a multiple of some
internal distance. For example, in polythene 1t is the C1-C3 distance.
If a cluster unit cell of C6H12 is used, then symmetry can be wused to
tie together all the carbon atom coordinates and the translation vector
distance. In this example DEPVAR=3.0 would be suitable.

- 16 -~
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DOUBLET

When a configuration interaction calculation 1is done, all spin
states are calculated simultaneously, either for component of spin = 0
or 1/2. HWhen only doublet states are of interest, then DOUBLET can be
specified, and all other spin states, while calculated, are ignored in
the choice of root to be used.

Note that while almost every odd-electron system will have a
doublet ground state, DOUBLET should still be specified if the desired
state must be a doublet.

DOUBLET has no meaning in a UHF calculation.

DRC

A Dynamic Reaction Coordinate calculation {is to be run. By
default, total energy is conserved, so that as the "reaction" proceeds
in time energy is transferred between kinetic and potential forms.

DRC=n.nnn

In a DRC calculation, the "half-1ife" for loss of kinetic energy is
defined as n.nnn x 10 femtoseconds. If n.nnn is set to zero, infinite
damping simulating a very condensed phase is obtained.

ECHO

Data are echoed back if ECHO is specified. Only useful if data are
suspected to be corrupt.

ENPART

This is a very useful tool for analyzing the energy terms within a
system. The total energy, in eV, obtained by the addition of the
electronic and nuclear terms, is partitioned into mono- and bi-centric
contributions, and these contributions in turn are divided into nuclear
and one- and two-electron terms.

-17 -
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ESR

The unpaired spin density arising from an odd-electron system can
be calculated both RHF and UHF. In a UHF calculation the alpha and beta
M.0.s have different spatial forms, so wunpaired spin density can
naturally be present on in-plane hydrogen atoms such as in the phenoxy
radical.

In the RHF formalism a MECI calculation 1is performed. If the
key-words OPEN and C.I.= are both absent then only a single state is
calculated. The unpaired spin density is then calculated from the state
function. In order to have unpaired spin density on the hydrogens in,
for example, the phenoxy radical, several states should be mixed.

EXCITED

The state to be calculated is the first excited open-shell singlet
state. If the ground state is a singlet, then the slale calculated will
be S(1); if the ground state is a triplet, then S(2). This state would
normally be the s* *r resulting from a one-electron .litation from the
HOMO to the LUMO. |xceptions would be if the lowest >inglet state were
a biradical, in which case the EXCITED state could be a closed shell.

The EXCITED state will be calculated from a BIRADICAL calculation
in which the second root of the C.I. matrix is selected. Note that the
efgenvector of the C.I. matrix is not used in the current formalfsm.
Abbreviation: EXCI.

NOTE: EXCITED is a redundant key-word, and represents a particular
configuration interaction calculation. Experienced users of MECI can
duplicate the effect of the key-word EXCITED by using the MECI key-words
OPEN(2,2), SINGLET, and ROOT=2.

- 18 -
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EXTERNAL=

Normally, AM1 and MNDO parameters are taken from the BLOCK DATA
_ files within MOPAC. When the suppliied parameters are not suitable, as
g in an element recently parameterized, and the parameters not yet
installed in the wuser's copy of MOPAC, then the new parameters can be
inserted at run time by use of EXTERNAL=<filename>, where <filename> is

the name of the file which contains the new parameters.

<filename> consists of a series of parameter definittons in the
format

<Parameter> <Element> <Value of parameter>

where the possible parameters are USS, UPP, UDD, ZS, 2P, 2D, BETAS,
BETAP, BETAD, GSS, GSP, GPP, GP2, HSP, ALP, FNnm, n=1,2, or 3, and m=l
to 10, and the elements are defined by their chemical symbols, such as
Si or SI.

When new parameters for elements are published, they can be typed
in as shown. This file 1is ended by a blank line, the word END or
nothing, i.e., no end-of-file delimiter. An example of a parameter data
file would be

, Start of lined (Put at least 2 spaces before and after parameter name)
Line 1: uss Si -34.08201495
Line 2: upp St -28.03211675
Line 3: BETAS Si -5.01104521
Line 4: BETAP Si -2.23153969
Line 5: 15 Si 1.28184511
Line 6: 1P Si 1.84073175
Line 7: ALP Si 2.18688712
Line 8: GSS Si 9.82
Line 9: GPP Si 7.31
Line 10: GSP Si 8.36
Line 11: GP2 Si 6.54
Line 12: HSP Si 1.32

Derived parameters do no need to be entered; they will be
calculated from the optimized parameters. All "constants" such as the
experimental heat of atomization are already inserted for all elements.

NOTE: EXTERNAL can only be used to input parameters for MNDO or
AM1. It is unlikely, however, that any more MINDO/3 parameters will be
published.

See also DEP to make a permanent change.

- 19 -
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FILL=

The n'th M.0. 1in an RHF calculation 1s constrained to be filled.
It has no effect on a UHF calculation. After the first iteration (NOTE:
not after the first SCF calculation, but after the first {teration
within the first SCF calculation) the n'th M.0. 1is stored, and, if
occupied, no further action is taken at that time. If unoccuplied, then
the HOMO and the n'th M.0.'s are swapped around, so that the n'th M.O.
is now filled. On all subsequent iterations the M.0. nearest 1in
character to the stored M.0. 1is forced to be filled, and the stored
M.0. replaced by that M.0. This is necessitated by the fact that in a
reaction a particular M.0. may change its character very considerably.
A useful procedure is to run 1SCF and DENOUT first, in order to identify
the M.0.'s; the complete job is then run with OLDENS and FILL=nn, so
that the eigenvectors at the first iteration are fully known. As FILL
is known to give difficulty at times, consider also using C.I.=n and
ROOT=m.

FORCE

A force-calculation is to be run. The Hessian, ... is the matrix
(in millidynes per Angstrom) of second derivatives of the energy with
respect to displacements of all pairs of atoms in x, y, and 2z, fs
calculated. On dfagonalization this gives the force constants for the
molecule. The force matrix, weighted for isotopic masses, is then used
for calculating the vibrational frequencies. The system can be
characterized as a ground state or a transition state by the presence of
five (for a linear system) or six eigenvalues which are very smali (less
than about 30 reciprocal centimeters). A transition state is further
characterized by one, and exactly one, negative force constant.

A FORCE calculation is a prerequisite for a THERMO calculation.

Before a FORCE calculation is started, a check is made to ensure
that a stationary point is being used. This check involves calculating
the gradient norm (GNORM) and if it is significant, the GNORM will be
reduced using NLLSQ (Bartel's method). All internal coordinates are
optimized, and any symmetry constraints are ignored at this point. An
implication of this is that if the specification of the geometry relies
on any angles being exactly 180 or zero degrees, the calculation may
fail.

The geometric definition suppiied to FORCE should not rely on
angles or dihedrals assuming exact values. (The test of exact linearity
is sufficiently slack that most molecules that are linear, such as
acetylene and but-2-yne, should not be stopped.) See also THERMO, LET,
TRANS, ISOTOPE.
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FULSCF

In line-searches the option exists to require all energy
evaluations to be done using full SCF calculations. Normally full SCF
calculations are not carried out during a 1ine search as the density
matrix is normally not changing very fast. The only important exception
is In non-variationally optimized wavefunctions, such as occur in
half-electron or C.I. calculations.

GEO-0K

Normally the program will stop with a warning message if two atoms
are within 0.8 Angstroms of each other, or (more rarely) the D.F.P.
routine has difficulty optimizing the geometry. GEO-OK will over-ride
the job termination sequence, and allow the calculation to proceed. In
practice most jobs that terminate due to these checks contain errors in
data, so caution should be exercised if GEO-OK is used. An important
exception to this warning is if the system contains, or may give rise
to, a Hydrogen molecule. GEO-OK will override other geometric safety
checks such as the unstable gradient in 3 geometry optimization
preventing reliablie optimization.

See also the message "GRADIENTS OF OLD GEOMETRY, GNORM= nn.nnnn"

GNORM=

The D.F.P. geometry optimization termination criteria can be
over-ridden by specifying a gradient norm requirement. For example,
GNORM=20 would allow the D.F.P. to exit as soon as the gradient norm
dropped below 20.0, the default being 1.0. A GNORM=0.01 could be used
to refine a geometry beyond the normal 1imits. WARNING: If a very
small value 1is chosen, the D.F.P. procedure may not terminate in a
reasonable time. A reasonable lower bound for GNORM is 0.1.

GRADIENTS

In a 1SCF calculation gradients are not calculated by default: in
non-variationally optimized systems this would take an excessive time.
GRADIENTS allows the gradients to be calculated. All gradients are then
calculated, whether marked for calculation or not, and printed. An
exception is when the 1SCF was used in conjunction with the key-word
RESTART, 1in which case only the coordinates being optimized would have
their gradients printed. Abbreviation: GRAD.
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GRAPH

Information needed to generate electron density contour maps can be
written to a file by calling GRAPH. GRAPH first enters MULLIK in order
to generate the inverse-square-root of the overlap matrix, which 1s
required for the re-normalization of the eigenvectors. All data
essential for the graphics package, q.v., are then output.

H-PRIORITY
In a DRC calculation, results will be printed whenever the calculated
heat of formation changes by 0.1 Kcal/mole. Abbreviation: H-PRIO.

H-PRIORITY=n.nn
In a DRC calculation, results will be printed whenever the calculated
heat of formation changes by n.nn Kcal/mole.

IRC

An Intrinsic Reaction Coordinate calculation is (o be run. All
kinetic energy 1is shed at every point in the calculation. See
Background.

IRC=n

An Intrinsic Reaction Coordinate calculation to be run; an initial
perturbation 1in the direction of normal coordinate n to be applied. If
n is negative, then perturbation is reversed, 1.e., initial motion is in
the opposite direction to the normal coordinate.

ISOTOPE

The FORCE matrix is very time-consuming to generate, and in
{sotopic substitution studies several vibrational calculations may be
needed. To allow the frequencies to be calculated from the (constant)
force matrix, ISOTOPE is used. When a FORCE calculation is completed,
ISOTOPE will cause the force matrix to be stored, regardless of whether
or not any intervening restarts have been made. To re-calculate the
frequencies, etc., starting at the end of the force matrix calculation
specify RESTART.

The two key-words RESTART and ISOTOPE can be used together. For
example, if a normal FORCE calculation runs for a long time, the user
may want to divide it up into stages and save the final force matrix.
Once ISOTOPE has been used, it does not need to be used on subsequent
RESTART runs.

- 22 -
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ITRY=NN

The default maximum number of SCF {terations is 200. When this
1imit presents difficulty, ITRY=nn can be used to re-define it. For
example, if ITRY=400 is used, the maximum number of iterations will be
set to 400. ITRY should normally not be changed until all other means
of obtaining a SCF have been exhausted, e.g. SHIFT and PULAY etc.

KINETICan.nnn

In a DRC calculation n.nnn Kcals/mole of excess kinetic energy is
added to the system as soon as the kinetic energy builds up to 0.2
Kcal/mole. The excess energy is added to the velocity vector, without
change of direction.

LARGE

Most of the time the output invoked by key-words is sufficient.
LARGE will cause less-commonly wanted, but still useful, output to be
printed. Currently LARGE only applies to the MECI.

LET

Before the Hessian matrix i1s calculated in a FORCE calculation the
geometry will be refined by a gradient minimization routine if the
gradient norm is significant. If the user does not want the refinement
to be carried out, then LET is provided to let the calculation proceed.

LOCALIZE

The occupted eigenvectors are transformed into a localized set of
M.0.'s by a series of 2 by 2 rotations which maximize <psi**4>. The
value of 1/<psi**4> is a direct measure of the number of centers
involved 1in the M.0., thus for H2 the value of 1/<psi**4> is 2.0, for a
three-center bond is 3.0, and a 1lone pair would be 1.0. Higher
degeneractes than allowed by point group theory are readily obtained.
For example, benzene would give rise to a 6-fold degenerate C-H bond, a
6-fold degenerate C-C sigma bond and a three-fold degenerate C-C pi
bond. In principle, there is no single step method to unambiguously
obtain the most localized set of M.0.'s in systems where several
canonfcal structures are possible, just as no simple method exists for
finding tne most stable conformer of some large compound. However, the
localized bonds generated will normally be quite acceptable for routine
applications. Abbreviation: LOCAL.
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MECI

At the end of the calculation details of the Multi Electron
Interaction Calculation are printed {if MECI is specified. The state
vectors can be printed by specifying VECTORS. The MECI calculation is
either invoked automatically, or explicitly invoked by the use of the
C.I.=n keyword.

MICROS=n

The microstates used by MECI are normally generated by use of a
permutation operator. When individually defined microstates are
desired, then MICROS=n can be used, where n defines the number of
microstates to be read in.

Format for Microstates

After the geometry data plus any symmetry data are read 1in, data
defining each microstate is read in, using format <ull, one microstate
per line.

For a system with n M.O.s in the C.I. (use OPEN=(nl,n) or C.I.=n
to do this), the populations of the n alpha M.0.s are defined, followed
by the n beta M.0.s. Allowed occupancies are zero and one. For n=6 the
closed-shell ground state would be defined as 111000111000, meaning one
electron in each of the first three alpha M.O.s, and one electron 1in
each of the first three beta M.O.s.

Users are warned that they are responsible for completing any spin
manifolds. Thus while the state 111100110000 is a triplet state with
component of spin = 1, the state 111000110100, while having a component
of spin = 0 1s neither a singlet nor a triplet. In order to complete
the spin manifold the microstate 110100111000 must also be included.

If a manifold of spin states is not complete, then the efgenstates
of the spin operator will not be quantized. When 100 or fewer
microstates are supplied, this is the only cause of loss of spin
quantizattion.

There are two other 1imitations on possible microstates. First,
the number of electrons in every microstate should be the same. If they
differ, a warning message will be printed, and the calculation continued
(but the results will almost certainly be nonsense). Second, the
component of spin for every microstate must be the same, except for
teaching purposes. Two microstates of different components of spin will
have a zero matrix element connecting them. No warning will be given as
this is a reasonable operation in a teaching sttuation. For example, if
all states arising from two electrons in two levels are to be
calculated, say for teaching Russel-Saunders coupling, then the
following microstates would be used:
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Microstate No. of alpha, beta electrons Ms State
1100 2 0 1 Triplet
1010 1 1 0 Singlet
1001 1 1 0 Mixed
ono 1 1 0 Mixed
o101 1 1 0 Singlet
0011 0 2 -1 Triplet

Constraints on the space manifold are just as rigorous, but much
easier to satisfy. If the energy levels are degenerate, then all
components of a manifold of degenerate M.0.s should be either {included .
or excluded. If only some, but not all, components are used, the
required degeneracy of the states will be missing.

As an example, for the tetrahedral methane cation, If the user
supplies the microstates corresponding to a component of spin = 3/2,
neglecting Jahn-Teller distortion, the minimum number of states that can
be supplied is 90 = (6!/¢1!.5!))*(6!/(4!.2!)).

F ot W o

While the total number of electrons should be the same for all
microstates, this number does not need to be the same as the number of
. electrons supplied to the C.I.; thus in the example above, a cationic
‘ state could be 110000111000.

The format is defined as 20I1 so that spaces can be used for empty
M.0.s.

MINDO/3

The default Hamiltontan within MOPAC is MNDO, with the alternatives
of AM1 and MINDO/3. To use the MINDO/3 Hamiltonian the key-word MINDO/3
should be used. Acceptable alternatives to the key-word MINDO/3 are
MINDO and MINDO3.

MULLIK

A full Mulliken Population analysis is to be done on the final RHF
wavefunction. This involves the following steps:

! (1) The elgenvector matrix is divided by the square root

i of the overlap matrix, S.

(2) The Coulson-type density matrix, P, is formed.

: (3